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With roots in ancient formulations, methods for the 
chemical derivatization of proteins continue to expand 
and develop. The creation of this new journal dealing 
exclusively with bioconjugate chemistry was barely con- 
ceivable just a few years ago. An explosion of interest 
in the subject during the last decade is, however, easily 
seen. The tremendous growth in both the number of pub- 
lications and in the number of research groups involved 
in these kinds of studies has been promoted by both prac- 
tical interests related, for example, in some cases to pos- 
sible pharmacological or medical diagnostic applications 
and by interest in questions of fundamental biochemi- 
cal structure and function. 

Greatly improved understanding of established reagents 
and procedures and the development of many new, and 
more sophisticated, reagents and procedures have been 
facilitated by advances in the ancillary fields of organic 
chemistry, X-ray crystallography, and molecular biol- 
ogy. Whereas protein modification in the past often 
involved the same reagents and reactions commonly used 
in the organic chemistry of that time (Le., acetylation, 
iodination, deamination, reaction with formaldehyde, etc.), 
those in most common use today have, by and large, been 
developed to meet the varied but relatively specific needs 
of the protein chemist. A large number of specialized 
reagents have been described: affinity labels, photoaffin- 
ity labels and other specifically designed site-directed 
reagents ( I ,  2) ,  group-selective reagents which react exclu- 
sively (or a t  least predominantly) with one particular type 
of amino acid side chain (see below, especially Table 11), 
and others that react relatively nonspecifically with a num- 
ber of different side chains (3) .  

Reagents have been designed to preserve electrostatic 
charge (4 ,5) ,  to alter electrostatic charge (6) ,  and to increase 
hydrophobicity (7,8). Reagents and procedures have been 
developed to decrease immunogenicity (9, IO), to increase 
and decrease susceptibility to proteolysis (1 1-13), to 
increase UV or visible absorbancy (14),  to introduce flu- 
orescent labels (15, 16),  spin labels (17), radiolabels (18- 
20), various metal ions (21), magnetic microspheres (22, 
,231, and electron-dense substituents (24),  to increase the 
content of certain low-abundance nonradioactive iso- 
topes (25),  and to attach several different types of car- 
bohydrate moieties (26-29), biotin (30), and a number of 
other biospecific recognition groups (i.e., avidin, strepta- 
vidin, antibodies, protein A, protein G ,  lectins, and oth- 
ers (31)).  Procedures also have been developed to effect 
the cleavage of peptide chains (32,33); to modify enzyme 
specificity (34); to modify the terminal hydroxyls of galac- 
tosyl residues in glycoproteins (35); to introduce intramo- 
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lecular and intermolecular cross-links, both to couple 
already associated species (36, 37); and to join various 
proteins, which might or might not otherwise associate, 
in order to combine the properties of both into a single 
molecule, e.g., to make protein-protein conjugates (38, 
39), enzyme-linked antibodies (40,41), immunotoxins (42, 
43),  and drug-protein conjugates (44).  A large number 
of reagents that have been developed to serve these and 
a variety of other purposes are commercially available. 

EARLY DEVELOPMENTS 
The chemistry of proteins had its origin in the chem- 

istry of the amino acids and only later concerned the amino 
acid side chains of intact proteins. For practical pur- 
poses, a variety of procedures for protein modification 
had been developed and used many years prior to any 
significant interest in or understanding of protein chem- 
istry. For example, the use of formaldehyde and other 
agents in the tanning industry was apparently formu- 
lated entirely on the basis of empirical observations, with- 
out any real understanding of the reactions or of the chem- 
ical nature of the materials involved. Similar proce- 
dures were also employed successfully to convert a number 
of protein toxins, usually of bacterial origin, into tox- 
oids, which retain some of the original antigenic deter- 
minants but are no longer toxic. Inoculations of toxoids 
are still widely employed to confer immunity against a 
number of serious bacterial diseases. Although still widely 
used, there is not much known about the manner by which 
formaldehyde converts toxins into toxoids. 

Interest in quantitative determinations of proteins and 
their various constituent amino acids was a major impe- 
tus for many early studies of chemical modification. While 
a significant number of proteins had been crystallized 
by the 1920s, analytical values for individual amino acids 
were still quite poor well into the 1940s. Analytical data 
had, for example, revealed only one sulfur-containing amino 
acid, cystine, in naturally occurring proteins prior to the 
discovery of methionine in 1922. Threonine was not dis- 
covered until 3 years later. 

Most of the procedures available a t  that time for the 
determination of individual amino acids were, of course, 
supplanted by the development of the far more conve- 
nient cation-exchanger amino acid analyzer in the 1950s. 
Slightly altered forms of some of those procedures, how- 
ever, still find use today. Variations of the Van Slyke 
procedure for determining protein nitrogen, for exam- 
ple, are still sometimes useful for bringing about the selec- 
tive deamination of proteins. Sodium nitroprusside, which 
was once used for spectrophotometric determinations of 
cysteine, also appears to be useful for the selective mod- 
ification of protein thiol groups. Some much more recently 
developed procedures for protein modification, on the other 
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Table I. Major Types of Affinity Labels 
type examples target enzymes reaction characteristics refs cited 

a- halocarbonyl TPCK chymotrypsin addition to nucleophilic groups, 50 
RCOCH,X especially His and Cys(SH), also COO- 

3-bromo-!&ketoglutarate isocitrate dehydrogenase 59 
chloroacetol sulfate triose phosphate isomerase 60 

epoxide 1,2-anhydromannitol glucose 6-phosphate addition to various nucleo hilic 61 

glycidol phosphate triose phosphate 62 

sulfon 1 fluoride 5’-[ (fluorosulfonyl)benzoyl] glutamine synthetase, etc. addition to various nucleophilic groups, 63 

aldeh de 2‘,3’-dialdehydo-ATP pyruvate carboxylase synthesized by periodate oxidation of ATP, 64, 65 

R-CH-CH, &phosphate isomerase groups, COO-, Cys(SHf 

RS&,F -adenosine Cys(SH), Lys, His, etc. 

RC!H=O 

isomerase, enolase 
‘0’ 

adenylate cyclase, etc. addition to amino ou s es ecially 
in the presence of !&E&,, ialdehyde 
derivatives of other nucleotides and 
nucleosides may be employed similarly 

binding sites; irreversible, in the 
presence of NaBH, or NaBH,(CN) 

to nucleophiles and double bonds, 
insertion into C-H and O-H bonds, 

pyridoxal phosphate glycogen phosphorylase, reaction with Lya in PLP and phosphate 66-68 
lutamine synthetase, 
NA polymerase, etc. 

azido E-azido-ATP F1- ATPase requires UV irradiation; by addition 69 
6 

E g t o a f  finit y 
labels) and other reactions 

5-azido-UDP UDP-glucose, 70 
pyrophosphorylase 

hand, have been shown to be useful for analytical deter- 
minations of certain amino acids in proteins. The use of 
water-soluble carbodiimides and certain nucleophiles to 
determine amounts of glutamine and asparagine, and of 
2-hydroxy-5-nitrobenzyl bromide to determine tryp- 
tophan contents of proteins are possibly of special inter- 
est since the acid lability of those amino acids makes 
their determinations difficult by conventional amino acid 
analysis (45, 46). The use of TNBS’ for the determina- 
tion of amino groups (47) and DTNB for the determina- 
tion of thiol groups (48) in intact proteins have also 
achieved special status as a result of their widespread 
use for such purposes. 

By the end of World War 11, interest had turned to 
determining particular amino acid residues necessary for 
the biological activities of proteins. That a particular 
amino acid residue in the active site of an enzyme might 
be identified on the basis of its reaction with selective 
chemical reagents was an idea developed during this period. 
Those interests and further careful scrutiny of the avail- 
able methodology led to the publication of two impor- 
tant reviews of protein modification in 1947 (49,501. The 
report of Balls and Jansen (51) showing that the inacti- 
vation of several proteases by diisopropyl fluorophos- 
phate resulted from its reaction with a specific serine res- 
idue in each case was another milestone of this period. 

Some of the earliest attempts to use chemical modifi- 
cation procedures to identify particular amino acid resi- 
dues required for the biological activity of a protein were 
conducted in the laboratory of Heinz Fraenkel-Conrat 
(52-54). A few of those procedures are still used, with 
little change, to this day. However, these earlier studies 
were seriously hampered by the absence of sensitive and 
accurate procedures to determine the number and type(s) 
of amino acid residues undergoing modification and by 
the absence of effective micro and semimicro procedures 
to separate, purify, and characterize products. The stud- 
ies of that period, nevertheless, provided important descrip- 
tions of procedures for use by other investigators and 
served as important steps to the later development of 
improved procedures. 

Quantitative data on the extent of modification became 
more attainable with the increased availability of radio- 

Abbreviations are as follows: trinitrobenzenesulfonic acid, 
TNBS; 5,5’-dithiobis(2-nitrobenzoic acid), DTNB; tosylphen- 
ylalanine chloromethyl ketone, TPCK; dithiothreitol, DTT; 1- 
ethyl-3-[ 3-(dimethylamino)propyl]carbodiimide, EDC. 

actively labeled reagents during the 1960s. Greater access 
to automated amino acid analyzers (55) and the devel- 
opment of effective ion-exchange and gel exclusion chro- 
matography media a t  about the same time also facili- 
tated the characterization of modified proteins, which 
led to a better understanding of many modification 
reagents and procedures. Various forms of micro gel elec- 
trophoresis also became commonplace in the same decade, 
and these greatly enhanced the ability to monitor the 
effects of modification on relatively small amounts of pro- 
tein. The advent of an effective procedure for the rou- 
tine determination of amino acid sequences, first described 
by Edman in 1956 (561, was also a major milestone. 
Although often considered routine today, these proce- 
dures were developed only after many years of effort and 
were essential for the characterization of various modi- 
fication procedures. 

SITE-SPECIFIC MODIFICATIONS 

In 1962, Wofsey and co-workers (57) described a selec- 
tive reaction of the p-arsonylbenzenediazonium ion with 
the antigen-combining site of a rabbit anti-p-azoben- 
zenearsonate antibody. This demonstration of affinity 
labeling was followed in about 1 year by the description 
of a highly selective reaction between chymotrypsin and 
a reactive substratelike compound, TPCK (58). The lat- 
ter was shown to effect the modification of a particular 
histidine residue of chymotrypsin with the complete elim- 
ination of its catalytic activity. The selectivity of these 
and other affinity labels results from their resemblance 
to a substrate or ligand. Their strong affinity for a par- 
ticular site concentrates a reactive group, like the chlo- 
romethyl ketone moiety of TPCK, a t  a specific site, where 
its reaction with a nearby amino acid side chain is pro- 
moted by mutual proximity. Subsequent to these reports, 
a very large number of affinity labeling reagents have 
been described. Affinity labeling is now one of the most 
important methods for identifying amino acid residues 
in enzyme active sites. Table I describes some of the 
most commonly used types of affinity labeling reagents 
and summarizes a few of their salient properties. 

SIDE CHAIN SELECTIVE MODIFICATIONS 

The use of the side chain selective reagents (i.e., those 
which react, under certain specified conditions, with a 
single or, at least, a limited number of side-chain groups 
in a fairly predictable manner) is, however, a simpler 
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Table 11. Useful Side Chain Modification Reagentss 

Means and Feeney 

side chain or group reagent or procedure optimum reaction pH, side chain selectivity, and other comments refs cited 

amino (Lys + a) amidination (ethyl 
acetimidate) 

reductive alkylation 
(formaldeh de + NaBH, 
or N ~ B H , ~ N )  

acylation (acetic 
anhydride) 

(succinic anhydride) 

trinitrobenzenesulfonate 

carboxyl 
(Asp + Glu) 

guanidino 
( A 4  

imidazole 
(His) 

indole (Trp) 

phenol (Tyr) 

thiol 
(Cys-SH) 

water-soluble carbodiimide + nucleophile (EDC + glycine ethyl ester) 

dicarbonyls [2,3-butanedione, 
phenylglyoxal, and 
@-hydroxyphenyl)glyoxal] 

diethyl pyrocarbonate 

N-bromosuccinimide 

(ethoxyformic anhydride) 

2-h droxy-6nitrobenzyl 
gromide 

iodination (Is-, 
chloramine T + I-, IC1, 
lacto eroxidase + I-, 
and &O,) 

tetranitromethane 

carboxymeth lation 
(iodo- andYbromoacetate and 
iodo- and bromoacetamide) 

N-ethylmaleimide 

5,5’-dithiobis(2-nitrobenzoic 
acid) (Ellman’s reagent) 

thioether (Met) oxidation (H,O,) 

pH -9, no other side chains react, positive charge maintained, other 
imido esters are available, extent of modification may be determined 
with TNBS 

pH -9 with NaBH,, pH -7 with NaBH,CN; reaction is much slower 
under the latter conditions; no other side chains react; ositive charge 
maintained; other aldehydes and reducing agents may Be used; extent 
of modification may be determined by amino acid analysis, the 
incorporation of radiolabel, or with TNBS 

pH -8 and above, Tyr residues also modified, elimination of ositive 
charge, extent of modification may be determined with T&S 

same as above, Tyr residues undergo slow deacylation above pH -5, 
replaces positive charges with negative charges 

pH -8 and above, also reacts slowly with thiol groups, eliminates positive 
charge and introduces large hydrophobic substituent, extent of reaction 
may be determined spectrophotometrically 

pH -4.5-5, some side reactions with Tyr and thiol groups, other 
carbodiimides are available, many other nucleophiles (amines) may be 
used to either maintain or alter the charge, extent of reaction may be 
determined by amino acid analysis or from incorporation of radiolabel 

pH -7 or higher, reaction promoted by borate buffer, no major side 
reactions; partially reversible upon dialysis, eliminates positive charge, 
extent of reaction can be determined from incorporation of radiolabel 
or by amino acid analysis, other dicarbonyl compounds can also 
be used (Le., cyclohexanedione, glyoxal, etc.). 

pH -4-5, side reactions with Lys kept to minimum by low pH, extent of 
modification may be determined by spectrophotometric measurement, 
reversed in the presence of NH,OH 

usually H -4 or lower, higher pH values can be used; thiol grou s are 
rapiJy oxidized; Tyr and His react more slow1 ; extent of modkcation 
may be determined spectrophotometrically or gy amino acid analysis 

pH <7.5, slight reaction with thiols, strong visible absorbance, can be used 
to determine the extent of reaction 

pH -8 or higher, many different rocedures and reagents, His also reacts 
but usually to a lesser extent, t!iol groups are rapidly oxidized, both 
mono and diiodo derivatives are formed, the extent of reaction 
can be estimated s ectrophotometrically or by amino acid analysis, 
widely used for raiolabeling of proteins 

pH -8 or slightly higher, thiol groups are also rapidly oxidized, some 
nitration of Trp, extent of reaction may be determined 
spectrophotometrically or by amino acid analysis 
-7 or higher; no effect on other residues under a propriate 

PHconditions; Lys, His, Tyr and Met react slowly wit! excess reagent and 
long reaction times; extent of reaction may be determined with DTNB, 
by the incorporation of radiolabel, or by amino acid analysis 

pH -6 or higher, reaction with Lys and His are much slower at  pH 7 and 
usually of no importance, the extent of reaction may be determined 
from incorporation of radiolabel or by amino acid analysis 
-7 or higher, no other side chains react, reversible in presence of 

PHexcess low MW thiol, the extent of modification can be determined 
spectrophotometrically 

pH - 1 and higher, thiol roups also react very ra idly, reversed by 
treatment with low M$V thiols, extent of modi!cation may be 
determined by amino acid analysis after alkaline hydrolysis or by 
carboxymethylation followed acid hydrolysis 

4, 71 

5, 25 

72 

73 

47,74 

45,75 

76-79 

80, 81 

82 

83,84 

18, 85, 86 

87 

88, 89 

90,91 

48, 92 

93 

Many useful reagents have not been included due to space limitations. Descriptions of reaction conditions, outcomes and literature 
citations are also breif and incomplete for the same reason. More complete information is available in the references and other sources cited 
elsewhere in this review. 

approach. At  least for initial screening, it is still widely 
used to identify amino acid chains required for biologi- 
cal activity. Table I1 contains a list of some of the most 
commonly used and, in the authors’ opinions, most use- 
ful group-selective reagents and brief descriptions of some 
of their important properties and applications. 

The retention of biological activity after treatment with 
one of those reagents is usually good a priori evidence 
that the modified amino acid side chains are not required 
for that particular activity. Under appropriate condi- 
tions, each reagent normally reacts only with the indi- 
cated target side chain(s). Depending on the protein, the 
reagent, and the particular conditions, however, com- 
plete modification of all such side chains is not always 
obtained. In most cases, the extent of reaction can be 
determined by either direct spectrophotometric measure- 
ments, amino acid analyses, or the use of radioactive 
reagents. Indirect determinations can also be obtained 
from the number of unreacted amino acid residues, as 
determined either spectrophotometrically (e.g., amino 
groups by TNBS (47) or thiol groups by DTNB (48)) or 
by amino acid analysis. The extent of reaction can, of 
course, almost always be increased by the use of more 
vigorous reaction conditions, e.g., longer reaction times, 

larger excesses of reagent, and the presence of urea or 
other denaturing agents. Using more severe conditions, 
however, is usually accompanied by some decrease in side- 
chain selectivity, greater risk of conformational change, 
and, sometimes, other disadvantages. Reaction with other 
than target side chains may be of little importance when 
activities are not affected. 

A major loss of biological activity upon such treat- 
ment is often taken as evidence for the essentiality of 
the group modified. But this interpretation must be made 
with somewhat less conviction, owing to the possibility 
of unrecognized conformational changes or other subtle 
effects that may always accompany the modification of 
a protein. The latter are obviously of less concern when 
fewer side chains are modified and for those modifica- 
tions that effect the least change in the size and charac- 
ter of side chains. Luckily, a reasonable number of reagents 
are available for some of the more important side chains, 
allowing some discretion as to the nature of the modifi- 
cations that may be effected. Rat liver glycine methyl- 
transferase, for example, is completely inactivated by reac- 
tion with excess DTNB (94). The inactivated enzyme 
is, however, almost completely reactivated by subse- 
quent treatment with potassium cyanide which, presum- 
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Different local environments may either suppress or 
enhance the reactivities of individual side-chain groups. 
Unusually reactive side chains are usually relatively easy 
to distinguish from others on the basis of their reactiv- 
ity and are, in many cases, also those required for bio- 
logical activity. Rates of inactivation, which may differ 
from overall rates of modification, can be used in many 
cases to characterize the reactivity and, sometimes, the 
number of active site residues (107-109). 

In many relatively simple cases, rates of inactivation 
can be correlated with those for the modification of one 
or more individual amino acid residues. The catalytic 
subunit of rabbit muscle CAMP-dependent protein kinase, 
for example, has only two thiol groups, and undergoes a 
biphasic reaction with DTNB (110). Its rapid inactiva- 
tion under those conditions correlates with the initial, 
rapid phase of modification, which has been shown to 
reflect the reaction of one thiol group about 17 times faster 
than the other. In this and other cases where rates of 
inactivation exceed overall rates of modification, selec- 
tively labeled derivatives, modified only at the active site, 
can often be isolated and characterized (111-113). 

Activities remaining a t  various stages of partial mod- 
ification can also be used, in some cases, to estimate the 
number of essential residues according to a procedure 
first described by Tsou in 1962 (114). The decreased iron- 
binding capacity of chicken egg white ovotransferrin after 
partial modification by phenylglyoxal, for example, sug- 
gests an arginine residue is required for each of its two 
bound Fe3+ ions (76). In the more complicated case of 
transketolase, two arginine residues per dimer appear to 
be required for activity, but one appears to react with 
phenylglyoxal about 40 times faster than the other (115). 

SPECTROSCOPIC AND FLUORESCENT LABELS 
A number of important procedures requiring the incor- 

poration of spectroscopic or fluorescent labels have been 
developed to characterize certain structural features of 
proteins. Fluorescence lifetimes and quantum yields of 
many different fluorescent groups and their sensitivities 
to quenching by acrylamide, iodide, and other sub- 
stances can, for example, be used to evaluate environ- 
ments in the vicinity of residues to which those groups 
have been attached (15,116). Fluorescence energy trans- 
fer measurements are also widely employed to estimate 
distances between certain internal, or intrinsic, chro- 
mophores and various selectively introduced, extrinsic, 
fluorescent labels and, in some cases, between selec- 
tively introduced, extrinsic, donor-acceptor pairs (11 7, 
118). Iodoacetamidofluorescein, dansyl chloride, and N- 
1-pyrenylmaleimide are three examples from a very large 
number of fluorescent labels that have been used for such 
purposes. Most may be considered to be analogues of 
commonly used group-selective reagents and their reac- 
tion characteristics may be predicted accordingly. 

An extensive list of such reagents, with brief descrip- 
tions of their principal reaction and emission and exci- 
tation characteristics, has been presented by Haugland 
(119). Procedures to attach nitroxide moieties, for exam- 
ple the reaction of 4-(2,2,6,6-tetramethyl-l-oxypiperidin- 
4-y1)-2- (fluorosulfonyl) benzamide with chymotrypsin, have 
also been employed to obtain information concerning the 
protein environment and to detect conformational changes 
by EPR spectroscopy (17,120). 

CROSS-LINKING AND IMMOBILIZATION 
Cross-linking of proteins and their immobilization, either 

by attachment to an insoluble support or by various other 
means, have a long and important history. The former 

ably, brings about the replacement of a relatively large 
and anionic 2-nitro-5-thiobenzoate moiety by a smaller 
cyano group with no formal charge, as follows: 

.COO. 

P-S-CEN (1) 

A carboxymethyl moiety introduced by reaction with 
iodoacetate is also anionic but intermediate in size and 
effects only a partial loss of activity. The larger groups 
thus appear to block or otherwise perturb the active site, 
although none of the cysteine residues to which they are 
attached are really essential for catalytic activity. 

Similar inactivations have been noted following the addi- 
tion of large or charged groups to the cysteine residues 
of many enzymes that are either not inactivated or are 
only partially inactivated by the addition of smaller groups. 
2-Nitro-5-thiocyanatobenzoic acid can be used to effect 
a direct, single-step addition of cyano moieties to thiol 
groups (95, 961, although its reactions are not quite as 
simple as they might initially seem (97). Another reagent, 
methyl methanethiosulfonate, can be used to attach rel- 
atively small, uncharged thiomethyl groups to cyteine res- 
idues, usually with comparable results (98). 

As a general rule, modifications that have the least effect 
on side-chain character should have the least effect on 
protein structure and properties. Modifications of lysine 
residues that retain their usual cationic charge have, for 
example, generally been found to have relatively little 
effect on the biological activities and other properties of 
many proteins. Complete guanidination of the t-amino 
groups in tuna heart cytochrome c thus has almost no 
effect on its UV-visible spectrum, its redox potential, or 
its activity in a standard succinate oxidase assay system 
(99). The catalytic activity of papain is also essentially 
unaffected by complete guanidination (100). Amidina- 
tion or reductive alkylation of amino groups, both of which 
also retain the cationic charge, are generally preferred 
today, however, as both of those reactions take place under 
milder conditions (4, 5, 25). 

SIDE-CHAIN REACTIVITIES 
The reactivities of side-chain groups in proteins vary 

considerably depending on their locations and the influ- 
ence of nearby residues with which they interact. Under 
appropriate conditions, differences in reactivity can be 
used to characterize the environments of such side- 
chain groups. Kaplan and co-workers (101,102) and oth- 
ers (1 03, 104), for example, have developed procedures 
to determine the relative reactivities of certain types of 
side chains from the extent of their reaction with trace 
levels of one of several simple reagents. The intrinsic 
reactivity and pK, of each reacting group can be deter- 
mined by comparing its reaction to that of a simple model 
compound over a range of pH values. 

For identical side-chain groups at different sequence 
positions, the observed differences in pK, and reactivity 
are assumed to reflect differences in local environment. 
Side chains that experience a change in environment upon 
the binding of a ligand, complexation with another pro- 
tein, a change in redox state, or the like can be identi- 
fied by comparing the extent of their reaction in the two 
different states. This approach has been used primarily 
to evaluate the environments of the nucleophilic side 
chains-amino groups and histidine and tyrosine side 
chains-in proteins (105, 106). 
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Table 111. Homobifunctional and Heterobifunctional Protein Cross-Linking Agents. 

Means and Feeney 

agent descriotion refs cited 

glutaraldehyde 

dimethyl suberimidate (DMS) 

disuccinimidyl suberate (DSS) 

bismaleimidohexane (BMH) 

p-phenylenemaleimide 

Homobifunctional 
available as 25% aqueous solution, very effective reaction with amino 

groups and perhaps other nucleophilic groups, contains polymeric and 
other unknown materials, the nature of the reaction(s) are not known, 
slow progressive changes proceed long after the initial irreversible 
coupling 

eliminate their cationic char e reaction at pH 8 or above (optimal a t  
pH -9); t y  = 46 min at PI! Q.5 and 25 OC; -11-A span; many related 
reagents witk different s ans, some readily cleavable, are available or 
can be easily synthesizex 

water-miscible organic solvent; reacts with amino roups at  pH 7 or 
above; reaction rates increase with pH; t1,2 = 4-55 at pH 7; -11-A 
span; many related reagents with different spans; hydrophilic spacer 
arms, some cleavable and water-soluble; sulfosuccinimide esters are 
available 

water-miscible organic liquid, reacts with thiol groups at pH -6-8; - 16-A span; many related reagents with different span lengths; more 
hydrophilic spacer arms and cleavable analogs are avilable 

a water-insoluble solid, must usually be dissolved in water-miscible organic 
solvent, reacts with thiol roups at  pH -6-8; -12-A span, ortho and 
meta isomer are also avaifable, less stable than aliphatic maleimides 

137 

a water-soluble solid; reacts only with amino groups and does not 138, 139 

a water-insoluble solid; must usually be dissolved in DMSO or other 140, 141 

a water-insoluble solid, must usually be disaolved in DMF or other 142, 143 

144-146 

Heterobifunctional 
m-maleimidobenzoic acid a water-insoluble solid, must usually be dissolved in water-miscible organic 

liquid, initial reaction with amino group component a t  pH -7-8 
followed by cou ling with thiol component a t  pH -6-8, -10-A span, 
more water solube sulfosuccinimide ester is also available 

a water-insoluble solid, must usually be dissolved in water-miscible organic 
solvent, reaction characteristics very similar to those of MBS, -12-A 
span, more water soluble sulfosuccinimide ester is also available 

a water-insoluble solid, must usually be dissolved in a water-miscible 
organic solvent, initial reaction with the amino component a t  pH 
-7-8.5 followed by either coupling to thiol component a t  pH 7 or 
above or treatment with DTT followed by coupling to maleimidylated 
protein, -7-A span 

a water-soluble solid; reacts only with amino groups at  pH 7-10 without 
eliminating their charge; reaction may be followed with DTNB; -8-A 
span; may be coupled directly to MBS-, SMCC- or SPDP-treated 
proteins 

147, 148 
N-hydroxysuccinimide ester (MBS) 

N-succinimidyl 4-(N-maleimidomethyl)- 
cyclohexane-1-carboxylate (SMCC) 

3-(2-pyridyldithio)propionate (SPDP) 

149, 150 

N-succinimidyl 151, 152 

2-iminothiolane (“Traut’s reagent”) 153, 154 

a Many more cross-linking agents have been described. Those included appear to be among the most widely used and most important at 
the present time. Pleast consult references in the text for additional examples. 

is sometimes employed to increase the stability of pro- 
teins or of certain conformational relationships in pro- 
teins, to couple two or more different proteins (e.g., to 
join different activities into a single molecule), to iden- 
tify or characterize the nature and extent of certain pro- 
tein-protein interactions, and, in other cases, to deter- 
mine distances between reactive groups in or between 
protein subunits (36, 37, 121-125). Proteins are some- 
times immobilized to facilitate their reuse and their sep- 
aration from other products and (in some cases) to increase 
their stability. A large number of different procedures, 
including physical as well as chemical procedures, have 
been developed to immobilize proteins, and many reviews, 
symposia proceedings, and books on this subject are avail- 
able (126-130). 

A large number of different types of cross-linking or, 
as they are sometimes called, bifunctional reagents have 
been described. They include so-called zero-length cross- 
linking agents that bring about the direct formation of 
covalent bonds between existing amino acid side chain 
groups. The use of water-soluble carbodiimides to bring 
about the formation of amide linkages between carboxyl 
groups of aspartate or glutamate and the €-amino groups 
of lysine side chains appear to be the most prominent 
zero-length cross-linking agents (123, 131-133). Disul- 
fide bonds obtained from existing thiol groups would also, 
presumably, be considered zero-length cross-links (134, 
135). Such linkages appear to be formed only when the 
reacting groups are in close proximity. 

Other cross-linking agents may be organized accord- 
ing to the type(s) of reactive groups, their side chain reac- 
tivity, their hydrophobicity or hydrophilicity, and the 
length or distance between the reactive groups; whether 
the two, or in some cases more (136), reactive groups are 

the same or different (i.e., “homobifunctional” or ”het- 
erobifunctional” reagents), whether the structure con- 
necting the reactive groups is readily cleavable, and whether 
the groups are membrane permeable or impermeable, and 
according to various other criteria. A list of the most 
widely used types of cross-linking agents and a few brief 
comments on some of their significant properties are pre- 
sented in Table 111. A much more extensive list of cross- 
linking agents has been presented by Ji (125). 

The reactivities of cross-linking agents, except for one 
or two special cases, are very similar to those of the cor- 
responding monofunctional reagents. The initial reac- 
tion with a protein is presumably, in most cases, a sim- 
ple second-order process, not seriously affected by the 
second reactive group. The latter’s reaction, however, is 
completely dependent on the availability of a second appro- 
priate side chain which, for fast, efficient cross-linking, 
must be both nearby and in an appropriate orientation. 
Cross-linking agents with different lengths, different ste- 
reochemical configurations (some with little and others 
with a great deal of conformational flexibility), and with 
different side-chain specificities have been developed to 
fulfill different needs. Distances between potentially reac- 
tive side chains in the same or different subunits of some 
oligomeric proteins have, for example, been estimated by 
comparing rates and yields of cross-link formation with 
a series of cross-linking agents differing in length, stere- 
ochemical configuration, and side-chain reactivity (139, 
155, 146). 

The importance of side-chain proximity in these reac- 
tions is perhaps most evident in the case of cross-link- 
ing agents that undergo hydrolysis or some other inacti- 
vation process in addition to their cross-linking of pro- 
teins. The use of bifunctional imidoesters to characterize 
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oligomeric proteins, for example, is based on the forma- 
tion of recognizable SDS gel electrophoretic patterns, 
reflecting the formation of cross-links between adjacent 
subunits (139, 138). Like the cross-links within a sub- 
unit, those between subunits are formed only when two 
amino groups are in close and appropriate proximity. Cross- 
links between other than adjacent subunits are largely 
precluded by the hydrolytic instability of the monofunc- 
tional imidoester intermediates. The importance of hydro- 
lytic stability on yields of cross-linked products has been 
discussed by Staros (37,156). 

Of the 20 or so amino acid side chains normally present 
in proteins, t-amino groups of lysine residues are usually 
among the most abundant and most accessible of the 
potentially reactive groups. A relatively large propor- 
tion of the most commonly used cross-linking agents are 
therefore amino group selective reagents (i.e., imi- 
doesters, N-hydroxysuccinimide esters, activated aryl flu- 
orides, etc.). Most of them, however, also undergo fairly 
rapid hydrolysis in addition to their reaction with amino 
groups, which, except for cases involving close proxim- 
ity, seriously limits the yields that may be obtained. Glu- 
taraldehyde, which does not hydrolyze or become other- 
wise inactivated over long periods of time, is widely used 
to immobilize enzymes by cross-linking and to stabilize 
their adsorption to or entrapment in various materials 
(157,158). The nature of its reactions with proteins may 
involve some Schiff base formation but is clearly much 
more complicated than that and not completely under- 
stood (137, 159, 160). 

The high reactivities of thiol groups with N-ethylma- 
leimide, iodoacetate, and many related a-halocarbonyl 
compounds has led to the development of many cross- 
linking agents containing comparable maleimide and CY- 

halocarbonyl moieties. Under the conditions usually 
employed for cross-linking, the latter are much more sta- 
ble to hydrolysis than the amino group reagents men- 
tioned above and the yields of cross-linked products are, 
therefore, usually somewhat less dependent on side chain 
proximity (161, 162). 

A large number of heterobifunctional cross-linking 
reagents have been developed which usually contain a 
thiol reactive and an amino group reactive moiety. N- 
Alkyl- or N-arylmaleimide and a-halocarbonyl groups are 
the most common of the former and N-hydroxysuccin- 
imide esters appear to be the most common of the lat- 
ter. To increase aqueous solubility, sodium salts of sul- 
fonated N-hydroxysuccinimide esters are also com- 
monly employed (163). In addition to the two reactive 
groups a variety of different types of connecting struc- 
tures or spacer arms have been employed. The nature 
of the spacer arm may, of course, also have important 
consequences. Longer spacer arms are usually assumed 
to be more effective for coupling larger proteins or those 
where the potentially reactive side chains are sterically 
protected. The conformational flexibility, hydrophilic- 
ity or hydrophobicity, and the ”cleavability” of the spacer 
arm are also important considerations. N-Alkylmaleim- 
ides are also generally more stable than their aryl coun- 
terparts (162, 164). 

Photoactivatable heterobifunctional cross-linking agents 
are particularly useful for identifying interacting compo- 
nents in complicated biological systems (165). Wood and 
O’Dorisio (166), for example, used N-succinimidyl4-azi- 
dobenzoate, N-succinimidyl6- [ (4’-azido-2’-nitrophenyl)- 
amino] hexanoate and two nonphotoactivatable homobi- 
functional cross-linking agents to identify vasoactive intes- 
tinal peptide receptors in human lymphoblasts by their 
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coupling to 1251-labeled vasoactive intestinal peptide. A 
photoactive derivative of a N-formylated chemotactic pep- 
tide, prepared by reaction with the last mentioned pho- 
toactivatable agent, has also been used to characterize 
the N-formyl peptide receptors of human polymorpho- 
nuclear leukocytes (167). 

The initial reaction with photoactivatable cross-link- 
ing agents is usually conducted in the dark so that the 
photoreactive group is inert. Cross-linking is then initi- 
ated in a subsequent step involving exposure to light. 
Azido groups which are converted into a highly reactive 
nitrenes and diazo moieties (i.e., diazoacetyl, diazo ketones, 
etc.) which give even more reactive carbenes upon pho- 
toactivation are the most common photoactivatable groups 
in use a t  this time (2, 3). Being so reactive, both react 
relatively indiscriminately with OH, NH, CH, and C=C 
moieties in their vicinity and have short half-lives. Their 
reaction with surrounding solvent usually precludes reac- 
tion with groups not in their immediate vicinity and leads 
to quite low yields. The detection of cross-linked prod- 
ucts thus often provides a good record of spatial relation- 
ships a t  the moment of photolysis but the yields are not 
adequate for most preparative purposes. 

Heterobifunctional cross-linking agents are particu- 
larly useful for conjugating different proteins. The dif- 
ferent side-chain reactivities of the two reactive groups, 
for example, usually permit the coupling to be carried 
out in a stepwise manner which allows, in some cases, 
for partial purification and, if desired, characterization 
of intermediates prior to the actual conjugation. Due to 
the hydrolytic instability of the most important groups 
directed at  amino side chains, the first step usually involves 
addition of the cross-linker to the amino groups of one 
member of the future hybrid pair (which either has no 
thiol groups or where thiols, if present, are a t  least tem- 
porarily blocked). The removal of unreacted or hydro- 
lyzed reagent and other unwanted substances is usually 
possible at  this stage. The resulting derivative is then 
directly coupled via the introduced thiol-reactive male- 
imido or a-halocarbonyl group(s) to the thiol-containing 
member of the intended hybrid pair. 

An artificial antibody-ricin conjugate, for example, has 
been prepared by treating ricin with m-maleimidoben- 
zoyl N-hydroxysuccinimide ester and then incubating the 
resulting m-maleimidobenzoyl derivative with a par- 
tially reduced monoclonal antibody (148). The forma- 
tion of unwanted homoprotein conjugates is precluded 
by such two-step procedures, and purification of the result- 
ing hybrid conjugates by exclusion chromatography is usu- 
ally rather easy since they should be significantly larger 
than any of their precursors. Iodoacetyl derivatives of 
avidin, alkaline phosphatase, and at  least four other pro- 
teins are commercially available. 

Several reagents have been employed to introduce thiol 
groups into proteins, which may then be employed for 
conjugation to other proteins or various other materials. 
N-Acetylhomocysteine thiolactone (1681, (S-acetyl- 
thio)succinic anhydride (169), S-acetyl N-succinimidyl- 
thioacetate (1 70), 2-iminothiolane (153), and N-succin- 
imidyl3-(2-pyridyldithio)propionate (151), for example, 
can all be used under mildly alkaline conditions to intro- 
duce thiol groups into proteins. In the second and third 
cases, the acetyl moiety must subsequently be removed, 
usually by treatment with hydroxylamine, to release the 
thiol group and, in the last case, a small amount of DTT 
or some other simple thiol must be used to affect a com- 
parable cleavage of the 2-pyridyl disulfide moiety. The 
resulting thiol groups potentially can be coupled to many 
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different maleimidyl or a-halocarbonyl groups includ- 
ing, for example, those of certain protein-maleimidyl con- 
jugates as follows (1 71, 150): 

Means and Feeney 

DTT - 
P-\ H Ls-( N-X (2) 

0 

Even more important, probably, is the ability of the lat- 
ter substituent to undergo direct coupling with the thiol 
groups of other proteins as follows (152, 172): 

0 H 

P-tj L S - S - P ,  + so (3)  
H 

Several 2-pyridyl disulfide-protein conjugates are com- 
mercially available. The susceptibility of disulfide link- 
ages to cleavage by low molecular weight thiols, how- 
ever, appears to preclude many applications of such con- 
jugates, including most of those involving exposure to 
physiological conditions. 

2-Iminothiolane is probably the most important reagent 
for introducing thiol groups into proteins. It is quite water 
soluble, whereas the others really are not, i t  reacts rap- 
idly with amino groups at pH 7 (or preferably a little 
above), and i t  does not require an additional activation 
step to effect release of the thiol moiety. It alone pre- 
serves the cationic charges of the modified amino groups. 
As with the other reagents used to introduce thiol groups, 
those introduced via reaction with 2-iminothiolane can 
be used to effect oxidative coupling to other protein thi- 
ols or may react with various maleimidyl or a-halocar- 
bony1 groups, as follows (173, 154): 

CONCLUSION 
Space and time limitations have precluded the discus- 

sion of many important related subjects. We had hoped, 
in particular, to discuss the radiolabeling of proteins. Biot- 
inylation also deserves serious discussion. We apologize 
to the many authors whose works we have failed to cite 
and particularly to those whose results we may have mis- 
interpreted or misrepresented. We would also like to call 
the readers' attention to a number of reviews and books 

on this subject, where more complete information can 
be obtained (1 74-183). 
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I. INTRODUCTION 
Drug targeting had its inception almost a century ago 

when the late Paul Ehrlich proposed that chemothera- 
peutic agents might be covalently joined to ligand sub- 
strates which had affinity for and selectivity to a target 
tissue such as malignant tumors. In addition, he sug- 
gested that antibodies or “magic bullets” as he described 
them might, in fact, be candidates for ligand substrates 
for drug targeting (2). This vision remained dormant for 
almost a century until the attendant technologies and 
support systems would be in place to begin to express 
this vision into a 20th century therapeutic modality. 

During the past 15 years, there has been an exponen- 
tial growth in the area of drug targeting as a result of the 
integration, interfacing, and coordination of the scien- 
tific disciplines represented by cell biology, recombinant 
technology, and chemistry (Figure 1)- Within the area 
of cell biology, major advances have occurred in genet- 
ics, hybridoma technology, screening, and testing. In 1980, 
Benacerraf, Dausset, and Snell received the Nobel Prize 
in Medicine and Physiology for their pioneering efforts 
in elucidating the immune response gene network, that 
is the family of genes that dictate the ability of the mam- 
malian immune system to respond to and process all immu- 
nogens (3) .  In the course of these important discover- 
ies, the mouse became the representative immune sys- 
tem because of its prolific procreative behavior, physical 
size, and its brief gestation period. As a result, Snell had 
created the world’s most sophisticated genetic library of 
inbred and recombinant strains of mice ( 4 ) .  

This family of mice became the instrument of knowl- 
edge that was utilized by Kohler and Milstein in their 
discovery of hybridoma technology. The discovery was 
of such magnitude that Kohler and Milstein, along with 
Jerne, were awarded the Nobel Prize in Medicine and 
Physiology in 1984, 9 years after their breakthrough (5, 
6). Hybridoma technology allows the fusion of a normal 
immunological B cell committed to making antibody with 
a malignant myeloma partner, thus affording a hybrid 
cell with the genetic information of both immortality and 
antibody synthesis. Each cell is thus empowered to pro- 
duce unlimited amounts of a single, or monoclonal, anti- 
body (moab) (7). This discovery together with auto- 
mated methods of screening and testing for the selective 
immunoreactivity of derived moabs accelerated the growth 
of the drug-targeting discipline. 

Recombinant DNA technology has complemented and 
facilitated the growth of cell biology. The ability to rap- 
idly identify, sequence, and clone genes of an antibody 
has led to the elucidation of the underlying mechanisms 
of antibody diversity (8). In addition, this powerful tool 
has allowed the construction of chimeric and humanized 
monoclonal antibodies which may reduce their immuno- 
genicity in humans, either as native moab’s or in the con- 
text of drug conjugates (9). 
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Finally, chemistry has catalyzed the growth rate of both 
cell and molecular biology. Through chemistry, the abil- 
ity to rapidly synthesize DNA, peptides, linkers, and phar- 
macologic agents and to characterize and purify biocon- 
jugates has been achieved. What has become apparent 
is the importance of chemistry in the design and synthe- 
sis of bioconjugates; indeed, the rate-determining step 
for the evolution of this program has been the “new chem- 
istry’’ of drugs and linkages compatible with proteins and 
the incorporation of the drugllinkage onto the moab. 

In summary, the three disciplines interface in creating 
a new dimension in the expression of biotechnology that 
has facilitated the emergence of monoclonal antibody drug 
targeting in the treatment of human cancer. 

Conceptually, the process of drug targeting as pro- 
posed by Paul Ehrlich is illustrated in Figure 2. Since 
Ehrlich’s vision of targeting, many investigators in the 
biological fields have tried to translate his dream into a 
reality. In order to build a foundation of understanding 
for moab-based targeting of drugs, this article will review 
the following in turn: (1) the immune system and anti- 
body synthesis, (2) hybridoma technology and the gen- 
eration of monoclonal antibodies, (3) chemical design and 
synthesis of modified targeting agents for attachment to 
moab’s, and (4) the chemistry and biological activity of 
moab-drug conjugates. 

11. THE IMMUNE SYSTEM AND ANTIBODY 
SYNTHESIS 

The cast of characters and the sequence of events that 
facilitate the activation of the immune response are illus- 
trated in Figure 3. The macrophage or presenting cell 
takes up the antigen and presents it on its surface in the 
context of class I1 immune response gene products ( I O ) .  
This, in turn, determines the ability of the immune sys- 
tem to respond to the given antigen. Those clones of T 
cells (thymus-derived cells) designated as helpers (Th) 
which express receptors for the antigen in the context of 
the class I1 self-determinant become activated through 
the synthesis and secretion of IL-1 (interleukin 1) (IO). 
This cytokine, in turn, activates those clones of T, cells 
to produce and express receptors for IL-2 (interleukin 
21, a T cell growth factor which supports the growth of 
the autocrine T cell network. This highly sophisticated 
central pathway facilitates and supports the growth of 
both the humoral response represented by B cells (bone 
marrow derived cells committed to producing antibody) 
and the cell-mediated response represented by T cell medi- 
ated delayed type hypersensitivity (TDTH) (IO). The cen- 
tral pathway sustains the cell-mediated response by pro- 
ducing factors which support the growth and differenti- 
ation of the T cell mediating DTH, thus moving the process 
to the end stage effector function. Similarly, the central 
pathway activates the B cell response via the production 

0 1990 American Chemical Society 
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Figure 2. Immunoconjugate-mediated site-directed therapy. 
Reproduced with the permission of R. John Collier and Don- 
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of growth and differentiating factors. As a result, the B 
cell recognizing the antigenic epitope matures to the end 
stage effector cell, the plasma B cell (PC), which secretes 
the antibody specific for the antigen at  the incipient stage 
(10). 

In addition to the utility of antibody in maintaining 
the survival of the organism, the antibody was recog- 
nized as an attractive candidate for ligand targeting. If 
one had the capability to intercept a specific plasma B 
cell clone and produce unlimited sources of moab, the 
moab’s potential for recognizing and binding, selec- 
tively, to a given epitope, would make it the “universal 
ligand” in targeting. As a result of the Kohler/Milstein 
hybridoma breakthrough, the ability to select for and pro- 
duce unlimited quantities of moab became a reality and 
thus fueled the research in the targeting program (5, 7). 

l I l t c l ( 4 4 l c c  

Assay for antibody, 
clone positive culture @ 

Assay for antibody, 
propagate positive clone 

Figure 4. Reproduced with the permission of R. John Collier 
and Donald A. Kaplan [(1984) Sci. Am. 251 (l), 561. 

111. HYBRIDOMA TECHNOLOGY AND THE 
GENERATION OF MONOCLONAL ANTIBODIES 

The process of producing a monoclonal antibody is illus- 
trated in Figure 4. The human cancer tissue is pre- 
sented as an antigen to the mammalian immune system. 
The mouse is the system of choice because hybridoma 
technology was developed within the context of mouse 
genetics (7). The immune system processes the cancer 
tissue and begins to make antibody as has been described. 
Monitoring to determine the reactivity against the can- 
cer tissue is done by assaying serum against original can- 
cer tissue (7). Once the animal is making polyclonal anti- 
body against the target, plasma B cells are obtained by 
excising the spleen, harvesting the B cells, and fusing 
them with malignant myeloma cells (5, 7). The cells are 
then propagated in a medium in which only fused hybri- 
doma cells can survive (e.g., a medium such as 
hypoxanthine/aminopterin/ thymidine, which selects only 
for a survival pathway of fused hybridoma cells). The 
moab’s derived from the surviving hybridoma cells are 
screened in a high-speed automated selection process 
against malignant and normal tissue. Those moab’s that 
have good immunoreactivity against malignant tissue and 
minimal reactivity against normal tissue are selected and 
further evaluated as targeting ligands in the context of 
drug conjugates (5, 7). 

Pursuant to understanding the chemistry of designing 
and developing conjugates, it is important to review the 
structure and the attendant biochemical characteristics 
of the antibody. A representation of an IgG class of anti- 
body is illustrated in Figure 5 (11). The antibody is com- 
posed of identical heavy chains denoted by the subscript 
H which are joined by two disulfide linkages located in 
the “hinge region” of the antibody. Two identical light 
chains denoted by the subscript L are joined to the heavy 
chains by disulphide bonds connecting the constant por- 
tion of the light chain (C,) to the heavy chain first con- 
stant region (CHI). The amino terminus of each chain 
is located at  the variable portions of both the heavy and 
light chains, Vy and V,, respectively. The C terminus 
of the light chain is located at  the CL domain and that 
of the heavy chain is a t  the cH3 domain (11). The immu- 
noreactivity of the moab is controlled by the variable 
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Figure 6. Design and synthesis of agent-linkage-ligand con- 
jugate: (1) Agent-linkage-ligand construction expresses inher- 
ent biological activity or facilitates its release a t  the target site. 
(2) Agent and/or linkage amenable to stoichiometric determi- 
nation within the context of the bioconjugate. 

domains and is comprised of three peptide sequences in 
the hypervariable region of the light chain and four 
sequences in the heavy chain (11). The species charac- 
teristics of the moab are expressed both in the frame- 
work region of the variable domain as well as specific 
sequences of the CH and CL regions. In addition, classes 
of moab’s such as IgM and IgE differ from IgA, IgD, and 
IgG by the addition of cH4 domain at  the C terminus 
(12). Finally, within species, classes and subclasses are 
characterized by subtle differences in C region sequences. 
The complement binding receptor and an N-glyco- 
sylated carbohydrate is located within the cH2 domain. 
This fortuitous location of the sugar substrate provides 
a unique functionality for regioselectively incorporating 
drugs outside of the antigen-binding region. The impor- 
tance of this linkage will be discussed later. 

IV. THE CHEMICAL DESIGN AND SYNTHESIS OF 
MODIFIED TARGETING AGENTS FOR ATTACHMENT 
TO MOAB’S 

In designing the bioconjugate, it  is important to dis- 
tinguish the integrity of the three components of a bio- 
conjugate: the agent to be delivered, the covalent link- 
age, and the moab. The linkage must not diminish the 
biological activity of the modified agent nor compromise 
the moab’s ability to target. Two general strategies for 
conjugating an agent to a moab are represented in Fig- 
ure 6. In the first strategy, the modified agent is reacted 
directly with functional groups on the surface of the moab. 
In this process, the loading of the drug would be deter- 
mined by the number of available attachment sites on 
the moab. Alternatively, one can engraft the agent onto 
a matrix substrate and then react this unit with the moab. 
In the second process, the amount of agent delivered can 
be increased without having to increase the number of 
covalent bonds to the moab (13). Regardless of which 
strategy is chosen, the chemistry of bioconjugate con- 
struction must be guided by the following tenets: (1) the 

Drug: 
Linker for covalent attachment: 0 

Figure 7. Moab sites of agent attachment and chemical meth- 
ods for moab agent modification. Goals: (1) attach agent to 
moab without altering serological activity, (2) construct conju- 
gate with retention of biological properties of agent, (3) con- 
struct conjugate with linkage that facilitates release of free drug 
a t  target site, (4) design of agent/linkage compatible with cova- 
lent attachment to F(ab’), fragment, (5) construct conjugate 
with minimal immunogenicity, and (6) synthesis of conjugate 
amenable to large-scale production. 

attachment of agent to moab must be achieved without 
altering its immunoreactivity, (2) the conjugate must be 
constructed with a chemical linkage that will either allow 
the retention of the biologic properties of the agent or 
facilitate the release of the free drug at  the target site, 
(3) the design of the agent/linkage chemistry should be 
compatible with covalent attachment to either the intact 
moab or its fragments, (4) the synthesis of the conjugate 
should be done in a manner that would minimize immu- 
nogenicity, and (5) the construction of the conjugate must 
be amenable to large-scale production (Figure 7). 

The moab is attractive as a targeting ligand because 
(1) it has many potential sites of drug attachment and 
(2) it can maintain immunoreactivity even as subfrag- 
ments. Represented in Figure 7 are the potential sites 
of covalent attachment on the intact moab and the pro- 
teolytic fragment, F(ab’), (14). The most accessible sites 
for drug attachment on the polypeptide chains are the e 
amino groups of the lysine residues (approximately 90 
lysines in a moab) and the carbohydrate moiety of the 
cH2 domain (15). One can imagine oxidizing the carbo- 
hydrate to generate aldehyde functions from the uic-di- 
ols, which can react with various drug functionality such 
as hydrazides (16,17). Drugs can be incorporated at  the 
lysine residue through the construction of stable amide 
linkages. In addition, the lysine residues are important 
sites for drug attachment in the F(ab’), fragments since 
these have no carbohydrate. 

Having reviewed the required characteristics of the bio- 
conjugate and the sites of covalent attachment to the moab, 
it is appropriate to identify the representative chemical 
linkages that have been utilized in drug targeting. The 
succinate linkage has been employed in joining des- 
acetylvinblastine to the moab via an amide bond to the 
lysine amine (18,19). This, of course, discourages release 
of the free drug from the conjugate (see Figure 8, entry 
1). 

The sulfhydryl-bearing A chains of the toxins ricin, diph- 
theria toxin, and abrin have been joined to the moab via 
disulfide linkages. For example, the moab has been reacted 
with the N-hydroxysuccinimide ester of 4-(2-pyri- 
dyldithio) butyric acid to introduce several latent thiols 
onto moab lysines. This, in turn, is reacted with the sulf- 
hydryl-containing toxin to yield the moab conjugate as 
the disulfide. The lability of the disulfide bond and its 
resultant short half-life has encouraged the construction 
of hindered disulfides such as the a-methyl butyrate (see 
Figure 8, entry 2, R = CH,). This minor change in the 
linkage enhanced the circulation half-life of the corre- 
spondingly linked moab-ricin A significantly (20,21). 
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Figure 8. Chemical linkages for covalent attachment of agent 
to ligand. 

An even more stable sulfhydryl-based moab/agent link- 
age has been achieved through formation of a thio-ether 
bond. The substrates ricin and alkaline phosphatase have 
been linked to moab in the following two-step proce- 
dure: (1) the lysine residue of either the substrate or the 
moab has been reacted with thiolane hydrochloride to 
give the 4-sulfhydrylbutyrimidate derivative and (2) sulf- 
hydrylbutyrimidate has been joined to the complemen- 
tary protein that bears a 4-(methylenema1eimido)cyclo- 
hexylcarboxamide via a conjugate addition of sulfur to 
maleimide (see Figure 8, entry 3) (22). The application 
of this linkage in the targeting of alkaline phosphatase 
for prodrug activation will be described in a later discus- 
sion (22). 

Investigators a t  Cytogen and Lilly Research Labora- 
tories have reported the oxidation of moab-carbohy- 
drate and use of the resultant aldehydes for linkage of 
drug hydrazides (16, 17). Cytogen scientists have pre- 
pared the methotrexate hydrazone conjugate and Lilly 
Research investigators have synthesized the vinblastine 
hydrazone conjugate (see Figure 8, entry 4). The vin- 
blastine hydrazone-moab conjugate will be described later 
in the review as an example of designing and developing 
conjugates in a structure-activity relationship based on 
human clinical feedback. 

The anthracyclines, exemplified by adriamycin and 
daunomycin, are a family of oncolytics that have been 
very challenging as candidates for conjugation. The need 
for the release of the free drug in order to express its 
DNA-binding activity has required the development of 
labile linkages compatible with the functionality of the 
anthracyclines. Reisfeld and others have constructed the 
acid-labile aconitate amide linkage through the lysine 
amine of the moab and the amine group of the glycoside 
of the anthracycline (see Figure 8, entry 5) (23). 

The importance of chemical linkers is most effectively 
highlighted in the targeting of radionuclides for both imag- 
ing and therapy. Historically, 12'1 and 1311 have been 
incorporated onto moab by iodination of the tyrosine res- 
idues (24). As imaging and therapy conjugates, the clin- 
ical data thus far have not been encouraging because of 
the rapid dehydrohalogenation of iodine. More recently, 
Meares has helped pioneer the construction of indium 
and yttrium conjugates through the development of nuclide 
chelate linkages (25). Investigators from Hybritech have 
utilized this technology in advancing the use of indium 
in imaging of solid tumors and then using the matched 
yttrium conjugate for therapy (see Figure 8, entry 6) 
(26). Most recently, investigators a t  NeoRx have reported 
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CHANGE DRUGS 
(POTENCY/ACTION) 
CLUSTER DRUGS, 
COMBINA TlON 0 F 
DRUGS 

\ 
CHANGE MOA B: 
CHIMERIC, HUMANIZED, 
FRAGMENT, BIFU NCTlO NA L, 
MOLECULAR ENGINEERING 

-Insrrl;I 
\ 
CHANGE LINKER 

Figure 9. Structure-activity relationship: modification for moab- 
drug conjugates. 

a radionuclide matched pair of technitium and rhenium 
for imaging and therapy, respectively. Thus, dosimetry 
data collected from the indium or technitium moab con- 
jugate has allowed the therapy with the corresponding 
yttrium or rhenium moab conjugate. This has resulted 
in the first clinical response of a human solid tumor with 
a rhenium conjugate (27). 

Offord and Rose at  the University of Geneva as well 
as King at  Rockefeller have reported the use of carbox- 
ybenzaldehyde as a linker for incorporating a ketone or 
aldehyde functionality onto the lysine amine of the pro- 
tein (see Figure 8, entry 7) (28, 29). Offord and Rose 
have reported the construction of hydrazone conjugates 
via this linkage (29). 

A complementary approach for modifying the carbo- 
hydrate aldehyde linkage has been one in which a 
hydrazide has been incorporated onto the moab for reac- 
tion with drugs containing carbonyl functions. Investi- 
gators a t  Cytogen have built in adipic dihydrazide link- 
age to join the oxidized carbohydrate of the moab to the 
ketone of an anthracycline via hydrazone linkages (30). 
Barton et al. a t  Lilly have utilized a reductive amination 
of the moab carbohydrate aldehyde with glutamic 
hydrazide and subsequently constructed a releasable 
attachment to an anthracycline via its ketone (see Fig- 
ure 8, entry 8) (31). 

As one begins to correlate the biological with the chem- 
ical components of a moab drug conjugate, it  is clear that 
developing a medicinal chemistry structure-activity rela- 
tionship (SAR) becomes a multidimensional challenge 
(illustrated in Figure 9) (32). As has been emphasized 
in earlier portions of this review, there are a variety of 
opportunities for independent structural modifications 
of the conjugate that are expressed in the framework of 
the moab, the linker, and the drug. 

The quality of targeting of the conjugate to selective 
tissue can be achieved by changing either the specificity 
of the moab or simply its affinity (i.e., its on/off rate). If 
a human antibody response to the murine moab drug 
conjugate becomes a problem, the constant regions and 
the framework portion of the variable region can be 
replaced by human sequences through molecular engi- 
neering (8). In addition, if the intact moab with its atten- 
dant effector function domains such as complement bind- 
ing present an innocent tissue bystander liability, frag- 
ments of the moab such as F(ab'), that no longer carry 
these domains can be synthesized and conjugated with 
drug (see Figure 9) (14). 

The chemical linker is the heart of the conjugate. It 
determines the ability of the drug to express its activity 
either as an integral part of the conjugate or allows its 
release at  a rate that is dictated by the chemistry. The 
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choice of a releasable or nonreleasable linkage as it impacts 
on the drug toxicity will be discussed specifically with 
respect to the moab-vinca conjugate in the next portion 
of this review. 

V. T H E  CHEMISTRY AND BIOLOGICAL ACTIVITY OF 

The oncolytic drug can be selected on the basis of a 
combination of its clinical effectiveness, its mode of action, 
and its potency against the tumor target. It is most impor- 
tant to understand that the parameters of biodistribu- 
tion and local drug concentration may dramatically change 
a drug's profile as a conjugate compared to its unmodi- 
fied form. As discussed before, the SAR that unfolds 
for a targeted drug is one that is multidimensional and 
dependent on a variety of structural changes, Le., moab, 
linker, and drug. The ability to enhance the quality of 
the conjugate depends on the transmission of informa- 
tion from the clinic to the laboratory and applying this 
information to the preclinical model (see Figure 9) (32). 

As an example of the design, the development, and 
the evaluation of a drug conjugate, I would like to describe 
a program that I have participated in, one that is gener- 
ically representative of the drug-targeting efforts occur- 
ring at  the many academic and industrial institutions 
throughout the world today. In this example, the impor- 
tance of human clinical feedback is emphasized for adjust- 
ing the SAR and enhancing the efficacy of the drug con- 
jugate. 

Our investigators a t  Lilly chose a vinca alkaloid for 
the designing of a moab-drug conjugate, partly because 
of our vast prior experience in chemical modification of 
the vincas and partly because of its biological potency 
for treatment of human cancer (33).  The vinca sub- 
strate for conjugation was prepared by the reaction of 
vinblastine with acid or base effecting the deesterifica- 
tion of the 4-position of the vindoline component. This, 
in turn, was reacted with succinic anhydride to afford 
the 4-succinate of desacetylvinblastine (DAVLB), a sub- 
strate bearing the nonreleasing linker, succinate (see 
Scheme I, parts a and b) (18,19). The choice of the suc- 
cinate linker was made, initially, in order to evaluate the 
inherent activity of the vinca in the context of the con- 
jugate, and to minimize the liability of free vinca. 

The moab selected for targeting was identified as 
KS1/4, a murine moab developed by Walker in Reisfeld's 
laboratory a t  Scripps (34). The moab KS1/4 recognizes 
a tumor/epithelial associated antigen (40 KD) found in 
high epitope density on human adenocarcinomas (35). 
The primary target of this moab is lung and colorectal 
adenocarcinoma (36). 

Pursuant to attaching the vinca to KS1/4, the DAVLB 
hemisuccinate was converted to its N-hydroxysuccin- 
imide active ester. This, in turn, was reacted with KS1/4 
in aqueous borate buffer in pH 8.6 at  room temperature 
to afford, after a series of chromatographies, a 50% yield 
of the conjugate (see Scheme I, parts a-c) (16, 30, 45). 
Stoichiometric evaluation of the conjugate by ultravio- 
let spectrophotometry indicated a conjugation ratio of 
4-6 drugs/moab (36). This chemical process and the cor- 
responding biochemical purification proved to be reli- 
able, reproducible, and amenable to large-scale produc- 
tion (36). The analytical profile that was developed for 
monitoring the quality of KS1/4-DAVLB and all our other 
drug conjugates is illustrated in Figure 10. 

The difficulty with selecting a relevant in vivo animal 
model for evaluating the biological potential of a new 
moab-drug conjugate is that the targeting substrate rec- 
ognizes "human epitopes". Consequently, a model had 
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to be created which would accommodate the pharmacol- 
ogy of the drug as part of a conjugate as well as the abil- 
ity of the conjugate to target the human tumor tissue. 
The in vivo experimental system which has been widely 
utilized in evaluating drug conjugates has been the "athy- 
mic nude mouse" xenograft model. The inbred athymic 
mouse does not express a thymus; consequently, it is immu- 
nologically impotent and unable to reject tissue grafts 
such as malignant tumors from another species (38). The 
in vivo nude mouse human xenograft models that have 
been selected for our moab-drug conjugate evaluations 
are described in Figure 11 (32). 

The traditional path for tracking antitumor potency 
of standard oncolytics has been in an in vitro potency 
assay measuring the ability of the agent to inhibit tumor 
growth. With respect to the drug conjugate KS1/4- 
DAVLB, which was constructed with a nonreleasing linker 
to minimize free drug, the in vitro assay measured the 
potency of the vinca in the context of the conjugate. Pre- 
dictably, the in vitro assay showed the conjugate to be 
of a low potency, one whose IC, was about 200-fold lower 
than that of vinblastine (Figure 12) (18b, 39). Clearly, 
the utility of targeting a low-potency conjugate could only 
be evaluated in an in vivo system, one that would allow 
the dramatic change in biodistribution to be expressed 
in tumor inhibition or regression. 

In an in vivo nude mouse tumor xenograft model, which 
measures the effect of an agent against a PSUCLA human 
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Figure 12. In vitro potency analysis of vinblastine (VLB) and 
KS1/4-DAVLB (39u), as determined by a proliferation assay 
utilizing the P3AUCLA human lung adenocarcinoma cell line 
with a 72-h exposure to drug or monoclonal antibody-drug con- 
jugate. All concentrations are in terms of vinca alkaloid con- 
tent. 

lung adenocarcinoma cell line, the KS1/4-DAVLB con- 
jugate showed regression and inhibition of tumor growth 
at  10 and 5 mg/kg of vinca equivalent, respectively (see 
Figure 13) (39). This contrasts with the free drug vin- 
blastine, which a t  10 mg/kg was toxic to the mice. More 
importantly, the free KS1/4 showed no activity as did 
an irrelevant moab-DAVLB conjugate (data not shown) 
(39). Moreover, the vinca alkaloid mechanism of action 
is to inhibit the mitotic cell division in the G,+VM phase 
by binding to tubulin and inhibiting its assembly (40). 
The KS1/4-DAVLB was equipotent to vinblastine with 
respect to tubulin binding in a cell-free tubulin assay car- 
ried out by Wilson (40). 

As had been suggested by various investigators in the 
field of targeting, efficacy with a low-potency drug con- 
jugate could be achieved if the concentration of drug in 
the tumor is enhanced by virtue of targeting. In order 
to more clearly define the mechanism of efficacy as well 
as establishing the “proof of targeting”, a nude mouse 
was implanted with a P3UCLA tumor and treated with 
[3H]DAVLB at 5 mg/kg and KSl/4-13H]DAVLB at 5 
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Figure 13. Effect of KS1/4-DAVLB on the growth of estab- 
lished xenografts ( 3 9 ~ ) .  
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Figure 14. Analysis of the biodistribution of tumor tissue of 
[3H]DAVLB and KSl/4-[3H]DAVLB in P3UCLA human lung 
zenograft bearing nude mica (41). The animals were sacrificed 
at the time points indicated for both free drug and conjugate- 
treated animals. 

mg/kg of vinca equivalent. After 96 h postinjection, up 
to 7 4 %  of the total administered dose was found in the 
tumor tissue after dosing with KS1/4-DAVLB. In con- 
trast, less than 0.3% of the dose was found in tumor tis- 
sue after dosing with free DAVLB (see Figure 14) (41). 

After completing the preclinical biological evaluations 
in the mouse xenograft models and the preclinical toxi- 
cology evaluations in rodents and primates, the KS1/4- 
DAVLB conjugate was evaluated in the clinic. Twenty- 
two patients received KS1/4-DAVLB in a phase I trial. 
Of those, 13 received single iv infusions of conjugate a t  
doses ranging from 40 to 240 mg. Nine patients received 
multiple iv infusions a t  a dose of 1.5 mg/kg every 2-3 
days for up to nine doses (42). 

A surprising and unpredicted dose-limiting duodenal 
toxicity presented itself a t  250 mg during single-dose stud- 
ies and at  a cummulative dose of 400 mg during multi- 
ple-dose studies. The toxicity was reversible and no resid- 
ual damage to the duodenum was observed. The toxic- 
ity did not appear to be vinca related. Studies by Schneck, 
Petersen, and Zimmerman suggested complement depo- 
sition in the inflamed duodenal tissue (43).  Further stud- 
ies are underway to more clearly define the mechanism 
of the gastrointestinal tract (GIT) toxicity. 

This human phase I study produced a significant amount 
of valuable information which is summarized in Figure 
15. An extremely important observation was that there 
was significant tumor cell binding by KS1/4-DAVLB as 
evidenced by biopsied-tissue staining and evaluation. This, 
of course, supports the concept and process of targeting. 
In addition, there were no serious immunologic events 
that would be mediated by human antimouse antibody 
responses (HAMA) (42) .  
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SUMMARY 

1. GIT toxicity is the dose-limiting factor. 
2. Iv morphine but not iv dexamethasone reduces 
toxicity. 
3. In the studies conducted to date, multiple 
doses were administered without development of 
serious hypersensitivity or serum sickness 
reactions. 
4. Pharmacokinetics are linear over the dose 
range studied and multiple-dosing schedules do 
not appear to change pharmacokinetic 
parameters. 
5. significant tumor uptake and cell binding 
occur. 
6. HAMA responses occurred in some but not all 
patients. The magnitude of response was not 
dose related. 
7 .  Patients on morphine did not develop a 
significant HAMA response. 
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Figure 15. 
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As had been alluded to earlier in this review, the drug- 
targeting program enhances the complexity and the dynam- 
ics of the SAR evaluation; indeed, the essential human 
clinical information is of paramount importance in feed- 
ing back to the research aspects of the program in terms 
of modifying the drug, linker, and moab. The human 
data strongly suggested that the KSl/CDAVLB was tar- 
geting to not only the tumor, but also to the GIT duode- 
nal epithelium with a threshold toxicity level of 250 mg 
(42,43).  The conservative SAR strategy that had evolved 
with respect to the construction of KS1/4-DAVLB was 
to design a low-potency vinca conjugate with minimal 
risk of drug release. With the “new reality” of KS1/4- 
associated GIT toxicity at 250 mg, our SAR adjustment 
suggested a new drug conjugate profile. A high-potency 
vinca drug attached to the moab with a releasable link- 
age would reduce the amount of “KS1/4” in the conju- 
gate that would have to be administered to achieve effi- 
cacy (see Scheme 11) (32). 

As outlined in Scheme 111, the construction of the “high- 
potency” drug conjugate KS1/4-DAVLB-hyd was pre- 
pared by reacting desacetylvinblastine hydrazide (DAVLB- 
hyd) with the aldehyde-KS1/4 which has been pre- 
pared by periodate oxidation of the carbohydrate residues 
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Figure 16. Effect of KSlI4-SP-DAVLB hydrazide (9) vs uncon- 
jugated DAVLB hydrazide (6) on growth of established P3UCLA 
lung adenocarcinoma xenografts in nude mice (44): (a) 9 at 2 
mg/kg (vinca content), (m) 6 a t  2 mg/kg, (0) control. Each 
point is the mean f SE of N = 5 (treatment group) or N = 10 
(control group). 

Scheme 111. Moab-DAVLB Hydrazide Conjugate 
Construction 

4Desacalylvlnblar tlna3-Carboxhydruldr Oxldlzed MoAb 
“DAVLB Hydnrldr” I M o b  - C$ 

H \ /  
r Nq.J y 

0 
MoAb . DAVLB Hydrarfdr Conjugale 

of KS1/4 (see Scheme 111) (44).  The stoichiometry of 
the conjugate was 4-6 drugs/moab (44).  The hydrazone- 
linked conjugate was predicted to be reasonably stable 
at pH 7.4 and release free vinca hydrazide in a microen- 
vironment of pH 5.5 (44).  

The prediction of the potency and efficacy profile of 
KS1/4-DAVLB-hyd in the nude mouse PSUCLA xeno- 
graft model was clearly demonstrated in Figure 16. As 
can be seen in the established high tumor burden model, 
the KS1/4-DAVLB-hyd effected regression of tumor a t  
doses as low as 2 mg/kg in a six-dose protocol (44).  The 
toxicology evaluation in rodents and primates has been 
completed and the human phase I clinical evaluation will 
occur in 1989. 

VI. T H E  SYNTHESIS OF A MONOCLONAL 

SITE-SPECIFIC PRODRUG ACTIVATION 
One of the most innovative applications of targeting 

has been in the area of enzyme-catalyzed prodrug acti- 

ANTIBODY-ENZY ME CONJUGATE FACILITATING 
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Prodrug etoposide 

Active drug, etoposite 4- 
phosphate (EP) +-. 

Release of active drug 

1. Ep is a relatively nontoxic prodrug 
2. Etoposide is active cytoxic agent 
3. EP is converted to etoposide with alkaline phosphatase (AP) 

Figure 17. Enzyme-mediated, site-specific prodrug activa- 
tion. Reproduced with the permission of P. D. Senter, M. G. 
Saulnier, G. J. Schreiber, D. L. Hirschberg, J. P. Brown, I. Hell- 
strom, K. E. Hellstrom [(1988) Proc. Nutl. Acud. Sci. U.S.A. 
85, 48421. 

Scheme IV. Alkaline Phosphatase Mediated Conversion 
of Etoposide Phosphate to Etoposide (22) 
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vation (45). A number of investigators have been involved 
in this area. Most recently, a very elegant and promis- 
ing study was reported by Senter et  al. (22). They had 
envisioned etoposide phosphate (EP) as being an innoc- 
uous “prodrug” which could be activated, site specifi- 
cally, with targeted alkaline phosphatase. EP  was syn- 
thesized by reacting etoposide with phosphoryl chloride 
and sodium bicarbonate as illustrated in Scheme IV. EP’s 
rapid conversion back to etoposide with alkaline phos- 
phatase is also represented in Scheme IV (22).  

Conceptually, the process of enzyme-targeted prodrug 
activation is depicted in Figure 17. The enzyme, once 
covalently linked to a moab and allowed to accumulate 
in target tissue, would convert a subsequently adminis- 
tered dose of EP  to the “active” etoposide only within 
the microenvironment of the tumor (Figure 17). The 
advantage of this approach is that the enzyme, acting in 
a catalytic manner, can achieve the active conversion of 
a large molar excess of substrates. In addition, hetero- 
geneous bystander tumors not bearing the target epitope 
can, in theory, experience the “overflow” effect of released 
drug (22).  

The enzyme-moab conjugate was prepared by the fol- 
lowing sequence: (1) the colorectal adenocarcinoma reac- 
tive mouse moab L6 was treated with iminothiolane hydro- 
chloride to afford the sulfhydryl adduct, (2) the alkaline 
phosphatase was acylated with the N-hydroxysuccinim- 
ide active ester of 4-(methy1enemaleimido)cyclohexylcar- 
boxylic acid to afford the carboxamide, and (3) the two 
reactive substrates were joined in a 1,4-conjugate addi- 
tion to afford a 1:l adduct of the moab-alkaline phos- 
phatase (AP), L6-AP (see Scheme V) (22).  

The L6-AP/EP enzyme/prodrug system was evalu- 
ated in a nude mouse xenograft model implanted with 
the human colorectal cell line H3347. The animals were 
treated with conjugates 18-24 h before drug treatment. 
After drug dosing on days 9, 13, 17, and 20 after tumor 

1500 -, I I t  I 
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Figure 18. Moab-AP- and EP-mediated site-specific suppres- 
sion of tumor growth (22). Effects of etoposide, EP, and con- 
jugates plus EP on H3347 tumors in nude mice: (.) no treat- 
ment, (0) etoposide, (.) EP, (0) IF5-AP and EP, and (A) LP- 
AP and EP. Arrows indicate drug treatment. Conjugates were 
administered 18-24 h earlier. Each group consisted of eight 
mice with bilateral tumors. 

Scheme V. Construction of Moab-AP (22) 

implant, tumor regression occurred only with the rele- 
vant combination L6-AP/EP (see Figure 18) (22). 

The study by Senter and co-workers is important in 
that it demonstrates the potential utility of enzyme/ 
prodrug targeting in human therapy. It is an impetus to 
design and develop other enzyme/prodrug systems which 
would be more applicable to human therapy. 

VII. VISION OF 21ST CENTURY DRUG TARGETING 
THERAPY 

As the drug-targeting community achieves its primary 
mission in demonstrating “proof of concept” in the treat- 
ment of human cancer, a 21st century vision could include 
the following: (1) the process of site-specific delivery as 
therapy could be applied to other diseases such as those 
of the cardiovascular and autoimmune system and AIDS; 
(2) the catalytic moabs (Abzymes) could be used in con- 
cert with agent targeting in site-specific “linker cleav- 
age” and/or prodrug activation; (3) design of therapeu- 
tic bifunctional moab recognizing both agent and target 
could be applied to site-specific delivery; and (4) the con- 
struction of bifunctional moabs for activation and tar- 
geting of specific immune cells could be used in immun- 
odeficient disease. 
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Preparation and Characterization of Conjugates of Recombinant CD4 
and Deglycosylated Ricin A Chain Using Different Cross-Linkers 
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In a previous study, we have demonstrated that conjugates containing soluble, recombinant human 
CD4 (rCD4) and the deglycosylated form of ricin A chain (dgA) (rCD4-dgA) effectively kill a human 
T cell line infected with the human immunodeficiency virus (HIV) in vitro. In contrast, such conju- 
gates are 100-1000-fold less toxic to uninfected cells. In order to use a rCD4-dgA conjugate effec- 
tively in vivo, it was important to demonstrate that (1) it binds to and kills HIV-infected, but not 
uninfected, human cells, (2) it is stable in the circulation, and (3) it has an optimal therapeutic index 
(toxicity to animals versus toxicity to target cells). A major factor affecting the efficacy of such con- 
jugates in vitro and in vivo is the nature of the cross-linker between the ligand (rCD4) and the toxin 
(dgA). In this report, we have prepared rCD4-dgA conjugates using three different cross-linkers. 
Different methods of purification have been compared by determining the optimal yield, purity, and 
retention of biological activity (i.e., binding to gp120 and dgA chain activity). The structure of these 
conjugates as well as their cytotoxicity to target cells in vitro has been analyzed. Finally, we have 
compared their pharmacokinetics, tissue localization, and toxicity in mice. 

Conjugates of human recombinant CD4 (rCD4) and 
deglycosylated ricin A chain (dgA) (1) or a genetically 
engineered form of Pseudomonas exotoxin (PE,) (2)  rep- 
resent potential new reagents for the therapy of patients 
infected with the human immunodeficiency virus (HIV). 
Such conjugates bind to HIV-infected cells by the inter- 
action of rCD4 with the viral envelope glycoprotein, gp120. 
The conjugate is then internalized and the A chain or 
the Pseudomonas exotoxin inhibits protein synthesis. In 
this report, rCD4-dgA conjugates have been prepared with 
three different cross-linkers (SATA, S-(N-succinimidyl) 
thioacetate; SMCC, N-succinimidyl 4-(maleimidometh- 
y1)cyclohexanecarboxylate; and SMPT, (N-succinimid- 
yloxycarbonyl)-c~-methyl-c~-(2-pyridyldithio)toluene). Con- 
jugates prepared with two of the cross-linkers (i.e., SMPT 
and SATA) contain disulfide bonds (hindered vs unhin- 
dered, respectively) between the rCD4 and dgA. The third, 
SMCC, contains a thioether bond. Different methods of 
purification using (i) affinity chromatography on Blue- 
Sepharose CL-4B and Sepharose-rgpl20, (ii) molecular 
exclusion chromatography on Sephacryl S-BOOHR, and 
(iii) gel permeation on a TSK 3000 column for high- 
performance liquid chromatography have been com- 
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pared for optimal yields, purity, and gpl20-binding activ- 
ity. In addition, the in vitro toxicity of the conjugates 
to the HIV-infected human H9 cell line has been deter- 
mined. Finally, their in vivo pharmacokinetics, tissue 
localization, and histopathology have been evaluated in 
mice. The data indicate that the cross-linker can affect 
in vivo tissue distribution, histopathology, and pharma- 
cokinetics as well as in vitro cytotoxicity of rCD4-dgA. 
On the basis of these studies, the rCD4-dgA prepared 
with SMPT was selected for further preclinical testing 
since it is highly cytotoxic to HIV-l-infected cells in vitro, 
it is chemically stable, it has a long serum half-life, and 
most importantly, it does not cause pathologic lesions in 
life-sustaining organs.' 

EXPERIMENTAL PROCEDURES 

Recombinant CD4 (rCD4). Recombinant CD4 con- 
taining amino acids 1-368 of the native protein was pre- 

' Abbreviations used in this paper: dgA, deglycosylated ricin 
A chain; DMF, dimethylformamide; DTNB, 5,5'-dithiobis(2- 
nitrobenzoic acid); DTT, dithiothreitol; FACS, fluorescence- 
activated cell sorter; FCS, fetal calf serum; HIV, human immu- 
nodeficiency virus; LD,,, dose killing 50% of the animals; OVA, 
ovalbumin; PBE, 0.1 M phosphate buffer with 0.003 M EDTA, 
pH 7.5; PBS, phosphate-buffered saline, pH 7.2; PBSA, phos- 
phate-buffered saline containing 1 % bovine serum albumin and 
0.02% sodium azide; PE,,, Pseudomonas exotoxin-40; rCD4, 
recombinant CD4 antigen; rCD4-dgA, conjugate of rCD4 with 
dgA; rgpl20, recombinant HIV glycoprotein gp120; SATA, S- 
(N-succinimidyl) thioacetate; SDS-PAGE, sodium dodecyl sul- 
fate polyacrylamide gel electrophoresis; SMCC, N-succinim- 
idyl 4-(maleimidomethyl)cyclohexanecarboxylate; SMPT, 
(N-succinimidyloxycarbonyl)-a-methyl-&-( 2-pyridy1dithio)tol- 
uene; T,,2,  half-life. 
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Characterization of rCD4-dgA Conjugates 

pared as previously described (3). The absorption coef- 
ficient ( A  170, 1 cm/280 nm) and molecular mass used 
for rCD4 were 15 and 45 kDa, respectively. rCD4 was 
labeled with NalZ5I (Amersham, UK) and the IODO- 
GEN reagent (Pierce, Rockville, IL) (4). The specific activ- 
ity was approximately 1 pCi/pg. rCD4 was also biotin- 
ylated with a 50-fold molar excess of the N-hydroxysuc- 
cinimide ester of biotin (Sigma, St. Louis, MO) (5) .  

Deglycosylated Ricin A Chain (dgA). Deglycosy- 
lated ricin A chain was purchased from Inland Labora- 
tories (Austin, TX) and was prepared and characterized 
as previously described (6). The absorption coefficient 
and molecular mass of dgA are 7.7 and 32 kDa, respec- 
tively. Some dgA preparations were reduced with 5 mM 
dithiothreitol (DTT; Sigma, St. Louis, MO, final concen- 
tration) for 30 min a t  room temperature in the dark. The 
DTT was removed by gel filtration on Sephadex G-25M 
equilibrated with 0.1 M phosphate buffer containing 3 
mM Na,EDTA, pH 7.5 (PBE). The reduced dgA was 
further treated with Ellman’s reagent [5,5’-dithiobis(2- 
nitrobenzoic acid) (DTNB); Pierce, Rockville, IL] dis- 
solved in dimethylformamide (DMF; Pierce, Rockville, 
IL), at  a final concentration of 2 mM for 30 min a t  room 
temperature. The Ellmanized dgA was separated from 
the reaction mixture by gel filtration on Sephadex G- 
25M in PBE. The Ellmanized dgA was labeled with 
NalZ5I using the IODO-GEN reagent as described previ- 
ously (7) and the specific activity was approximately 1 
FCi/Ccg. 

dgA consists of two isomers, dgA, and dgA, (6). The 
separation of these isomers was accomplished with a Blue- 
Sepharose CL-4B column (20 X 0.8 cm; Pharmacia, Pis- 
cataway, NJ) equilibrated with 0.05 M PBE at pH 7.5. 
The bound dgA, + dgA, proteins were eluted with a con- 
tinuous NaCl gradient (up to 0.5 M). Both dgA, and 
dgA, were eluted in two distinct chromatographic peaks; 
the last peak contained pure dgA,. 

Preparation of rCD4-dgA with the S-(N-Succin- 
imidyl) Thioacetate (SATA) Cross-Linker. rCD4 (1 
mL) dissolved in PBE, pH 7.5, at  4 mg/mL was mixed 
with 10 pL, of SATA (Calbiochem, La Jolla, CA) (8) dis- 
solved in DMF a t  4.7 mg/mL (molar ratio SATA/rCD4 
= 2.3) and the mixture was incubated at  room tempera- 
ture for 30 min. The derivatized rCD4 was separated 
from small molecules by gel filtration on Sephadex G- 
25M equilibrated with PBE. The thioacetylated rCD4 
was deacetylated by treatment with 50 mM hydrox- 
ylamine (Sigma, St. Louis, MO; final concentration) at  
pH 7.5 and immediately mixed with the Ellmanized dgA 
solution at  pH 7.5 in a molar ratio of dgA/rCD4 of 2. 
The protein concentration of both dgA and thiolated rCD4 
solutions ranged between 2 and 3 mg/mL. After an incu- 
bation of 2 h at  room temperature, the mixture was puri- 
fied. In some experiments, one of the two proteins was 
labeled with NalZ5I. 

Preparation of rCD4-dgA with the (N-Succini- 
midyloxycarbony1)-a-methyl-&-( 2-pyridyldithio) tol- 
uene (SMPT) Cross-Linker. rCD4 (1 mL) dissolved in 
PBE, pH 7.5, a t  4 mg/mL was mixed with 10 pL of SMPT 
(9) dissolved in DMF at 10 mg/mL (molar ratio SMPT/ 
rCD4 = 2.9) and the mixture was incubated a t  room tem- 
perature for 30 min. The derivatized rCD4 was sepa- 
rated from small molecules by gel filtration on Sepha- 
dex G-25M equilibrated with PBE and immediately mixed 
with freshly reduced dgA (non-Ellmanized) a t  pH 7.5 in 
a molar ratio of dgA/rCD4 of 2. The protein concentra- 
tion of both reactants ranged between 1 and 2 mg/mL. 
After sterilization by passage through a 0.22-pm filter, 
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the mixture was incubated a t  room temperature for 48 h 
before purification. In some experiments, one of the two 
proteins was labeled with Na1251. 

Preparation of rCD4-dgA with the N-Succinimi- 
dyl 4-(Maleimidomethyl)cyclohexanecarboxylate 
(SMCC) Cross-Linker. rCD4 (1 mL) dissolved in PBE, 
pH 7.0, a t  2 mg/mL was mixed with 10 pL of SMCC 
(Pierce, Rockville, IL) (10) dissolved in DMF a t  10 mg/ 
mL (molar ratio SMCC/rCD4 = 6.8) and the mixture 
was incubated a t  room temperature for 60 min. The 
derivatized rCD4 was separated from small molecules by 
gel filtration on Sephadex G-25M equilibrated with PBE, 
pH 6.0, and immediately mixed with freshly reduced dgA 
(non-Ellmanized) a t  pH 6.0 in a molar ratio of dgA/ 
rCD4 of 2. The protein concentration of both reactants 
was 2 mg/mL. After 1 h of incubation a t  room temper- 
ature and 16 h at  4 “C, the mixture was purified. 

Preparation and Purification of Conjugates Using 
Chicken Ovalbumin (OVA) and dgA. Control conju- 
gates consisting of OVA (molecular mass 43 kDa; Sigma, 
St. Louis, MO) and dgA were prepared with SATA or 
SMPT by using procedures identical with those described 
for rCD4. The OVA-dgA mixtures were purified by chro- 
matography on Blue-Sepharose CL-4B and Con A- 
Sepharose-4B (Pharmacia, Piscataway, NJ). The Con A- 
Sepharose-4B column (5 X 0.8 cm) was equilibrated with 
0.02 M Tris-HC1 buffer with 1 mM CaCl,, MgCl,, and 
MnCl,, pH 7.0, and the OVA-dgA conjugate was eluted 
with 0.25 M methyl a-D-mannoside in Tris-HC1 buffer. 
These conjugates were used as controls in the in vitro 
cytotoxicity assay. 

Molar Ratios of rCD4ldgA. The molar ratios of dgA 
chain to rCD4 were calculated from the specific radioac- 
tivities of [lZ5I]dgA or of [ 1251]rCD4, respectively, and 
the following absorption coefficients: 7.7 for dgA, 15 for 
rCD4, and 12.0 for rCD4-dgA. 

Chromatography on Blue-Sepharose CL-4B Col- 
umns. A 20 X 0.8 cm column containing 10 mL of gel 
with a binding capacity of 20 mg of dgA was used to purify 
rCD4-dgA. The column was equilibrated with 0.05 M 
PBE and eluted with a continuous NaCl gradient (up to 
0.5 M) and a Pharmacia gradient maker filled with 50 
mL of 0.05 M PBE and 50 mL of 0.5 M NaC1. 

Affinity Chromatography on Sepharose-rgpl20. 
The recombinant form of the viral envelope glycopro- 
tein gp120 (rgpl20; Genentech, Inc., South San Fran- 
cisco, CA) was coupled to activated CH-Sepharose-4B 
(Pharmacia, Piscataway, NJ) according to the manufac- 
turer‘s protocol at  a final concentration of 0.8 mg of rgpl20/ 
mL of packed gel. The Sepharose-rgpl20 bound 0.125 
mg of rCD4/mg of rgpl20. The rCD4 and rCD4-dgA 
conjugates bound to a Sepharose-rgpl20 column (4 X 
1.8 cm) were eluted with 0.1 M glycine buffer containing 
0.15 M NaCl at  pH 3.0. 

Gel-Permeation High-Performance Liquid Chro- 
matography (HPLC). Samples were applied either to 
an analytical 7.5 X 600 mm TSK 3000SW column (Sphero- 
gel, LKB, Bromma, Sweden) or to a preparative 21.5 X 
600 mm TSK G3000SWG column (Ultropac, LKB, Bro- 
mma, Sweden) and separation was performed in PBE, 
pH 7.5, at  a flow rate of 1 mL/min (Spherogel) and 3 
mL/min (Ultropac). The retention times for the peaks 
were compared to those of standard protein of known 
molecular weight (Pharmacia, Piscataway, NJ). 

Gel Filtration on Sephacryl S-2OOHR. Gel filtra- 
tion was performed on a 80 X 1.8 cm column equili- 
brated with PBE. The column was calibrated with mouse 
F(ab’), (100 kDa), rCD4 (45 kDa), and dgA (32 kDa). 
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Sodium Dodecyl Sulfate Polyacrylamide Gel Elec- 
trophoresis (SDS-PAGE). rCD4, dgA, and rCD4-dgA 
conjugates were analyzed under both reducing and nonre- 
ducing conditions by SDS-PAGE using the Pharmacia 
Phast system with 8-25% gel gradient. The gels were 
stained with either 0.1% Phast gel blue R or with 0.4% 
silver nitrate according to the manufacturer's directions. 
The proportion of radioactivity present in the electro- 
phoretic bands was determined by scanning densitome- 
try of the autoradiograph following SDS-PAGE with a 
Bio-Rad (Model 620) videodensitometer (7). The follow- 
ing proteins were used as standards for the estimation 
of molecular weight (Pharmacia, Piscataway, NJ): a- 
lactalbumin (14.4 kDa), soybean trypsin inhibitor (20.1 
kDa), carbonic anhydrase (30 kDa), OVA (43 kDa), bovine 
serum albumin (67 kDa), and phosphorylase b (94 kDa). 

Determination of Sulfhydryl Groups. The num- 
ber of SH groups introduced into rCD4 as well as the 
number of free SH groups in the rCD4-dgA conjugates 
were determined with DTNB (11). 

Binding of rCD4 to Daudi Cells. The binding of 
rCD4 to Daudi cells was evaluated by a direct-binding 
assay using radiolabeled rCD4 or by an indirect assay 
with biotinylated rCD4 and fluorescein-avidin. Cells 
( lOs /O . l  mL) were treated with various amounts of 
['251]rCD4 (1-500 ng/O.l mL) or biotinylated rCD4 (0.1- 
25 pg/O.1 mL) for 3 h or 30 min, respectively, a t  4 OC. 
After washing twice with cold phosphate-buffered saline 
(PBS) containing 10% fetal calf serum (FCS) and 0.1% 
sodium azide, the radioactivity of the cell pellet was mea- 
sured (when radiolabeled rCD4 was used) or the cell sus- 
pension was treated with fluorescein-avidin (1-5 pglO.1 
mL; Pierce, Rockville, NJ) for 15 min in ice. The cells 
were washed and analyzed on a fluorescence-activated 
cell sorter (FACS; Becton-Dickinson, Oxnard, CA). 

rCD4 Competitive Binding Assay. The particle con- 
centration fluorescence immunoassay utilized the instru- 
mentation of the Pandex Screen Machine (Pandex Lab- 
oratories, Inc.) for the evaluation of solution-phase bind- 
ing of rgpl20 to rCD4. The assay was performed with 
0.03 mL per well of rCD4 or conjugates of rCD4 titered 
in a separate 96-well plate from 50 to 2 pg/mL in PBS, 
pH 7.5; 1% BSA; and 0.02% azide (PBSA). rCD4- 
biotin (3 mL) a t  a concentration of 9 pg/mL in PBSA 
was added followed by 0.03 mL of rgpl20 a t  a concen- 
tration of 15 pg/mL in PBSA. The reaction mixture was 
incubated for 3 h a t  room temperature with mixing. Free 
and bound rgpl20 were immunoprecipitated from the reac- 
tion mixture with anti-rgpl20 monoclonal antibodies 
(MoAbs) adsorbed to polystyrene beads. For the immu- 
noprecipitation, 0.02 mL of these anti-rgpl20 MoAb- 
coated beads were first added to a Pandex plate by the 
instrument. The reaction mixture (3 mL) was then trans- 
ferred to the particles in the Pandex plate. Following a 
15-min incubation, 0.02 mL of a streptavidin-phyco- 
erytrin conjugate was added at  a 1/50 dilution in PBSA. 
The plate was incubated in the dark for 15 min and then 
washed with PBS and 0.05% Tween 20, and the fluores- 
cence intensity was determined. 

In Vivo Elimination of rCD4-dgA Conjugates. The 
procedure previously described was used (7). Briefly, the 
conjugates were labeled with Na12,1 by the IODO-GEN 
technique and were injected into the retroorbital sinus 
of mice (approximately 4 x lo6 cpm/5 pg per animal). 
The '''1 levels were determined in heparinized samples 
(75 pL) of blood at  5, 10, and 30 min and 1, 2, 4, and 8 
h. The total radioactivity remaining in the blood was 
determined by counting aliquots in a y-counter and as- 
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suming a total blood volume of 7% of the body weight (7). 
Acid-precipitable radioactivity was determined by pre- 
cipitation of plasma aliquots with 10% trichloroacetic 
acid. The percentage of the injected radioactivity remain- 
ing in circulation was calculated as the percentage of acid- 
precipitable radioactivity injected. The half-lives ( Tl,J 
for both the a- (30 min) and @-phase (8 h) of clearance 
were determined graphically by extrapolation to zero of 
the percentage of acid-precipitable radioactivity vs time 
curves (12). 

Organ Distribution of rCD4-dgA Conjugates. The 
organ distribution of radioiodinated proteins were deter- 
mined following perfusion of anesthetized mice with PBS 
as previously described (7). Organs were removed, weighed, 
and counted in a y-counter. A sample of the organs was 
minced with scissors and extracted with 0.5% Nonidet P- 
40, and the clarified extract was precipitated with 10% 
trichloroacetic acid. The percentages of acid- 
precipitable radioactivity were determined and the val- 
ues were used to calculate the protein-bound radioactiv- 
ity in various tissues. The capacity of the organ to accu- 
mulate the radiolabeled proteins was calculated by dividing 
the percent of the injected radioactive dose retained in 
the organ by the wet weight (g) of the organ. 

In Vivo Stability of rCD4-dgA Conjugates. Radi- 
olabeled conjugates (approximately 10' cpm/animal) were 
injected into mice and after 4 h the animals were exsan- 
guinated with the heparinized blood was collected. The 
free and conjugated dgA in the plasma were precipitated 
with immunocomplexes prepared with rabbit anti-ricin 
A chain and goat anti-rabbit Ig (13). The precipitate was 
boiled in 1% SDS and electrophoresed on 12% SDS- 
polyacrylamide gel. Autoradiograms of the dried gels were 
scanned by using a Bio-Rad videodensitometer. The areas 
under the dgA and rCD4-dgA peaks were divided by the 
total area under both peaks to determine the percentage 
of radioactivity that corresponds to the released dgA. This 
value was used as a means of evaluating the in vivo split- 
ting of the rCD4-dgA conjugates. 

The functional activity of rCD4-dgA conjugates recov- 
ered from the blood was determined by performing a cyto- 
toxicity assay on HIV-infected H9 cells. Mice were injected 
with radiolabeled SATA- or SMPT-linked conjugates with 
known specific radioactivity (approximately 5 X lo4 cpm/ 
pg). After 3 h, the animals were exsanguinated and the 
heparinated plasma containing a known amount of con- 
jugate was compared in the in vitro cytotoxic assay to 
freshly thawed conjugates. 

Incubation of rCD4-dgA Conjugates with Human 
Plasma. Conjugates were incubated at  50 pg/mL with 
undiluted fresh human plasma or PBS for 16 h at  37 "C 
and then used in the cytotoxicity assay in parallel with 
freshly thawed conjugates. 

In Vivo Toxicity Assay. Increasing amounts of rCD4- 
dgA conjugates were injected ip into three groups of four 
C3H/HEJ mice weighing 15 g and the LD,, was calcu- 
lated on the basis of deaths occurring within 10 days. 
For SMPT-linked rCD4-dgA conjugates, the assay was 
repeated twice with three groups of four BALB/c mice 
weighing 20 g. An average value for both C,H/HEJ and 
BALB/c mice was calculated. 

Cell-Free Rabbit Reticulocyte Assay. This assay 
was carried out according to the procedure described by 
Press et al. as modified by Fulton et al. (6) .  

Pathology of Mice Injected with SATA- and 
SMPT-Derived Conjugates. Treatment groups con- 
sisted of four 25-32-g CAF, male mice which were ino- 
culated intraperitoneally with a 1-mL solution contain- 
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Figure 1. Purification of rCD4-dgA conjugates: (a) Blue- 
Sepharose CL-4B (SMPT-derived conjugate) (1) rCD4, (2) 
dgA,, (3) rCD4-dgA, (4) dgA,; (b) Sephacryl S-2OOHR (SATA- 
derived conjugate) (1) aggregated rCD4-dgA, (2) rCD4-dgA 
(molecular mass 80 kDa), (3) dgA; (c) Sepharose-rgpl20 (SMPT- 
derived conjugate) (1) nonbound (dgA), (2) bound and eluted 
at pH 3.0 (rCD4-dgA); (d) TSK 3000SW (SMPT-derived con- 
jugate) (1) aggregated rCDli-dgA, (2) rCD4-dgA (molecular mass 
82 kDa), (3) rCD4, (4) dgA. 

ing 5%, lo%, and 20% of the LD50 of either SMPT- 
linked rCD4-dgA, SATA-linked rCD4-dgA, 20% of the 
LD,, of dgA, or saline. Mice were sacrificed after 7 days 
by intraperitoneal injection of pentobarbital. Tissues were 
examined grossly and fixed in 10% buffered formalin. 
Liver, spleen, kidneys, lung, heart, brain, and appendic- 
ular and diaphragmatic muscle were embedded in par- 
affin, sectioned a t  5 pm and stained with hematoxylin 
and eosin. Lesions were scored subjectively as absent, 
minimal, mild, or marked and assigned grades of 0, 1,2, 
or 3 and averaged for each group. 

The Cytotoxicity of rCD4-dgA to HIV-Infected 
Human H9 Cells. This assay was performed as previ- 
ously described (1). Briefly, serial dilutions of conju- 
gates were plated in triplicate in 96-well microtiter plates 
in complete medium (RPMI, 12% FCS, and antibiot- 
ics). Cells were then added to a final concentration of 4 
X lo5 cells/mL and the plates were incubated for 36 h 
at 37 OC ( 5 %  CO,). Cells were then pulsed for 6-8 h 
with 1 pCi of [3H]thymidine and harvested on a Titer- 
tek automatic harvester. [3H] thymidine incorporation 
was determined on an LKB /3-counter. Results are 
expressed as a percentage of control (untreated cells). 
Thirteen separate experiments were performed, each using 
infected and uninfected human H9 cells. 

RESULTS 
Purification of rCD4-dgA Conjugates. For the puri- 

fication of the crude conjugates, three methods were 
applied (a) Blue-Sepharose/Sephacryl S-ZOOHR, (b) Blue 
Sepharose/Sepharose-rgpl20, and (c) gel permeation by 
HPLC on TSK 3000 columns. By gradient chromatog- 
raphy on Blue Sepharose (which binds dgA), the major- 
ity of the rCD4 was removed from the rCD4-dgA conju- 
gate (rCD4 does not bind to Blue-Sepharose) (Figure 1). 
Irrespective of the cross-linker used for its preparation, 
the rCD4-dgA always eluted in the third peak and was 
flanked by dgA, and dgA, (Figure la). Most of the heavy 
molecular weight rCD4-dgA conjugates (molecular mass 
> 100 kA) were tightly bound to  the Blue-Sepharose and 
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Table I. Comparison among SATA-, SMPT-, and SMCC- 
Derived rCD4-dgA Conjugates 

parameter SATA SMPT SMCC 
90 yield" 
% purityb 
molecular composition 

(dgA/rCD4 ratio) 
affinity' for gp120 

(X lo* M)' 
90 stability in vitrod 
% stability of vivo' 
half-life, f min 

a-phase 
@-phase 

LD,; rg /g  (mouse) 
inhibition of protein 

synthesis (ICbo X 
lo-" M)J 

cytotoxicity on HIV- 
infected H9 cells 
(IC, x 1O-lo M) 

19.5 
90.0 
1.0 

4.4 f 0.5 

53.0 f 7.0 
18.6 

45.0 f 10.08 
177.0 f 24.08 
100.0 
1.6 

1.7 f 1.0" 

17.5 
90.0 
1.25 f 0.15 

4.9 f 0.2 

36.0 f 6.0 
4.4 

60.0 f 11.08 
209.0 f 21.08 
116.0 f 25.9 
1.2 

2.0 f 1.0' 

20.8 
80.8 
ND" 

ND 

ND 
1.0 

40.0" 
225.0" 
ND 
>loo0 

>5000 

" The amount of rCD4 in the conjugates (60% of the total pro- 
tein) is expressed as the percentage of the initial amount of rCD4 
used for preparation. Mean of four experiments. bAfter Blue- 
Sepharose CL-4B and Sephacryl S-200HR. Calculated by densit- 
ometry of silver-stained SDS-PAGE (nonreduced). The affinity 
of rCD4 for gp120 was 4.1 f 0.5 X M (mean of three experi- 
ments). Cytotoxic activity after 16-h incubation at 37 "C. The 
IC, of freshly thawed conjugate used in the same assay was taken 
as 100%. Mean of three experiments. e Percentage of free dgA 
chain released at 4 h after injection of the radiolabeled conjugate. 
'The a-phase is the first 30 min and the @-phase is the next 8 h. 
For dgA, a = 20 min; @ = 228 min. For rCD4, a = 10 min; 0 = 105 
min. Mean of three experiments. Mean of two experiments. 
'The LD, of dgA was 30 rg /g  (mouse). 'Mean of three experi- 
ments. Mean of five experiments. ' Mean of eight experiments. 
" ND = Not determined. 

therefore could only be eluted by a mixture of 0.05 M 
NaOH and 0.5 M NaC1. Residual dgA remaining in the 
rCD4-dgA preparations after Blue-Sepharose chroma- 
tography could be removed either by gel filtration on 
Sephacryl S-2OOHR (Figure lb)  or by affinity chroma- 
tography on Sepharose-rgpl2O (Figure IC). As shown by 
the chromatographic profiles (Figure lb),  gel filtration 
resulted in more extensive purification since some high 
molecular weight material could be further separated from 
the conjugate, which has an apparent molecular mass of 
80 kDa. A partial purification (80% purity) can be 
achieved by a single-step purification procedure using 
HPLC with Spherogel TSK 3000SW column (Figure Id) 
or Ultropac TSK G3000SWG column. If the HPLC sep- 
aration was applied after the Blue-Sepharose chromatog- 
raphy, the rCD4-dgA conjugates have better purity than 
by using Sephacryl S-2OOHR since the TSK 3000SW col- 
umns facilitate the separation of rCD4-dgA from the rCD4. 
The yields and purity of the rCD4-dgA conjugates are 
presented in Table I. 

Molecular Mass and Composition of the rCD4- 
dgA Conjugates. Irrespective of the cross-linker used 
to construct the conjugates, the final purified prepara- 
tions had a rCD4/dgA ratio of approximately 1.0 (Table 
I) and molecular mass of 80-82 kDa as determined by 
gel filtration on Sephacryl S-200HR and HPLC. By SDS- 
PAGE analysis under nonreducing conditions, however, 
two electrophoretic bands of 75 and 92 kDa were present 
(Figure 2). The presence of rCD4 and dgA in each of 
the two electrophoretic bands was confirmed by electro- 
phoresing rCD4-SMPT-dgA labeled either in the rCD4 
or the dgA moiety with 1251 and preparing autoradio- 
graphs of the gels. Both electrophoretic species (75 and 
92 kDa) were labeled irrespective of which moiety was 
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Figure 2. SDS-PAGE of rCD4-dgA and its protein compo- 
nents: (A) molecular weight standard, (B) rCD4-dgA prepared 
with SMPT (or SATA) from dgA or dgA,, (C) rCD4-dgA reduced 
with 5% 2-mercaptoethanol, (D) rCD4 derivatized with SMPT 
(or SATA), (E) dgA. 

labeled (data now shown). Both electrophoretic bands 
contained biologically active rCD4 since both bands spe- 
cifically bound to Sepharose-rgpl2O and eluted a t  pH 
3.0 (Figure IC). The simplest explanation for the exist- 
ence of two forms of the rCD4-dgA is that one species 
contained one molecule of dgA/molecule of rCD4 (75 kDa) 
and the other contained two molecules of dgA/molecule 
of rCD4 (105 kDa). However, this explanation is consid- 
ered unlikely on the basis of the lack of concordance 
between the measured (92 kDa) and calculated (105 kDa) 
molecular mass of the slower electrophoretic band and, 
more importantly, because the ratio of dgA to rCD4 in 
both bands was 0.98 f 0.02. Another possible explana- 
tion for the existence of the protein doublet was that 
one species contained rCD4-dgA1 (slow band) and the 
other contained rCD4-dgA2 (fast band); however, this 
explanation was shown not to be the case by the finding 
that rCD4-SMPT-dgA prepared with purified dgA, also 
contained the same electrophoretic doublet (Figure 2, lane 
B). We, therefore, favor the explanation that there are 
two different sites on rCD4 which can be conjugated to 
dgA, leading to the formation of two types of conjugates, 
which have different molecular shapes and Stokes radii 
and run a t  different rates on SDS-polyacrylamide gels. 
Under reducing conditions, rCD4-dgA prepared with either 
SMPT or SATA, yielded two bands corresponding to rCD4 
and dgA (Figure 2, lane C). As expected, the SMCC- 
derived conjugate was not reduced and maintained its 
unmodified electrophoretic doublet (data not shown). 

Binding of rCD4 and Derivatives to rgpl2O. We 
have compared the binding of rCD4, SATA, or SMPT 
conjugates to rgpl20 using an automated liquid-phase 
competitive binding assay. 

The inhibition curves of rCD4 and the SATA and SMPT 
conjugates are illustrated in Figure 3. Although these 
curves are displaced slightly from one another, differ- 
ences between curves are not statistically significant. These 
data also were used to calculate binding affinities (Kd)  
of rCD4 and the conjugates by Scatchard analysis using 
the software provided with the instrument (14). These 
results indicate that there is a small loss in affinity due 
to conjugation with SMPT, although this difference was 
within experimental error (Table I). 

Cytotoxicity of rCD4-dgA Conjugates to HIV- 
Infected and Uninfected H9 Cells. In agreement with 
our previous report (1) using the SATA-linked conju- 
gate, both rCD4-SMPT-dgA and rCD4-SATA-dgA were 
equally toxic to HIV-infected H9 cells in vitro (Figure 4 
and Table I). In contrast, rCD4-SMCC-dgA was no more 
toxic than the control conjugate OVA-dgA (Table I) as 
predicted from previous reports that conjugates of anti- 
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Figure 3. rCD4/rgpl20 competitive binding assay. The per- 
cent inhibition of the fluorescent signal was calculated as 100% 
(1 - [(sample - background)/(total signal - background)]). The 
competitors were rCD4-SATA-dgA (m), rCD4-SMPT-dgA (a), 
and rCD4 (0). The binding of each conjugate was based on its 
rCD4 content. The bars indicate the SD for the rCD4 curve. 
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Figure 4. The toxicity of the three rCD4-dgA conjugates and 
OVA-dgA (control) to HIV-infected H9 cells: (0) rCD4-SMPT- 
dgA, (0) rCD4-SATA-dgA, (A) rCD4-SMCC-dgA, (A) OVA- 
SMPT-dgA. One representative experiment of eight (SMPT) 
and five (SATA) trials is depicted. 

bodies and ricin A chain are only toxic when a disulfide 
bond is present between the two components (15). None 
of the conjugates was toxic to uninfected H9 cells. 

Binding of rCD4 to Daudi Cells. No significant bind- 
ing of 1251-labeled or biotinylated rCD4 to  MHC 
class II+ human Daudi cells was observed (K < lo4 M-l). 
This indicates that neither rCD4 nor rCD4-dgA can bind 
to the cell-surface MHC class I1 antigens (16). These 
results are in agreement with our previous failure to kill 
Daudi cells with rCD4-SATA-dgA (1). 

Stability of the rCD4-dgA Conjugates. The stabil- 
ity of the SATA- and SMPT-derived rCD4-dgA conju- 
gates was tested by incubating the conjugates in fresh 
human plasma for 16 h a t  37 "C prior to performing tox- 
icity tests on HIV-infected human H9 cells. As shown 
in Table I, the cytotoxicity of both conjugates was reduced 
approximately 50% by incubation in human plasma a t  
37 "C for 16 h. The difference between the remaining 
cytotoxicity of SATA- and SMPT-derived conjugates is 
not statistically significant. 

The dissociation of the rCD4-dgA conjugates in vivo 
was further studied by measuring the release of free dgA 
a t  4 h after injection of the radiolabeled conjugate into 
normal mice. I t  should be noted that the mouse cells do 
not bind to rCD4-dgA and, hence, represent a good model 
for conjugate stability in a model where the conjugate is 
not specifically taken up by cells in vivo. Hence, follow- 
ing injection of rCD4-dgA, serum samples were col- 
lected and immunoprecipitated with rabbit anti-ricin A 
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dgA could not be released by reduction. The LD, of 
rCD4-SATA-dgA and rCD4-SMPT-dgA in mice were 
similar (Table I). The LD,, of the nontoxic conjugate 
rCD4-SMCC-dgA was not determined. 

Tissue Reactivity in Mice. There were no gross lesions 
in the organs of any of the mice injected with 5%, lo%, 
or 20% of the LD,, dose. Microscopically, the liver, kid- 
ney, spleen, and brain from all animals were free of lesions. 

Lesions were seen in the skeletal muscle of the proxi- 
mal rear leg, diaphragm, and heart. The lesions varied 
in degree rather than in morphology (Table 111). They 
consisted of myofibers which were fragmented, hyalin- 
ized, and often infiltrated and surrounded with macroph- 
ages and small numbers of neutrophils. The inflamma- 
tory cells infiltrate into the endomysium surrounding adja- 
cent normal fibers. The inflammatory response was 
accompanied by proliferation of sarcoplasmic nuclei, and 
regenerating strap cells were documented admixed with 
the degenerating fibers in both the appendicular and dia- 
phragmatic musculature. The lesions in the appendicu- 
lar muscle were multifocal, frequently marked, and often 
concentrated within scattered muscle bundles, leaving other 
muscles unaffected. The lesions in appendicular skele- 
tal muscle were consistently more prominent than those 
in the diaphragm or heart. 

Myocardial lesions were widely scattered and were found 
in only four animals, two from each group treated with 
rCD4-SATA-dgA and with dgA. Myocardial lesions were 
minimal, usually focal, and restricted to one or two myo- 
fibers. The degenerated myofibers were hyalinized, stip- 
pled with basophilic granules, infiltrated with macroph- 
ages and neurophils, and, in some sections, obliterated 
by infiltrates of macrophages. In none of the animals 
was there any evidence of heart failure. 

DISCUSSION 
The purpose of the present study was to generate and 

evaluate conjugates between rCD4 and dgA as potential 
therapeutic reagents for patients with HIV infections/ 
AIDS. To this end, conjugates utilizing three different 
linkers were constructed and compared for their yield, 
purity, biochemical structure, in vitro activity, and in vivo 
behavior. Two of the conjugates were constructed with 
a disulfide bond between the rCD4 and dgA with the 
SATA or SMPT cross-linkers; the third was constructed 
with a thioether bond, by utilizing SMCC. The three 
cross-linkers derivatize the €-amino groups on the rCD4 
and utilize the natural SH or the cysteine of the dgA. 
For all three conjugates, the active group(s) were intro- 
duced by N-hydroxysuccinimide to establish an amide 
bond between the primary amino group(s) of rCD4 and 
the active group. 

Biochemical analysis of the conjugates was performed 
and the results indicate that they were similar in size 
and content of rCD4 and dgA. Hence: (1) The three con- 
jugates contained one molecule of rCD4 covalently linked 
to one molecule of dgA. The conjugates had apparent 
molecular masses of 80-82 kDa as determined by gel fil- 
tration and HPLC, but when analyzed by SDS-PAGE, 
they consisted of two forms with masses of 75 and 92 
kDa. The 75- and 92-kDa species each contained a sin- 
gle rCD4 and a single dgA. The possibility that the dou- 
blet represents two rCD4-dgA conjugates with different 
amounts or types of dgA (dgA, and dgA,) was excluded 
by appropriate experiments. This heteroclitic structure 
might be generated if the derivatized rCD4 contains two 
different populations of molecules. However, no heter- 
ogeneity of the rCD4 preparations was demonstrated by 
any technique, including isoelectric focusing (unpub- 
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Figure 5. The elimination curves of rCD4-dgA conjugates and 
their protein components in mice (the results are from one exper- 
iment of three performed): (A) rCD4-SMPT-dgA, (0) rCD4- 
SATA-dgA, (0) rCD4-SMCC-dgA, (0) dgA, (A) rCD4. 

chain. Precipitates were analyzed by SDS-PAGE and 
autoradiography (see the Experimental Procedures). The 
results show that rCD4-SMPT-dgA broke down in vivo 
4 times more slowly than rCD4-SATA-dgA (Table I) and 
that, as expected, rCD4-SMCC-dgA was the most sta- 
ble (less than 1% released dgA). 

When tested in a cytotoxicity assay on HIV-infected 
H9 cells, the plasma of mice collected 3 h (one half-life 
period) after injection of radiolabeled SATA- or SMPT- 
linked conjugates showed IC5,,'s identical with those of 
freshly thawed conjugates (2 X 10-l' M). 

Half-Life and Tissue Distribution of rCD4-dgA. 
Plasma levels of radiolabeled rCD4-dgA injected into mice 
showed two major phases for elimination, namely, a rapid 
initial a-phase, which approached completion within 30 
min, and a slower &phase. Approximately 90% of all 
three conjugates were cleared in 8 h (Figure 5). There 
was no statistically significant differences among the T1,,P 
of the three conjugates. However, the SMPT-derived 
rCD4-dgA has a slightly longer half-life than the SATA- 
derived conjugate (Table I). This difference was not as 
great as would have been predicted from earlier studies 
using SMPT conjugates prepared with IgG and dgA 
(17). It  should be noted that the half-life of rCD4 increases 
markedly in both phases (from 2- to 5-fold) after conju- 
gation with dgA. 

The tissue distribution of the labeled conjugates as deter- 
mined by acid precipitability of extracts of various organs 
1 h after injection of radiolabeled conjugates or their pro- 
tein components is presented in Table 11. From the results 
summarized in this table, the following conclusions could 
be drawn: (a) The rCD4-SMPT-dgA and rCD4-SMCC- 
dgA conjugates preferentially accumulated in the spleen 
a t  levels that were 3-fold higher than those of rCD4- 
SATA-dgA. (b) rCD4-SMCC-dgA concentrated in the 
liver, reaching levels approximately 3 times higher than 
those of the SATA-linked conjugates. (c) The rCD4- 
SATA-dgA conjugate showed lower accumulation in these 
organs (liver and spleen) than the other two conjugates 
but accumulated in the kidneys. 

Toxicity of rCD4-dgA Conjugates. The capacity of 
various rCD4-dgA conjugates to  inhibi t  protein 
synthesis was tested in a cell-free assay. The IC,, was 10-l' 
M for dgA, rCD4-SATA-dgA, and rCD4-SMPT-dgA and 
>lo-' M for the SMCC-derived conjugate (Table I). The 
SMCC conjugate was not toxic in the assay because free 
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Table 11. Retention of Acid-Precipitable Radioactivity in Various Organs of Mice Injected with rCD4-dgA Conjugates and 
Their Components, rCD4 and dgA' 

Ghetie et al. 

percent of injected acid-precipitable radioactivity retained per gram of organ (wet weight) 1 h after injection 

organ rCD4-SATA-dgA rCD4-SMPT-dgA rCD4-SMCC-dgA rCD4 dgA 
kidneys 8.9 
liver 3.7 
spleen 2.8 

Mean of two separate experiments. 

6.4 
5.4 
8.9 

Table 111. Mean Scores for Myopathy in Mice Injected 
with rCD4-SMPT-daA, rCD4-SATA-daA, and daA 

inoculum appendicular 
(7% of LD,) heart diaphragm skeletal muscle 

rCD4-SMPT-dgA" 
5 0.000 0.00 0.00 

10 0.00 0.25 1.25 
20 0.00 0.00 1.75 

rCD4-S ATA-dgA" 
5 0.25 0.75 2.25 

10 0.33' 0.25 2.25 
20 0.25 0.25 1.25 

dgAb 
20 0.33 0.33 2.66 

control 0.00 0.00 0.00 

O Mean lesion score for four animals. Mean lesion score for 
three animals. 

lished observations), suggesting that there are no signif- 
icant differences in the distribution of the electric charges 
on the rCD4 molecules. (2) As determined by reduction 
and analysis of the two disulfide linked conjugates in a cell- 
free rabbit reticulocyte lysate assay, the dgA chains in 
the conjugates prepared with SATA and SMPT were as 
active as the dgA used to prepare them. (3) With dif- 
ferent methods of purification, the final yield of each con- 
jugate was approximately 20% and all three conjugates 
retained their rgpl20-binding activity. The purification 
of rCD4-dgA conjugates involved chromatography on 
Blue-Sepharose, a procedure previously used for the puri- 
fication of ricin A chain containing immunotoxins (18). 
In our experiments, we have modified this basic tech- 
nique using longer columns and applying a salt gradient 
with the aim of exploiting the ion-exchange property of 
Blue-Sepharose at  pH 7.5. The combined properties of 
ion exchange and dgA-binding allowed the separation of 
rCD4-dgA conjugates in reasonable yield and with an 
acceptable degree of purity. A subsequent gel filtration 
on Sephacryl S-200HR or affinity chromatography on 
Sepharose-rgpl20, yielded rCD4-dgA preparations that 
were approximately 90% pure with traces of free dgA 
and rCD4 and some heavy molecular mass material. The 
greatest purity of the rCD4-SMPT-dgA conjugate (>95%) 
was achieved by combining Blue-Sepharose chromatog- 
raphy with HPLC on TSK G3000SWG. 

Since these three rCD4-dgA conjugates were pre- 
pared for the purpose of killing HIV-infected cells, we 
next compared their cytotoxic activity for HIV-infected 
cells in vitro. The results indicate the following: (1) rCD4- 
dgA prepared with either SMPT or SATA killed HIV- 
infected H9 cells with identical potency (ICho = 1.7-2.0 
X lo-'' M). rCD4-SMCC-dgA was no more toxic than 
an irrelevant conjugate (OVA-dgA) (>5 X M) despite 
the fact that it displayed gpl20-binding activity (data 
not shown). The two active conjugates were 1000-fold 
more toxic to HIV-infected cells than to uninfected cells 
and the control conjugate, OVA-dgA was not toxic to 
either infected or uninfected cells, confirming results of 

7.9 
10.8 
7.8 

10.5 8.4 
1.6 1.8 
1.1 1.7 

our previous report (1). (2) As determined by binding 
analyses, the rCD4 molecule and the conjugates pre- 
pared with it did not bind to class II+ Daudi cells. Since 
class I1 molecules are the putative natural ligand for CD4, 
this demonstrates that while cell-bound CD4 can bind 
to cell-bound class I1 antigens (16), soluble rCD4 does 
not bind to cell-bound class I1 molecules. This finding 
is consistent with our previous report that rCD4-SATA- 
dgA does not kill Daudi cells even though an anti-class II- 
dgA conjugate was toxic in the same assay (1). (3) Sta- 
bility tests of the rCD4-dgA conjugates in vitro (in human 
plasma) indicated that both the SATA- and SMPT- 
derived rCD4-dgA conjugates have similar chemical sta- 
bility and that both lose approximately 50% of their cyto- 
toxic potency after 16 h a t  37 OC. However, in vivo (in 
mouse blood), the SMPT-linked conjugate was more sta- 
ble than the SATA-linked conjugate, releasing 4 times 
less free dgA. This result is in agreement with a report 
by Thorpe et al. (17), who showed that an immunotoxin 
prepared with SMPT broke down in vivo 6 times more 
slowly than the corresponding immunotoxin prepared with 
2-iminothiolane, a cross-linker which produces an unhin- 
dered disulfide bond as does SATA. SMPT generates a 
disulfide bond which is sterically hindered by the adja- 
cent benzene ring and methyl groups, which protect the 
disulfide bond from the attack of thiolate anions such as 
glutathione, which can be present in tissues and blood. 

Having determined that the SATA- and SMPT- 
linked conjugates were active in vitro, while the SMCC- 
linked conjugate was not, the in vivo behavior of the three 
conjugates was determined in mice. In these experi- 
ments, the SMCC-linked conjugate served as a control, 
i.e., a conjugate lacking a disulfide bond, which might be 
susceptible to thiol-mediated reduction. The results were 
as follows: (1) As determined by in vivo clearance exper- 
iments in mice, rCD4 was readily cleared with a T , p  
of 10 min. Only 7% remained in the serum at 30 min. 
dgA also had a short Tl12a of 20 min. At 30 min, 26% 
remained in the serum. In contrast, the rCD4-dgA con- 
jugates had significantly longer T 1 , O a ~  (40-60 min). At 
30 minutes, more than 40% remained in the serum. Thus, 
the coupling of rCD4 to dgA gives rCD4 a significantly 
longer serum half-life. For all three conjugates, the per- 
centage of protein remaining in circulation after 8 h was 
slightly under 10%. At this time, virtually all the rCD4 
was cleared. The difference between the 8-h @-phase half- 
life of the SATA linked (177 min) and SMPT linked (209 
min) conjugates is not statistically significant. (2) As deter- 
mined by injecting the SATA- and SMPT-linked conju- 
gates into mice and utilizing their sera 3 h later to kill HIV- 
infected H9 cells in vitro, there was no loss in activity of 
the remaining conjugate. This result suggests that both 
rCD4-dgA conjugates should maintain their cytotoxic activ- 
ity for a period of time long enough to allow their reac- 
tion with circulating infected cells. (3) The LD,,s of the 
two active conjugates, rCD4-SATA-dgA and rCD4- 
SMPT-dgA, were 100 and 116 pg/g (mouse), respec- 
tively. This shows that, in comparison with the LD,, of 
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IgG-dgA conjugates [ 15-20 pg/g (mouse)] (1 7), the rCD4- 
dgA conjugates are 6-fold less toxic on a protein basis 
and 10-fold less toxic on a dgA basis. (4) Despite the 
fact that rCD4-dgA does not react with mouse tissues, 
both rCD4-SMPT-dgA and rCD4-SMCC-dgA local- 
ized in the spleen and liver while rCD4-SATA-dgA local- 
ized in the kidneys. It is unclear why the chemical link- 
age between rCD4 and dgA plays a role in the tissue local- 
ization of the  conjugates, bu t  irrespective of the 
explanation, these observations suggest that tissue dam- 
age could result with all three conjugates. Despite the 
fact that rCD4-SMPT-dgA localized in the spleen and 
liver and rCD4-SATA-dgA localized in the kidney, these 
organs showed no morphologic evidence of damage. Only 
skeletal muscle was affected by dgA and its derivatives. 
Myopathy was more prominent in the appendicular skel- 
eton and diaphragm; the myocardium was least affected. 
The reason for this difference is unknown, but could rep- 
resent intrinsic variations in the metabolism of the skel- 
etal muscle from the appendicular skeleton, diaphragm, 
and heart. 

Evidence of regeneration in sections of muscle from 
diaphragm and from the appendicular skeleton indi- 
cates that the myopathy is reversible. Myocardium does 
not regenerate after such damage, but the lesions in the 
myocardium were minimal, widely scattered and did not 
result in cardiac failure in any of the mice. 

The use of SATA as opposed to SMPT to prepare the 
conjugates exacerbates the myopathy documented in the 
appendicular skeleton and diaphragm. In addition, the 
SATA-linked conjugate produced lesions in the heart. No 
cardiac lesions were detected in animals injected with 
rCD4-SMPT-dgA. 

The results suggest that the rCD4-dgA conjugate pre- 
pared with SMPT is not toxic to cardiac myofibers and 
is less toxic to skeletal myofibers than rCD4-dgA pre- 
pared with SATA. No animal presented signs of cardiac 
failure either clinically or a t  necropsy. 

Taken together, the results suggest that rCD4-dgA pre- 
pared with SMPT would be the conjugate of choice for 
further development as a therapeutic reagent for treat- 
ing patients with AIDS. 
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Potential of Albumin Labeled with Nitroxides as a Contrast Agent for 
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The biological and physical properties of albumin and nitroxides make them attractive candidates as 
special purpose MRI contrast agents which could be used to study the intravascular compartment or 
specific targets in tissues. In this study, albumin-nitroxide complexes were prepared by reduction 
and alkylation of the disulfide bonds of the protein and characterized by electron spin resonance and 
ultraviolet absorption spectroscopy. An average of six nitroxides were bound covalently to each mol- 
ecule of human serum albumin. The water proton relaxivity of the protein-bound nitroxide (at 20 
MHz and 37 "C) was 4-fold greater than that of the free nitroxide. The digestion of the nitroxide- 
albumin complexes by cells or by trypsin decreased the relaxivity of the nitroxide-protein complex. 
The rate of reduction of albumin-bound nitroxide by cells was much slower than that of the free 
nitroxide but still was oxygen-sensitive (2-3-fold increase in the rate of reduction in the absence of 
oxygen). 

The attachment of paramagnetic nitroxide free radi- 
cals to biomolecules has been an important biophysical 
tool for structural and functional studies in biological sys- 
tems for more than 2 decades (1). The effect of the attach- 
ment  of nitroxides t o  macromolecules on water- 
relaxation properties has been noted (2-51, and recently, 
nitroxides and their protein complexes have been sug- 
gested as contrast agents for magnetic resonance imag- 
ing and spectroscopy (MRI and MRS) (3-7).l This 
approach parallels the use of conjugates of albumin and 
paramagnetic metal ions as MRI contrast agents, which 
also has been investigated recently (11, 12). Although 
there are concerns regarding the antigenicity, toxicity, 
and slow excretion clearance of albumin, albumin with a 
paramagnetic species attached has several useful fea- 
tures that include provision of more optimum correla- 
tion times for relaxivity, a biodistribution primarily con- 
fined to the vascular space after intravenous administra- 
tion (13), the ability to bind a wide variety of substances 
including monoclonal antibodies or specific receptors 
(14), and a rate of biodegradation of the complex which 
could be used as a potential additional parameter to mea- 
sure metabolic function. 

Although the relaxivity induced by nitroxides is usu- 
ally less than that of many paramagnetic metals or metal 
chelates @-IO), nitroxides have some special features which 
make them attractive potential contrast agents. Nitrox- 
ides can be reduced by cells to their nonparamagnetic 
state a t  rates that reflect the metabolic condition of the 
cells (15); in particular, hypoxia increases the rate of reduc- 
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ing and spectroscopy; ESR, electron spin resonance; HSA, human 
serum albumin; Mal-3,3-maleimido-2,2,5,5-tetramethylpyrroli- 
dine-N-oxyl; TB cells, mixed cultures of thymus and bone mar- 
row; CHO, Chinese hamster ovary. 

tion of nitroxides, and the rate of oxidation back to the 
nitroxides can be proportional to the concentration of 
oxygen (16). This metabolic responsiveness may enable 
nitroxides to provide contrast in MRI or MRS for vari- 
ous pathophysiological states characterized by hypoxia, 
e.g., cancer, ischemia, and inflammation ( I  7) .  

Nitroxides can be attached to albumin covalently with 
a maleimide nitroxide which interacts principally with 
the single reactive sulfhydryl group of a native albumin 
molecule (I, 18-20). This method is easy, but the amount 
of nitroxide bound to each molecule of albumin is small, 
with a typical ratio of nitroxide to albumin of about 0.6 
to 1 (2 ,  20). Chemical modifications of albumin with 
nitroxides have been reported which result in a higher 
ratio of nitroxides to albumin (3,21); however, these prep- 
arations involve some special reagents and a certain degree 
of difficulty. In this study, we have used a relatively easy 
preparation which involves simple reduction of the dis- 
ulfide bonds in albumin and the alkylation of the disul- 
fide bonds with maleimide nitroxides; this allows the bind- 
ing of several nitroxides to albumin. We report here on 
the relaxivity of the nitroxide-albumin complex and its 
interaction with two cell lines. 

EXPERIMENTAL PROCEDURES 
Materials. Human serum albumin (HSA, essentially 

fatty acid free), urea, chloroquine, and the nitroxide 3- 
maleimido-2,2,5,5-tetramethylpyrrolidine-N-oxyl (Mal- 
3) were purchased from Sigma Chemical Co. (St. Louis, 
MO). Cell culture media, serum, and trypsin were pur- 
chased from Gibco Laboratories (Grand Island, NY). 

Preparation of Nitroxide-Labeled Albumin. The 
procedure involved reduction and alkylation of the dis- 
ulfide bonds in albumin as described by Hunter and 
McDuffie (22) with some modification. The denaturing 
agent urea was added to an albumin solution (17.5 mg/ 
mL) to a final concentration of 8 M, and the pH was 
adjusted to 8.2 with sodium carbonate. A solution of the 
reducing agent sodium thioglycolate (pH 8.2) then was 
added to a final concentration of 0.3 M, and the flask 
was immediately evacuated and filled with nitrogen. The 
mixture was left in the dark for 20 h at  room tempera- 
ture. The mixture then was put in dialysis tubing and 
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dialyzed against 1 L of phosphate-buffered saline (PBS, 
pH 8.4) for 4 h a t  4 "C with two changes of the buffer to 
eliminate the reducing agent. After dialysis the albu- 
min solution was mixed with 10 mg of Mal-3, and the 
mixture was stirred for 24 h at  4 "C in a sealed vial flushed 
with nitrogen. The mixture was then dialyzed against 
PBS (pH 7.4) to remove unbound nitroxide. 

Magnetic Resonance Measurements. All electron 
spin resonance (ESR) measurements were obtained a t  9 
GHz with a Varian E 109-E spectrometer equipped with 
a Varian gas flow temperature controller. The concen- 
tration of Mal-3 was determined by the double integra- 
tion of ESR spectra with a Zenith 2-100 computer. The 
rate of reduction of nitroxide was calculated from the 
recorded initial linear decay of ESR signal intensity as a 
function of time. 

The spin-lattice relaxation time (TI) of the water pro- 
tons were measured a t  20 MHz on a Bruker PC/20 Min- 
ispec operating at  37 "C, using an inversion recovery pulse 
sequence. 

UV Spectrophotometry. The concentration of HSA 
was measured on a 8415A diode-array spectrophotome- 
ter with the value of 6.0 for the specific absorption of a 
1% solution through a path length of 1 cm (peak a t  280 
nm). Spectra were taken a t  wavelengths from 240 to 300 
nm. 

Cell Cultures. T B  cells were established from mixed 
cultures of thymus and bone marrow from CFW/D mice 
(23). They were grown in McCoy's medium with 10% 
serum in a 150-cm3 flask. Chinese hamster ovary (CHO) 
cells were grown in suspension in a spinner flask (10' 
cells/mL) with the same medium. To prepare samples 
for ESR measurements, IO' cells were transferred to 100- 
mm petri dishes to grow as monolayers for 8 h, an ali- 
quot of 5 mL of serum-free medium was substituted for 
the old medium a t  the end of the 8 h, and 0.25 mL of 
the nitroxide-albumin complex (1 mM Mal-3) was then 
added, and the samples were incubated for various peri- 
ods of time a t  37 "C. The treatment of cells with chlo- 
roquine was carried out by adding the agent (0.5 mM 
final concentration) 30 min prior to the addition of the 
nitroxide-albumin complex. After incubation, the cells 
were washed three times with PBS (pH 7.4). The cells 
were then exposed to 1 mL of 0.25% trypsin for 1 min. 
A 5-mL volume of medium with 10% serum was added 
to the trypsinized cells and the cell suspension was cen- 
trifuged a t  500g for 5 min. The pelleted cells were trans- 
ferred into gas-permeable Teflon tubing for ESR mea- 
surements. For measurements of relaxation times, 1.5 X 
lo8 CHO cells per sample were taken from the spinner 
flask, and the pelleted cells were packed in a 7-mm NMR 
tube. A 0.2-mL sample of the nitroxide-albumin com- 
plex was added to make up the total volume of 0.6 mL. 

Protein Digestion by Trypsin. The NMR sample 
was prepared by adding 0.2 mL of 0.25% trypsin to 0.4 
mL of the nitroxide-albumin complex (0.17 mM of albu- 
min) in a 7-mm NMR tube. A 70 pL aliquot of the mix- 
ture was drawn into a glass capillary tube for study by 
ESR. The process of digestion a t  37 "C was monitored 
by observing changes in the line widths of the spectra as 
a function of time. 

RESULTS 
ESR Characterization of the Complex. After exhaus- 

tive dialysis, the nitroxide-albumin complex had a broader 
and more complex ESR spectrum than the isotropic nar- 
row spectrum of the free nitroxide (Figure l), indicating 
that most of the nitroxides were motionally restricted 
due to binding to albumin. The concentration of bound 
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Figure 1. Binding of Mal-3 to albumin. The ESR spectrum 
of maleimide nitroxide (for structure see insert) in aqueous solu- 
tion (A) and the ESR spectrum of Mal-3 covalently bound to 
albumin (B) are shown. 

-. 
\ I 

Wavelength (nm) 

Figure 2. UV absorption of native albumin (-) and the albu- 
min-nitroxide complex (- -). The UV spectra indicate that there 
were structural changes in the albumin after reduction and alky- 
lation of the disulfide bonds. The protein concentration for 
the two samples was indentical. 

nitroxide was 1.1 mM as measured by double integra- 
tion of the ESR spectrum. In a control experiment, albu- 
min was mixed with Mal-3 without reduction; these sam- 
ples had ESR spectra indicating that a much lower pro- 
portion of Mal-3 was bound to albumin. 

UV Characterization of the Complex. The protein 
concentration of the complex was 0.17 mM as deter- 
mined by UV absorbance at  280 nm. The combined results 
of UV and ESR indicated that an average of six mole- 
cules of nitroxide were bound to each molecule of albu- 
min. The altered UV spectrum of the complex (Figure 
2) probably results from the unfolding of the polypep- 
tide chains and the addition of nitroxides to albumin. 
TI Measurements. The spin-lattice times (T,) of Mal- 

3 and albumin-bound Mal-3 were measured and com- 
pared. The relaxivity (mM-' 9-l) of the albumin-bound 
Mal-3, calculated by subtracting out the diamagnetic con- 
tribution of the protein and dividing by the concentra- 
tion of the bound Mal-3 (over a range of concentrations, 
0.1-5 mM), is 1.38 mM-' s-'. This value is about 4 times 
higher than the relaxivity of Mal-3 alone, 0.38 mM-' s-'. 
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Figure 3. Interaction of the albumin-nitroxide complex with 
cells. The ESR spectrum of the albumin-nitroxide complex after 
incubation for more than 4 h with CHO cells (A) shows more 
isotropic motion than the ESR spectrum of the same nitroxide 
after incorporation into cells to which chloroquine has been intro- 
duced (B). 

Interaction with Cells. The interaction of the nitrox- 
ide-albumin complex with cells was followed by both ESR 
spectroscopy and NMR relaxation measurements. The 
line width of the ESR spectrum of the nitroxide-albu- 
min complex after incubation (2 h or longer) with either 
T B  or CHO cell became narrower (Figure 3A), indicat- 
ing greater motion of the nitroxide. This did not occur 
if the cells were treated with chloroquine (Figure 3B), an 
agent that  inhibits proteolysis by raising the pH of lyso- 
somes (24,30,31) ,  indicating that the change in the spec- 
trum of the nitroxide-albumin observed in untreated cells 
(Figure 3A) was due to digestion of the protein by the 
cells. The relaxation measurements were consistent with 
the interpretation, showing a 40% decrease in the relax- 
ivity of the nitroxide-albumin complex after a 3-h incu- 
bation with CHO cells. 

Digestion by Trypsin. In order to confirm that pro- 
teolysis could account for the changes described above, 
we studied the effect of the proteolytic enzyme trypsin 
(25).  After the digestion of the nitroxide-albumin com- 
plex by trypsin, the ESR spectrum (Figure 4C) was sim- 
ilar to that of free Mal-3 (Figure 1A). The relaxivity of 
the digested complex was 0.58 mM-' s-l, compared to 
1.38 mM-' s-l for the undigested complex. 

Reduction of Mal-3 by TB and CHO Cells. The 
reduction of albumin-bound Mal-3 by T B  and CHO cells 
was studied in parallel to the study of the reduction of 
the free nitroxide (Table I). In both types of cells, free 
Mal-3 was reduced more rapidly than the albumin- 
bound nitroxide, and the rate of reduction of both free 
and bound Mal-3 increased under hypoxic conditions. 

DISCUSSION 
The relaxivity observed for the nitroxidealbumin com- 

plex is a factor of 4 greater than that for free Mal-3. 
Enhancement of relaxation due to binding of the para- 
magnetic species to albumin has been observed previ- 
ously and the physical basis for such enhancement has 
been described ( 2 , 4 ,  10, 26). The effect is attributed to 

Figure 4. Effect of proteolysis (by trypsin) on ESR spectra of 
the albumin-nitroxide complex. The process is indicated by 
changes (decreases) in line width as a function of time of incu- 
bation: 1 min (A), 5 min (B), and 25 min (C). The receiver 
gains for each of the three spectra are indicated in the figure. 

Table I. Reduction of Free and Albumin-Bound Mal-3 by 
TB and CHO Cellss 

free HSA-Mal-3 
air N, air N, 

TB 23.0f 2.3 35.3 f 0.4 0.5 f 0.4 1.5 f 0.5 
CHO 6.0f 2.0 11.7 f 3.4 0.4 f 0.2 0.7 f 0.1 

Rates are initial rates in units of lo6 molecules/min per cell. 
The results are given as mean f SD from four independent mea- 
surements 

the changes in correlation times, especially the rota- 
tional correlation time of the nitroxide. Binding free 
nitroxides to macromolecules such as albumin results in 
restricted motion or slower tumbling rate of the nitrox- 
ides. It has been demonstrated that the inner-sphere com- 
ponent, which is negligible for the rapidly tumbling, uncom- 
plexed nitroxides, dominates the relaxivity of macromol- 
ecule-bound nitroxides ( 4 ) .  In this case, the overall 
correlation time (t,) of the alumin-bound Mal-3 more 
closely approximates the time scale of the resonant (Lar- 
mor) frequency of water to give rise to more efficient pro- 
ton relaxation. The relaxivity of 1.38 mM-' s-l for the 
nitroxide-albumin complex from the current study is fairly 
consistent with reported values (2, 4) .  

Water-soluble nitroxides previously have been shown 
to increase contrast in MRI and have been used to iden- 
tify breaks in the blood-brain barrier (27) and to delin- 
eate renal structures (7 )  and tumors (28) in experimen- 
tal animals. The albumin-nitroxide complex used in the 
current study has an enhanced relaxivity compared to 
free nitroxides and thus should be able to provide equiv- 
alent MRI contrast with a lower injected dose. Toxicity 
studies of nitroxides indicate relatively high LD,, doses 
in rats (15-25 mmol/kg) and an apparent lack of induc- 
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tion of mutations in CHO cells (29). However, the tox- 
icity of this albumin-nitroxide complex has not yet been 
evaluated. 

The changes in ESR spectra and relaxation measure- 
ments over time in cell suspensions incubated with the 
albumin-nitroxide complex indicate that the complex can 
be digested, resulting in decreased relaxivity. This phe- 
nomenon might be exploited to  extend MRS techniques 
to  follow metabolic processes associated with cellular 
uptake and digestion of proteins. Similarly, the obser- 
vation that  the relaxivity of the albumin-nitroxide com- 
plex changes during the course of protein digestion raises 
the possibility of using such complexes as metabolically 
responsive, contrast-enhancing agents for detecting var- 
ious pathological conditions, such as disorders of renal 
function, under which the rate of protein turn over is 
affected (32, 33). 

Rapid metabolic conversion in vivo of nitroxides to non- 
paramagnetic states has been considered a disadvantage 
of nitroxides as MRI contrast agents. However, the find- 
ing that  the rate of reduction of nitroxides responds to 
the metabolic state of the cells has led to  the notion of 
using nitroxides as metabolically responsive MRI con- 
trast agents (15, 16). The results from this study also 
indicate that the oxygen-dependent cellular reduction of 
the albumin-nitroxide complex could be exploited to pro- 
vide contrast for pathophysiological hypoxic areas such 
as ischemic and neoplastic regions. 

Biodistribution studies in rats have shown that albu- 
min-metal chelate complexes remain largely in the intra- 
vascular space after iv injection (12, 13). Similar stud- 
ies of t h e  albumin-nitroxide complex must  be per- 
formed. The potential antigenicity of this complex (an 
altered form of albumin) could be a drawback to in vivo 
use of the conjugate, and therefore the antigenicity as 
well as the toxicity and excretion rate of the complex 
should be carefully assessed. If these studies show that 
the albumin-nitroxide complex is safe and remains in 
the blood pool, i t  could be used in MR assessments of 
blood volume and  tissue perfusion and diagnosis of 
ischemic and neoplastic disorders. In addition, the abil- 
ity of albumin to bind antibodies and specific receptors 
(14) could be exploited to  make such complexes target- 
specific contrast agents. Aggregation of albumin mole- 
cules into entities such as microspheres drastically changes 
their biodistribution; they are cleared rapidly from blood 
after iv injection and concentrated in the reticuloendo- 
thelial system (liver, spleen, and bone marrow) (34) ,  and 
thus they also could be used to  study the reticuloendo- 
thelial system. 
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A new, more reactive group of protein cross-linkers in the class of equilibrium transfer alkylating 
cross-link (ETAC) reagents has been synthesized. These compounds include a,a-bis[ (p-chlorophe- 
nyl)methyl]- and a,a-bis[ (p-tolylsulfonyl)methyl]acetophenones substituted in the acetophenone ring 
with chloro, nitro, amino, and carboxyl groups and derivatives. Included are an '251-labeled ETAC 
reagent and a "'In-labeled DTPA (diethylenetriaminepentaacetic acid) ETAC for site direction and 
biodistribution studies. These ETAC compounds were reacted with unreduced and partially reduced 
antibody under mild pH (pH 4-8) and room temperature conditions to give cross-linked structures. 
Examination of resultant cross-linked antibody via size-exclusion HPLC, sodium dodecyl sulfate (SDS) 
polyacrylamide gel electrophoresis, and an enzyme linked immunosorbent assay revealed that (1) 
both interantibody as well as intraantibody cross-linking had occurred; (2) the level of inter- and 
intraantibody cross-linking varied with the substituent on the ETAC; (3) the stability of the cross- 
links on the reducing SDS gels varied with substituents on the ETAC; (4) little if any immunoreac- 
tivity was lost after reaction with one of the more effective ETAC cross-linking compounds; (5) the 
'251-labeled ETAC sulfhydryl cross-linking in partially reduced antibody increased with pH whereas 
amine cross-linking with the unreduced antibody decreased with pH; (6) the optimum pH for sulfhy- 
dryl site direction was pH 5.0; (7) the "'In DTPA ETAC labeled antibody had a biodistribution in 
CD1 mice similar to that of the "'In bis cyclic anhydride DTPA labeled antibody. 

The only chemical method that allows the identifica- 
tion of the tertiary and quaternary structure of proteins 
involves the use of organic hetero- and homobifunc- 
tional cross-linking reagents (1-4). These same reagents 
can be used to join similar or dissimilar proteins together 
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or to cross-link smaller molecules to a protein (5-8). Vir- 
tually all bifunctional cross-links described are believed 
to covalently couple to reactive functions through links 
that  are nonreversible. However, one class of cross- 
linkers has been described whose members have the poten- 
tial ability to transfer from the initial site of protein attach- 
ment to another reactive site to form a (relatively) more 
stable bond. These types of compounds have been given 
the acronym ETAC for equilibrium transfer alkylating 
cross-link (9). The original ETAC reagents consisted of 
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to covalently couple to reactive functions through links 
that are nonreversible. However, one class of cross- 
linkers has been described whose members have the poten- 
tial ability to transfer from the initial site of protein attach- 
ment to another reactive site to form a (relatively) more 
stable bond. These types of compounds have been given 
the acronym ETAC for equilibrium transfer alkylating 
cross-link (9). The original ETAC reagents consisted of 
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a good leaving group (X) and an electron-withdrawing 
group (W), such as an ester, ketone, cyano, or p-nitro- 
phenyl, conjugated to a double bond as shown with 1 in 
Scheme I. The protein cross-linking process was first dem- 
onstrated with W = p-nitrophenyl and X = N(CH3)3+ 
and X = SC,H,(N02)C02H, with ribonuclease. Recent 
reports in the literature (10,11) describe the partial reduc- 
tion of antibodies followed by chemical modification of 
the resultant sulfhydryl groups with probes of various 
types that covalently couple to one or both sulfhydryls, 
but these reagents do not bridge or reanneal the disul- 
fide bridges. 

The design of ETAC reagents provided a general class 
of protein-modification reagents based upon Michael 
addition/Michael elimination chemistry (Scheme I). This 
family of bifunctional reagents was fabricated so that 
nucleophilic residues on a protein chain would undergo 
the Michael addition process with the subsequent loss of 
a group to generate a new, previously latent, conjugated 
double bond (Scheme I, 1 - 2 - 3). A second Michael 
reaction is then possible, but now in either an intrapro- 
tein or an interprotein chain mode to yield a cross- 
linked protein (Scheme I, 3 - 4 - 5) .  An alternate path- 
way is available however. When the second nucleophilic 
protein residue undergoes the Michael addition, the tran- 
sient intermediate anion formed by this process on the 
link connecting both the first and second residues (Scheme 
I, 4) can allow the release of the first residue by a retro- 
Michael process. This allows the transfer of the reagent 
moiety to the second protein residue with the simulta- 
neous reformation of the conjugated double bond (Scheme 
I, 4 - 6). If the reagent can pivot and is close enough 
to interact with a third nucleophilic group on the pro- 
tein, the process can continue (Scheme I, 6 - 7, etc.) 
allowing the reagent to transfer by a cascade of consec- 
utive Michael reactions to eventually form the most ther- 
modynamically stable cross-link. The reagent has the 
possibility of “walking”, “skipping”, or “jumping” along 

1 

the protein chain from one nucleophilic protein side chain 
to another. With functional groups such as amine, phe- 
nol, and carboxyl, the reagents never lose their alkylat- 
ing capability. They transfer, through reverse Michael/ 
Michael reactions, until addition of some group gives the 
(relatively) more stable links, usually from thiols adding 
to give thioether bridges. The reagents can be con- 
structed easily, may contain multiple spectrophotomet- 
ric probes, have water solubility, react under mild con- 
ditions, and can be joined to a wide variety of sub- 
stances yet retain their alkylating and transfer potential. 

A special feature of these reagents is that the cross- 
linking portion may bridge a span of very small dis- 
tance. They may also contain elements which provide a 
mechanism for arresting the transfer process so that the 
mobile equilibrium can no longer take place. The alky- 
lation cross-links between residues can then be identi- 
fied by hydrolysis, amino acid analysis, and peptide- 
mapping techniques. Thus, the beginning studies pro- 
vided a pathway for realizing the identification of 
equilibrium established cross-links on protein chains. 

There are other applications and extensions of this mod- 
ification technique to proteins that are especially attrac- 
tive. If a protein contains natural disulfide links that 
can be reduced with significant retention of the tertiary 
structure, there is a chance, because of the equilibrium 
nature of the modification, that reagents of this type might 
“recross-link” or “reanneal” the original disulfide sites. 
Since the protein modification would be accomplished 
between cysteines that had been linked as cystines in 
the original protein, there would be no necessary change 
in the kind and number of basic or acidic groups on the 
protein itself. Thus, reduction of a disulfide bond and 
the reestablishment of the link between the folds of the 
protein through an extra three-carbon bridge might be a 
minor perturbation of the system. If the activating func- 
tion for the Michael reactions also contained an appro- 
priate side chain, one could imagine the easy tethering 
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of a variety of spectrophotometric probes, pharmacolog- 
ically active substances, and chemical reagents to this 
bridge. We have demonstrated this chemical modifica- 
tion technique and concept. 

The nature of the ETAC type reaction suggested that 
the reannealing process might be accomplished under very 
mild conditions. However, the original reagents had a 
p-nitrophenyl activating group for the Michael reaction 
and were not reactive enough to insure rapid linking under 
mild conditions (9). In some proteins with certain func- 
tional groups, these original reagents required rather harsh 
conditions of pH and temperature for cross-linking. Our 
experience indicated that increased reactivity required 
masking in some fashion, so that the reagents would not 
undergo base- and free-radical-promoted polymeriza- 
tion and could be handled and used in the aqueous and 
highly nucleophilic environment required for the pro- 
teins. Perhaps most importantly, the former ETAC 
reagents did not have a design that easily allowed the 
addition of another complex functionality necessary for 
the attachment of the branching tether. 

Thus, within the design of this new, more reactive fam- 
ily of cross-linking reagents, we were interested in add- 
ing structural elements for protein cross-linking probes 
with functions allowing the tethering of many different 
groups, especially chelating functions for the addition of 
radioactive metals. The new class of ETAC reagents has 
the general structure shown in Scheme 11. They have an 
aromatic ketone function as a Michael activating group 
with substituents to allow various probes to be attached. 
The arylsulfonyl functions of the bis[ (arylsulfonyl)- 
methyl] group serve as effective leaving groups and assist 
in masking the latent double bond. 

The application of these reannealing, cross-linking 
reagents to antibody chains was a natural, important, and 
unique extension of this chemistry. The new bridge cre- 
ated allows the tethering of a variety of biological probes 
(Scheme 111). The ETAC pattern of reactivity with an 
unreduced as well as a partially reduced monoclonal anti- 
body using a radioiodinated ETAC reagent is described. 
We also demonstrate the attachment of a chelating arm 
to one of these structures and complexation of a radio- 
active metal. 

The biological applications of these tagged antibodies 
are outlined. In collaboration with others a similar ETAC 
reagent conjugated with a fluorescent probe has been cre- 
ated and reacted with monoclonal antibodies.' 
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EXPERIMENTAL PROCEDURES 

General Chemical Procedures. Melting points were 
determined in open glass capillary tubes using a Thomas- 
Hoover Uni-Melt melting point apparatus and are uncor- 
rected. Infrared spectra were obtained on Perkin-Elmer 
727B or 457 or Beckman 4240 spectrophotometers using 
the 1601 cm-' absorption of polystyrene as a standard 
reference. FT-IR spectra were obtained on Nicolet 60- 
SX or 5DX Fourier transform spectrophotometers. Trans- 
mittance minima are reported in reciprocal centimeters 
(cm-') and are characterized as strong (s), medium (m), 
weak (w), or broad (b) where pertinent. Proton mag- 
netic resonance spectra were recorded at 60,270,300, or 
360 MHz, on a Varian T-60A, Bruker IBM-AF, Bruker 

del Rosario, R. B., Wahl, R. L., Brocchini, S. J., Lawton, 
R. G., and Smith, R. H. Sulfhydryl site-specific labeling and 
cross-linking of a monoclonal antibody by a fluorescent equi- 
librium transfer alkylation cross-link reagent. Bioconjugate 
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AM-300, or Bruker WM-360 spectrometers, respec- 
tively. Broadband proton-decoupled carbon-13 nuclear 
magnetic resonance spectra were measured at 22.5, 67.5, 
75.0, or 90.4 MHz on JEOL FX-SOQ, Bruker IBM-AF, 
Bruker AM-300, or Bruker WM-360 spectrometers, respec- 
tively. Appropriate solvent resonances were consis- 
tently used as internal references. All magnetic reso- 
nance spectra are reported as 6 values downfield from 
tetramethylsilane. Multiplicities of resonances are 
described as broad (b), singlet (s), doublet (d), triplet 
(t), quartet (q), or multiplet (m). Elemental analyses were 
performed by Spang Microanalytical Laboratories, Eagle 
Harbor, MI or by Guelph Chemical Laboratories Ltd., 
Guelph, Ontario, Canada. Slow addition of reagents to 
reaction mixtures was accomplished by a Harvard Sci- 
entific Model 901 infusion pump as noted. Preparative- 
scale medium-pressure chromatography was performed 
using a chromatograph assembled in the Michigan labo- 
ratory. Columns were either Lobar Lichroprep or man- 
ually packed with 0.040-0.063-pm silica gel. An Altex 
Model 150 UV detector (254 nm) was used to monitor 
separations where appropriate. Flash chromatography 
was accomplished using EM grade 0.040-0.063-pm silica 
gel. Conventional column chromatography was con- 
ducted with 40-200 mesh silica or Woelm Grade basic 
alumina. Analytical thin-layer chromatography was car- 
ried out on Merck silica gel 60 glass-backed, fluorescence- 
indicator plates. Plates were visualized with UV light 
and iodine, ceric ammonium molybdate stain, or ninhy- 
drin. Cellulose plates were Eastman 13255 on polymer 
backing. Preparative-scale TLC utilized Analtech 1000- 
pm or 2000-pm plates. 

The following solvents were purified or dried by dis- 
tillation from the reagents indicated: chloroform, dichlo- 
romethane, trifluoroacetic anhydride, and toluene from 
phosphorus pentoxide; benzene, acetonitrile, and dime- 
thyl sulfoxide from calcium hydride; pyridine from potas- 
sium hydroxide; methanol and ethanol from magne- 
sium; tetrahydrofuran from sodium benzophenone ketyl; 
and dimethylformamide from phthalic anhydride. Sol- 
vents for column chromatography were distilled or HPLC 
grade. All other solvents were ACS reagent grade. 

Mannich Salts. Mannich salts were prepared from 
the corresponding acetophenone by modifications of the 
procedure of Mannich (12) as given in ref 13. 

pCarboxy-j3-piperidinopropiophenone Hydrochlo- 
ride ( l l i ) .  p-Carboxyacetophenone (5.0 g, 31 mmol), 
paraformaldehyde (1.0 g, 91 mmol), and piperidine hydro- 
chloride (3.67 g, 31 mmol) were suspended in 30 mL of 
absolute ethanol and heated at reflux with magnetic stir- 
ring overnight. During this time dissolution occurred. 
After cooling, the solution was diluted with acetone, yield- 
ing white crystals, mp 200 "C. Recrystallization from 
water yielded white needles, mp 214-215 "C, depressed 
upon mixture with starting material. The yield of 4.0 g 
(44 % ) was used without purification for the preparation 
of carboxy bis-sulfide 12i. 

General Procedure for the Synthesis of Substitut- 
ed Bis[ (phenylt hio)met hyl]acetophenones (Scheme 
11,12). The respective Mannich salt (11) was mixed with 
2 equiv of thiol (thiophenol, p-chlorothiophenol, or p- 
thiocresol) and an excess of 37% formalin solution (10 
mL, 0.03 mol of salt) in methanol (30 mL, 0.03 mol salt). 
This mixture was brought to reflux with stirring under a 
blanket of nitrogen. When the mixture became homo- 
geneous, 2-3 drops of piperidine was added and the reac- 
tion mixture acquired a dark black or greenish-black color. 
As refluxing continues this color is lost. Within 1-2 h a 
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Scheme I1 
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small amount of oil could be detected when the stirring 
was stopped. After refluxing for 24 h, a large amount of 
oil had formed. The solution was allowed to cool and 
the oil settled at  the bottom of the flask. After the reac- 
tion mixture had cooled, methylene chloride was added 
to dissolve the oil and then an excess of water was added 
to form two layers. The layers were separated, and the 
methylene chloride layer was washed twice with 10% HC1, 
once with 5% bicarbonate, and once with brine. The 
methylene chloride solution was then dried with anhy- 
drous sodium sulfate. After drying, the solvent was 
removed and an oil was obtained which crystallized with 

either use of a high vacuum or vigorous scratching. This 
crude solid was crystallized from methanol or methanol 
with a trace amount of acetone to give the compounds 
listed below. 

a,a-Bis[ (phenylthio)methyl]acetophenone (12a). 
The Mannich salt 0-piperidinopropiophenone hydrochlo- 
ride (25.3 g, 0.10 mol) undergoes aldol and sequential 
Michael reactions with benzenethiol to give bis-sulfide 
12a (30 g, 83%): 'H NMR (CDCI,, 360 MHz) b 3.24 
(A2B2X, m, 4 H, -CH,-), 4.4 (quintet, 1 H, J = 5.7 Hz, 
-CH-), 7.52 (m, 3 H), 7.58 (m, 6 H),  7.65 (m, 2 H), 7.71 
(m, 4 H); 13C NMR (CDCl,, 90.4 MHz) 6 202.16, 137.33, 
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133.02,131.42,129.52,127.25,127.08,123.00,122.78,45.34, 
35.63; mp 63-65 "C, R, (solvent system) 0.45 (4:l hexane/ 
acetone). Anal. Calcd for C,,H,,OS,: C, 72.49; H, 5.53. 
Found: C, 72.45; H, 5.66. 

a,a-Bis[ (p-tolylthio)methyl]acetophenone (12b). 
The Mannich salt P-piperidinopropiophenone hydrochlo- 
ride (25.3 g, 0.10 mol) undergoes aldol and sequential 
Michael reactions with p-toluenethiol to give bis-sulfide 
12b (28.2 g, 71.5%): 'H NMR (CDCl,, 360 MHz) 6 2.11 
(s, 6 H, -CH,), 3.45 (A2B2X, 4 H, -CH,-), 4.14 (quintet, 
1 H, J = 6.5 Hz, -CH-), 7.08, 7.14 (AB 9, 8 H, J = 7.9 
Hz), 7.58-7.48 (m, 5 H); 13C NMR (CDCl,, 75 MHz) 6 
202.16,137.33,133.02,131.42,129.52,127.25,127.08,123.00, 
122.78, 45.34, 35.63, 22.12; mp 63-65 "C; R (solvent sys- 
tem) 0.28 (4:1, hexane/acetone). Ana[ Calcd for 
C,,H,,OS,: C, 73.05; H, 6.04. Found: C, 73.50; H, 6.22. 

a,a-Bis[ [ ( p c  hlorophenyl)thio]methyl]acetophen- 
one ( 12c). The Mannich salt P-piperidinopropiophe- 
none hydrochloride (35.9 g, 0.14 mmol) undergoes aldol 
and sequential Michael reactions with p-chlorobenzene- 
thiol to give bis-sulfide 12c (29.0 g, 67%). Crystalliza- 
tion from acetone/methanol yielded white crystals: 'H 
NMR (CDCl,, 360 MHz) 6 3.52, 3.67 (A2B2X, 4 H, 
-CH,-), 4.39 (quintet, 1 H, J = 6.2 Hz, -CH-), 7.76, 7.51 
(AB q, 8 H, J = 8.6 Hz), 7.59 (m, 3 H), 7.40 (m, 2 H); 13C 
NMR (CDCl,, 75 MHz) 6 194.98, 141.21, 136.84, 134.43, 
129.87, 129.82, 129.07, 128.46, 125.65, 55.11, 35.27; mp 
78-79 "C; R (solvent system) 0.28 (4:l hexane/acetone). 
Anal. C a d  for C,,H,,Cl,OS,: C, 55.23; H, 3.58. Found: 
C, 55.36; H, 3.50. 

a,a-Bis[ [ (pchloropheny1)t hiolmet hyll-pchloro- 
acetophenone (12d). The Mannich salt p-chloro-P- 
piperidinopropiophenone hydrochloride (28.8 g, 0.10 mmol) 
undergoes aldol and sequential Michael reactions with 
p-chlorobenzenethiol to give bis-sulfide 12d (29.0 g, 62%). 
Crystallization from acetone/methanol yielded white crys- 
tals: 'H NMR (CDCl,, 360 MHz) 6 3.22 (A2B2X, 4 H, 

-CH,-), 3.71 (quintet, 1 H, J = 6.7 Hz, -CH-), 7.15,7.23 
(AB q, 8 H, J = 8.8 Hz), 7.35, 7.51 (AB q, 4 H, J = 8.6 
Hz); 13C NMR (CDCl,, 75 MHz) 6 198.66, 148.65, 137.74, 
134.55,129.98,129.80,129.11,128.24,124.43,58.36,37.77; 
mp 102-105 "C; R (solvent system) 0.36 (4:l hexane/ 
acetone). Anal. Cfalcd for C,,H1,C1,OS,: C, 56.48; H, 
3.66. Found: C, 56.58; H, 3.66. 

a,a-Bis[ [ (p-chloropheny1)t hiolmet hyll-l-nitroac- 
etophenone (12e). The Mannich salt p-nitro-P-piperi- 
dinopropiophenone hydrochloride (35.9 g, 0.120 mol) 
undergoes aldol and sequential Michael reactions with 
p-chlorobenzenethiol to give bis-sulfide 12e (29.3 g, 51 %): 
IR (phase, KBr, threshold for minima, 45% transmit- 
tance) 502.6, 701.0, 809.6, 822.2, 857.2, 1007.8, 1092.7, 
1195.0, 1345.0, 1475.0, 1519.6, 1679.4 cm-'; 'H NMR 
(CDCl,, 360 MHz) 6 3.24 (A2B2X, 4 H, -CH,-), 3.79 (quin- 
tet, 1 H, J = 6.8 Hz, -CH-), 7.15, 7.23 (AB q, 8 H, J = 
8.6 Hz), 7.71, 8.21 (AB q, 4 H, J = 8.9 Hz); 13C NMR 
(CDCl,, 75 MHz) 6 199.16, 150.52,140.96, 133.43, 133.12, 
131.92,129.32,129.25,129.18,123.89,123.78,46.14,36.03; 
mp 104-106 "C; R, (solvent system) 0.62 (4:l hexane/ 
acetone). Anal. Calcd for C22H17C12N03S2: C, 55.23; H, 
3.58. Found: C, 55.36; H, 3.50. 

a,a-Bis[ (p-tolylthio)methyl]-4-nitroacetophenone 
(12f). The Mannich salt p-nitro-o-piperidinopropiophe- 
none hydrochloride (26.6 g, 0.09 mol) undergoes aldol and 
sequential Michael reactions with p-tolyl mercaptan to 
give bis-sulfide 12f (20.24 g, 52%): IR (phase, KBr; thresh- 
old for minima, 45% transmittance) 1694.9,1681.1,1652.6, 
1522.1, 1507.3, 1492.2, 1342.2, 1319.9, 1080.3, 806.5 cm-l; 

(A2B2X, 4 H, -CH,-), 3.79 (quintet, 1 H, J = 6.8 Hz), 
7.06, 7.11 (AB q, 8 H, J = 8.3 Hz), 7.61, 8.13 (AB q, 4 H, 
J = 8.9 Hz); 13C NMR (CDCl,, 90.4 MHz) 6 199.76,150.26, 
141.20,137.40,131.46,130.93,129.91,129.29,123.59,43.13, 
36.40, 21.08; mp 91-93 "C; R, (solvent system) 0.42 (4:l 
hexane/acetone). Anal. Calcd for C,,H,,NO,S,: C, 65.88, 

'H NMR (CDCl,, 360 MHz) 6 2.36 (s, 6 H, -CHJ, 3.19 
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H, 5.30. Found: C, 65.66; H, 5.22. 
a,a-Bis[ [ (pchlorophenyl)thio]methyl]-m-nitro- 

acetophenone (12g). The Mannich salt m-nitro-0-pip- 
eridinopropiophenone hydrochloride (10.0 g, 0.03 mol) 
undergoes aldol and sequential Michael reactions with 
p-chlorobenzenethiol to form bis-sulfide 12g (8.96 g, 56% ): 
IR (phase, KBr) 1678.6, 1615.5, 1544.4, 1474.7, 1351.1, 
1093.2, 1008.5, 809.2, 695.5, 668.2, 484.0 cm-'; 'H NMR 
(CDCl,, 360 MHz) 6 3.25 (A2B2X, 4 H, -CH,-), 3.80 (quin- 
tet, 1 H, J = 7.6 Hz), 7.15, 7.25 (AB q, 8 H, J = 8.6 Hz), 
7.59 (t, 1 H, J = 8.0 Hz), 7.90 (d, 1 H, J = 7.0 Hz), 8.41 
(m, 2 H); I3C NMR (CDCl,, 90.4 MHz) 6 198.69, 148.40, 
137.88,133.57,133.49,132.89,132.01,129.88,129.35,127.68, 
123.04, 45.66, 36.05; mp 88-88.5 "C; R, (solvent system) 
0.31 (4:l hexane/acetone). Anal. Calcd for 
C,2H,,C1,N0,S2: C, 55.23; H, 3.58. Found: C, 55.17; H, 
3.45. 

a,a-Bis[ (p-tolylt hio)methyl]-m-nitroacetophen- 
one (12h). The Mannich salt of m-nitro-P-piperidino- 
propiophenone hydrochloride (11.4 g, 0.038 mol) under- 
goes aldol and sequential Michael reactions with p-tolyl 
mercaptan to form bis-sulfide 12h (11.2 g, 64%): IR (phase, 
KBr) 1684.2,1527.6,1491.4,1437.8,1411.7,1348.2,1258.6, 
1219.7, 1084.6, 811.5, 732.1, 691.6, 672.3, 506.8 cm-'; 'H 

(A2B2X, 4 H, -CH,-), 3.82 (quintet, 1 H, J = 6.8 Hz), 
7.04, 7.09 (AB q, 8 H, J = 8.2 Hz), 7.52 (t, 1 H, J = 8.0 
Hz), 7.89 (d, 1 H, J = 7.8 Hz), 8.23 (5, 1 H), 8.34 (d, 1 H, 
J = 8.3 Hz); I3C NMR (CDCl,, 90.4 MHz) 6 199.44,148.39, 
138.26,137.49,133.78,131.44,130.75,129.98,129.66,127.40, 
123.20,45.59, 36.47, 21.06; mp 81-84 "C; R, (solvent sys- 
tem) 0.30 (4:l hexane/acetone). Anal. Calcd for 
C,,H,,NO,S,: C, 65.87; H, 5.30. Found: C, 65.66; H, 5.28. 

4-[2,2-Bis[ (p-tolylthio)methyl]acetyl]benzoic Acid 
(12i). The Mannich salt p-carboxy-P-piperidinopro- 
piophenone hydrochloride (1 li, 1.00 g, 3.4 mmol) under- 
goes aldol and sequential Michael addition reaction with 
p-thiocresol(O.86 g, 6.9 mmol), formaldehyde (37% solu- 
tion, 1.90 mL, 23 mmol), and piperidine (0.47 mL, 4.77 
mmol) at reflux to give bis-sulfide 12i (0.95 g, 65%, recrys- 
tallized from CH,OH/H,O, white needles): IR (phase, 
KBr; threshold for minima, 45% transmittance) 805,1275, 
1420, 1490, 1680, 1685, 2920, 3020 cm-'; 'H NMR 
(CDCl,, 270 MHz) 6 2.36 (s, 6 H, -CH,), 3.22 (m, 4 H, 
-CH,-), 3.81 (9, 1 H, -CH-), 7.05, 7.14 (AB q, 8 H, J = 
8.0 Hz), 7.60, 8.04 (AB q, 4 H, J = 8.3 Hz); I3C NMR 
(CDCl,, 67.9 MHz) 6 200.31,170.88,140.40,137.08,132.77, 
131.38, 130.91, 130.12, 129.68, 128.16, 45.72, 36.22, 20.92; 
mp 142-143 OC; R, (solvent system) 0.81 (7.51.5:l.O 
chloroform / me thanol/ acetic acid). 

General Procedure for the Oxidation of Substi- 
tuted Bis[(phenylthio)methyl]acetophenones to 
Sulfones. One equivalent of the bis-sulfide was placed 
in 1:l methanol/water with 6 equiv of Oxone (Du Pont, 
Wilmington, DE) (5 g of Oxone/25 mL of solution) and 
the suspension was stirred. The progress of the reaction 
was followed by TLC until completion (4-6 h). Chloro- 
form was added to extract the sulfone and an excess of 
water was added to dissolve the residual salts, remain- 
ing Oxone, and other water-soluble side products. The 
chloroform layer was extracted twice with distilled water 
and then dried over anhydrous sodium sulfate. The sol- 
vent was removed under reduced pressure during which 
crystallization to a crude solid took place. The crude 
materials were recrystallized with 100% ethanol. 

a,a-Bis[ [ (p-c hlorophenyl)sulfonyl]methyl]aceto- 
phenone (13c). Bis-sulfide 12c (2.0 g, 0.004 mol) was 
oxidized in a suspension of Oxone to give bis-sulfone 13c 

NMR (CDCl,, 360 MHz) 6 2.33 (5, 6 H, -CH,), 3.21 
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(1.31 g, 75%): 'H NMR (CDCl,, 360 MHz) 6 3.52, 3.67 
(AZBZX, 4 H, -CH,-), 4.39 (quintet, 1 H, J = 6.2 Hz), 
7.40 (m, 2 H), 7.59 (m, 3 H), 7.51, 7.76 (AB g ,  8 H, J = 
8.6 Hz); I3C NMR (CDCl,, 90.4 MHz) 6 194.98, 141.21, 
136.84,134.43,129.87,129.82,129.07,128.46,125.65,55.11, 
35.27; mp 133-135 "C. Anal. Calcd for C,,H,,C1,0,S2: 
C, 53.12; H, 3.65. Found: C, 53.12; H, 3.74. 

chloroacetophenone (13d). Bis-sulfide 12d (2.0 g, 0.0042 
mol) was oxidized in a suspension of Oxone to give bis- 
sulfone 13d (1.51 g, 68%): 'H NMR (CDCl,, 360 MHz) 6 
3.47, 3.61 (A2B2X, 4 H, -CH,-), 4.38 (quintet, 1 H, J = 
6.2 Hz), 7.39,7.61 (AB q, 4 H, J = 9.2 Hz), 7.53,7.66 (AB 
q, 8 H, J = 7.5 Hz); I3C NMR (CDCl,, 90.4 MHz) 6 194.18, 
178.40,141.29,141.12,136.80,132.35,129.87,129.68,129.38, 
55.67, 35.05; mp 156-157 "C. Anal. Calcd for 
C,,H,,Cl,OS,: C, 49.68; H, 3.22; S, 12.06. Found: C, 49.78; 
H, 3.24; S, 12.00. 

a,cY-Bis[ [ (pchlorophenyl)sulfonyl]methyl]-4-ni- 
troacetophenone (13e). Bis-sulfide 12e (2.0 g, 0.004 mol) 
was oxidized in a suspension of Oxone to give bis- 
sulfone 13e (1.51 g, 69%): IR (phase, KBr) 1697.6,1531.4, 
1520.6,1345.4,1311.1,1282.3,1148.3,1137.3,1088.6, 1084.9, 
772.2 cm-'; 'H NMR (CDCl,, 360 MHz) 6 3.49 (2 H, d of 
d, A of A2B2X), 3.65 (2 H, d of d, B of A2B2X), 4.58 (m, 
1 H, X of A2B2X, J = 5.8 Hz), 7.57, 7.79 (8 H, AB q, J 
= 6.8 Hz), 8.32, 8.00 (4 H, AB q, J = 8.9 Hz); 13C NMR 
(CDCl,, 360 MHz) 6 194.92,141.63,138.97,136.82,130.10, 
129.88, 129.69, 124.24, 56.13, 35.44; mp 190-192 "C; R, 
(solvent system) 0.28 (19:l chloroform/methanol). Anal. 
Calcd for C,,H,,Cl,NO,S,: C, 48.72; H, 3.16; S, 11.82. 
Found: C, 48.61; H, 3.06; S, 11.92. 

a,a-Bis[ (ptolylsulfony1)methyl 1-l-nitroacetophe- 
none (13f). Bis-sulfide 12f (5.0 g, 0.011 mol) was oxi- 
dized to give bis-sulfone 13f (4.95 g, 86%): IR (phase, 
KBr) 1692.8,1522.9,1345.7,1333.4,1313.5,1305.0,1294.8, 
1272.5, 1158.9, 1135.8, 1084.5, 927.1, 853.8, 750.9, 743.4, 
710.3,573.8,556.6,523.7 cm-'; 'H NMR (CDCl,, 360 MHz) 

(quintet, 1 H, J = 8.9 Hz), 7.37, 7.70 (AB q, 8 H, J = 8.3 
Hz), 7.89, 8.24 (AB q, 4 H, J = 8.9 Hz); 13C NMR 
(CDCl,, 90.4 MHz) 6 195.23, 145.76,139.24,135.46, 130.29, 
129.78, 128.28, 124.01, 56.15, 35.72, 21.72; mp 168-169 
OC; R, (solvent system) 0.07 (4:l carbon tetrachloride/ 
chloroform). Anal. Calcd for C,,H,,NO,S,: C, 57.47; H, 
4.62; S, 12.79. Found: C, 57.43; H, 4.57; S, 12.54. 

a,a-Bis[[ (pchlorophenyl)sulfonyl]methyl]-m-ni- 
troacetophenone (13g). Bis-sulfide 12g (5.0 g, 0.011 mol) 
was oxidized to give bis-sulfone 13g (3.25 g, 56%): IR 
(phase, KBr) 1684.9,1576.5,1536.9, 1473.8,1399.1,1349.4, 
1319.0,1305.0,1273.8,1261.3,1146.1,1089.7,1084.2,825.0, 
768.6, 711.4; 'H NMR (CDCl,, 360 MHz) 6 3.55 (m, 2 H, 
-CH,-), 3.67 (m, A2B2X, 2 H, -CH,-), 4.48 (quintet, 1 
H, J = 5.9 Hz), 7.56, 7.78 (AB q, 8 H, J = 8.6 Hz), 7.70 
(d of d, 1 H, J = 8.0 Hz), 8.16 (d, 1 H, J = 7.9 Hz), 8.46 
(d, 1 H, J = 8.2 Hz), 8.54 (s, 1 H); I3C NMR (CDCl,, 90.4 
MHz) 6 194.28,148.71,141.64,136.69,135.83,134.11,130.44, 
130.11, 129.65, 128.41, 123.35, 56.03, 35.35; mp 168-170 
"C; R, (solvent system) 0.38 (19:l chloroform/methanol). 
Anal. Calcd for C,,K,,NO,S,: C, 48.72; H, 3.16; S, 11.82. 
Found: C, 48.61; H, 3.06; S, 11.92. 

a,a-Bis[ (p-tolyls ulfony1)met hyll-m-nitroaceto- 
phenone (13h). Bis-sulfide 12h (1.0 g, 0.0023 mol) was 
oxidized to give bis-sulfone 13h (0.8 g, 70%): IR (phase, 
KBr; threshold for minima, 73 70 transmittance) 1693.4, 
1531.3,1407.6,1349.6,1316.1, 1306.4,1291.4,1274.4,1267.9, 
1151.9, 1087.2, 814.7, 770.2, 710.2, 666.4, 572.2, 557.9 
cm-'; 'H NMR (CDCl,, 360 MHz) 6 2.48 (s, 6 H, -CH,), 

a,a-Bis[ [ (p-chlorophenyl)sulfonyl]methyl]-p 

6 2.48 (s, 6 H, -CHJ, 3.54 (A2B2X, 4 H, -CH,-), 4.46 
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3.58 (A2B2X, 4 H, -CH,-), 4.35 (quintet, 1 H, J = 6.8 
Hz), 7.38, 7.73 (AB q, 8 H, J = 8.2 Hz), 8.13 (d, 1 H, J = 
7.8 Hz), 8.39 (m, 2 H); 13C NMR (CDCl,, 90.4 MHz) 6 
194.57,148.53,145.84, 136.00, 135.11,134.24,130.32,130.24, 
128.21, 128.16, 123.19, 56.01, 33.50, 21.73; mp 174-175 
"C. Anal. Calcd for C,,H,,NO,S,: C, 57.47; H, 4.62; S, 
12.79. Found: C, 57.34; H, 4.56; S, 12.84. 
4-[2,2-Bis[ (ptolylsulfonyl)methyl]acetyl]benzoic 

Acid (139. Bis-sulfide 12i (1.00 g, 2.30 mmol) was sus- 
pended in a 1:l methanol/water solution (6.7 mL) and 
acetic acid (1.44 mL) was added. Hydrogen peroxide (30%, 
1.4 mL) and sodium tungstate (100 mg, 0.3 mmol) were 
added and the heterogenous solution was stirred at  room 
temperature for 16 h. A white solid was filtered and dried 
in a vacuum desiccator to give 1.14 g (100% yield). A 
portion (500 mg) was recrystallized from water/  
methanol to give 344 mg of a white solid: IR (phase, KBr; 
threshold for minima, 45 % transmittance) 520,560,570, 
690, 720, 745, 755, 810, 820, 935, 1085, 1120, 1130, 1140, 
1150,1180,1245,1280,1305,1315,1410,1415,1430,1595, 
1690,1700,2930,2980 cm-'; 'H NMR (THF-d,; 270 MHz) 
6 2.44 (s, 6 H, -CH,), 3.56 (m, 4 H, -CH,-), 4.16 (quin- 
tet, 1 H, -CH-, J = 6.02 Hz), 7.37, 7.62 (AB q, 8 H, J = 
7.99 Hz), 7.55, 7.96 (AB q, 4 H, J = 8.22 Hz); I3C NMR 

136.55, 131.27, 131.06, 129.68, 129.61, 56.87, 37.59, 22.04; 
mp 174-175 "C; R, (solvent system) 0.25 (9:l chloroform/ 
methanol). Anal. Calcd for C,,H,,05S2: C, 59.98; H, 4.83; 
S, 12.81. Found: C, 59.82; H, 5.00; S, 12.76. 

N-[ 4-[2,2-Bis[ (p-tolylsulfonyl)methyl]acetyl]ben- 
zoyll-4-iodoaniline (13j). Carboxy bis-sulfone 13i (100 
mg, 0.20 mmol) was reacted overnight with thionyl chlo- 
ride (500 pL) under a blanket of nitrogen. Thionyl chlo- 
ride was removed in vacuo and the dark yellow solid was 
dissolved in dry methylene chloride (1 mL). The sol- 
vent was removed in vacuo and the yellow solid was dis- 
solved in THF (2 mL). A solution of p-iodoaniline (42 
mg, 0.19 mmol) and pyridine (17 pL, 16 mg, 0.21 mmol) 
in THF (1 mL) was treated dropwise (5 min) with the 
acid chloride solution a t  25 "C. After stirring overnight, 
the solvent was removed in vacuo and the resulting oil 
was dissolved in methylene chloride (5 mL) and washed 
with 0.1 N HCl(2 X 4 mL). The organic phase was dried 
over sodium sulfate and filtered, and the solvent was 
removed in vacuo to give 130 mg of foamy solid that was 
recrystallized from acetone to produce 94 mg of a white 
solid: 70% yield; IR (phase KBr; threshold for minima, 
45% transmittance) 515,570,655,665,675,715,745,820, 
1050,1090,1145,1240,1290,1300,1310,1390,1405,1485, 
1500,1520,1590,1660,1695,3360cm-'; 'H NMR (Me,SO- 
de, 270 MHz) 6 2.42 (s, 6 H, -CH3), 3.63 (d of d, 2 H, J 
= 5.15 Hz, J = 14.5 Hz), 3.76 (d of d, 2 H, J = 7.14 Hz, 
J = 14.5 Hz), 4.05 (m, 1 H, CH), 7.43, 7.75 (m, 14 H),  
8.00 (d, 2 H, J = 8.34 Hz); 13C NMR (Me,SO-d,, 67.5 
MHz) 6 21.10, 35.14, 55.15, 87.76, 122.49, 127.78, 127.99, 
130.09,135.09,136.85,137.35, 138.72,139.11,145.14,164.70, 
195.58; mp 210-210.5 "C; R (solvent system) 0.54 (2:l 
ethyl acetate/hexane). Ana{. Calcd for C31Hz81N06S2: 
C, 53.37; H, 4.02; N, 2.00; S, 9.14; I, 18.09. Found: C, 
53.00; H, 4.15; N, 1.92; S, 9.44; I, 18.42. 

N-[ 4-[ 2,2-Bis[ (p-tolylsulfonyl)methyl]acetyl]ben- 
zoyl]-4-[ '251]iodoaniline (13k). p-['251]iodoaniline was 
prepared according to ref 14 with 29.6 mCi (1.09 GBq) 
of NalZ5I, high pH (Du Pont-NEN, Boston, MA). The 
brown solid dissolved in methylene chloride (120 pL) was 
purified using a silica gel SepPak (Waters, Bedford, MA) 
column (eluant, 4:l hexane/ethyl acetate). After pass- 
ing 3 mL of the solvent through the column, the prod- 

(THF-d,, 67.9 MHz) 6 196.7,167.28,146.39,139.58,137.97, 
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uct was eluted with a flush of pure ethyl acetate, ana- 
lyzed on silica gel plates (1:l hexane/ethyl acetate), and 
shown to coelute with authentic, cold p-iodoaniline (UV 
light and autoradiography visualized the product). Con- 
centration under a gentle stream of N, resulted in a light 
brown solid containing 4.75 mCi (175.7 MBq) of lZ5I. A 
solution of pyridine (4.3 pL, 4.2 mg, 0.05 mmol) dis- 
solved in THF (500 pL) was added to the p -  
[ 1251]iodoaniline. The acid chloride of carboxy ETAC 
13i (25 mg, 0.05 mmol) was prepared as described for 
compound 13j, dissolved in THF (1 mL), and added to 
the pyridinelp- [ lZ5I] iodoaniline solution prepared above. 
A solution of nonradioactive p-iodoaniline (9.5 mg, 0.40 
mmol) dissolved in THF (500 pL) was also added to the 
reaction mixture. After swirling for 5 min, another lot 
of the acid chloride of carboxy ETAC 13i (20 mg, 0.04 
mmol) in THF (500 pL) was added to the reaction mix- 
ture. After an additional 5 min, TLC (2:1, hexane/ethyl 
acetate) indicated that all of the p-iodoaniline had been 
converted to the desired product. The reaction mixture 
was concentrated under a gentle stream of N, and the 
resulting yellow glass was dissolved in chloroform (200 
pL) and purified with a SepPac silica gel column eluted 
with 2:l hexane/ethyl acetate. Radioactive impurities 
were eluted first followed by the desired product, which 
formed lusterous white crystals after sitting overnight at  
room temperature in a sealed ampule. The product was 
isolated by removing the solvent and drying the solid under 
a stream of N,, yielding 5.2 mg. The product was assayed 
by TLC (1:l hexane/ethyl acetate), which showed a sin- 
gle UV and radioactive spot coincident with cold p- 
iodoaniline ETAC 13j (R, 0.31). This solid was dis- 
solved in Me,SO (556 pL) and counted in a Capintek 
CRC-1OR well counter. The radiochemical yield was 373.6 
pCi (13.82 MBq, 1.26%), with a specific activity of 50.8 
mCi (1.88 GBq)/mmol. 
a,a-Big[ (ptolylsulfonyl)methyl]-paminoaceto- 

phenone (131). A suspension of cu,a-bis[ 03-tolylsulfo- 
nyl) methyl]-p-nitroacetophenone (13h, 1 g, 2 mmol) in 
55 mL of 95% ethanol and 3 mL of acetic acid was added 
to 100 mg of 5% Pd/carbon. The mixture was hydroge- 
nated at  about 50 psi on a Parr shaker overnight. The 
solution was filtered through Celite and the cake was 
washed with methanol. The solvents were removed in 
vacuo. Trituration with methanol induced crystalliza- 
tion of light yellow crystals: 'H NMR (CDCl,, 360 MHz) 
6 2.04 (s, 6 H), 3.01 (b s, 2 H), 4.6 (A2B2X, m, 4 H), 4.96 
(quintet, 1 H), 6.8, 7.25 (ABq, 4 H), 7.4, 7.7 (AB q, 8 H); 
13C NMR (CD,OD, 67.9 MHz) 6 22.58,24.19,34.47,53.30, 
54.87, 129.26, 131.03, 136.54, 140.51, 168.60, 197.51; mp 
170-173 "C; R, (solvent system) 0.35 (9:l chloroform/ 
methanol). Anal. Calcd for C,,H,5N05S,: C, 61.12; H, 
5.34; N, 2.97. Found: C, 61.02; H, 5.40; N, 3.00. 

N-[ [5-(Dimethylamino)naphthyl]sulfonyl]-a,a- 
bis[ (ptolylsulfonyl)methyl]-p-aminoacetophenone 
(13m). A stirred solution of bis[ (p-tolylsulfonyl)methyl]- 
p-aminoacetophenone (94 mg, 0.2 mmol) in dry pyridine 
(0.5 mL) was cooled in an ice bath and treated with a 
solution of dansyl chloride (54 mg, 0.2 mmol) in acetone 
(2 mL). After stirring overnight at  room temperature 
the reaction mixture was diluted with 5 mL of H,O and 
the orange-yellow gum was taken up in CHC1,. The chlo- 
roform layer was washed with saturated NaHCO, and 
dried over anhydrous sodium sulfate. The clear yellow 
oil that remained after the solvent was removed was trit- 
urated with methanol to yield 13m (88 mg, 62%) as a 
bright orange yellow solid: mp 182-185 "C; R, (solvent 
system) 0.4 (9:l chloroform/methanol), bright blue flu- 
orescence. Anal. Calcd' for C,,H3,N,0,S,: C, 61.34; H, 
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5.15; N, 3.97. Found: C, 61.12; H, 5.29; N, 4.30. 
N-[ 4-[2,2-Bis[ (ptolylsulfonyl)methyl]acetyl]ben- 

zoyll- 1-(paminobenzy1)diethylenetriaminepentaa- 
cetic Acid, Pentakis( tert-butyl ester) Hydrochlo- 
ride (130). Carboxy bis-sulfone 13i (34 mg, 0.068 mmol) 
was reacted with thionyl chloride (330 pL, 538 mg, 4.52 
mmol) at  50 "C for 2 h under a blanket of nitrogen. Thio- 
nyl chloride was removed in vacuo and the yellow foam 
was dissolved in methylene chloride (0.5 mL). The sol- 
vent was removed in vacuo and the yellow solid was dis- 
solved in THF (5 mL) under a blanket of nitrogen. 1- 
(pAminobenzy1)diethylenetriaminepentaacetic acid, 
pentakis(tert-butyl ester), synthesized as described in ref 
15 (53 mg, 0.068 mmol), was dissolved in THF (5 mL) 
under a blanket of nitrogen, and this solution was added 
dropwise to the acid chloride solution via a syringe at  25 
"C. After 4.5 h the reaction was complete as analyzed 
by TLC. The solvent was removed in vacuo to give a 
yellow glass (79 mg, 92% yield): 'H NMR (CDCl,, 270 
MHz) 6 1.31 (m, 45 H), 2.4 (5, 6 H), 2.80 (b, 1 H), 3.00, 
3.70 (m, 19 H),  4.15 (m, 1 H), 4.70 (b, 1 H), 7.00 (b, 2 H), 
7.30 (d, 4 H, J = 8.1 Hz), 7.42 (b d, 2 H), 7.63 (d, 4 H, J 
= 8.1 Hz), 8.00 (b s, 2 H),  8.15 (b d, 2 H), 10.5 (b s, 1 H); 
13C NMR (CDCl,, 67.9 MHz) 6 21.61, 25.46, 27.93, 28.01, 
34.17,35.94,49.63,52.98,53.50, 55.24,56.93,60.47,67.79, 
81.62,82.00,84.02, 121.75, 128.09, 128.19, 128.82, 129.00, 
130.16,132.35,135.00,135.58,137.96,139.75,145.49,164.91, 
165.33, 170.01, 171.34, 194.71. 

N-[4-[2,2-Bis[ (ptolylsulfonyl)methyl]acetyl]ben- 
zoyll- l-(paminobenzy1)diethylenetriaminepentaa- 
cetic Acid (13p). Pentaester 130 (15 mg, 0.012 mmol) 
reacted with trifluoroacetic acid (0.5 mL) a t  25 "C under 
a blanket of nitrogen for 2.5 h. The TFA was then removed 
in vacuo, resulting in a yellow glass which was dissolved 
in methanol (0.5 mL). The solvent was removed in vacuo 
to yield 13 mg (92% yield) of yellow glass: 'H NMR 
(CD,OD, 270 MHz) 6 2.53 (s, 6 H), 2.65 (m, 1 H), 3.19 
(m, 3 H), 3.45, 3.85 (m, 17 H), 4.22 (m, 1 H), 4.60 (b s, 2 
H), 7.34, 7.73 (AB q, 4 H, J = 8.1 Hz), 7.46, 7.66 (AB q, 
4 H, J = 8.3 Hz), 7.66, 7.9 (AB q, 4 H, J = 8.3 Hz); 13C 
NMR (CD,OD, 67.9 MHz) 6 21.67, 34.54, 37.19, 49.94, 
50.63,53.21,53.57,54.98,55.40,56.40, 56.61,57.21,61.56, 
122.80,129.05,129.41,129.70,130.80,131.36,135.29,136.51, 
136.63,138.33,138.49,140.89,147.16,167.41,169.09,174.17, 
175.44, 196.91. 

l-(pNitrobenzy1)diet hylenetriaminepentaacetic 
Acid, Pentakis( tert-butyl ester) (Scheme 11, 14). 1- 
(pNitrobenzy1)diethylenetriamine trihydrochloride (1.11 
g, 3.19 mmol) prepared as described in ref 15,35.3 g (255 
mmol) of potassium carbonate, and 3.84 g (23.1 mmol) 
of potassium iodide were placed in a dry 250-mL round- 
bottom flask and suspended in 100 mL of dry THF under 
nitrogen. tert-Butyl2-bromoacetate (5.15 mL, 31.9 mmol) 
was added via a syringe and the reaction mixture was 
sonicated under an atmosphere of nitrogen for 72 h at  
40 "C. The reaction mixture was taken up in 400 mL of 
ethyl acetate and 100 mL of water. The layers were sep- 
arated, and the aqueous layer was extracted with an addi- 
tional 100 mL of ethyl acetate. The organic layers were 
combined and dried over magnesium sulfate, filtered, and 
concentrated in vacuo to yield a brown oil. This was puri- 
fied by flash chromatography on silica gel (2:8 ethyl 
acetate/hexane) to yield 1.81 g (70% yield) of a yellow 
oil: 'H NMR (CDCl,, 270 MHz) 6 1.41 (s, 18 H), 1.42 (s, 
9 H), 1.43 (s, 18 H), 2.35-2.5 (m, 1 H), 2.7-3.2 (m, 8 H), 
3.30 (s, 2 H), 3.39 (s, 4 H), 3.41 (s, 4 H), 7.48 (d, 2 H, J 
= 8.7 Hz), 8.09 (d, 2 H, J = 8.7 Hz); 13C NMR (CDCl,, 
67.5 MHz) 6 28.1, 37.1, 52.1, 53.1, 53.4, 55.9, 56.2, 56.3, 
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62.7,80.8,80.9,81.1,123.2,130.2,146.4,148.7,170.1,170.4, 
171.0. 
l-(pAminobenzy1)diethylenetriaminepentaacetic 

Acid, Pentakis(tert-butyl ester) (Scheme 11, 15). 1- 
(pNitrobenzy1)diethylenetriaminepentaacetic acid, pen- 
takis(tert-butyl ester) (1.41 g, 1.74 mmol) (Scheme 11, 
14) was dissolved in 40 mL of absolute ethanol in a 200- 
mL round-bottom flask and the atmosphere was flushed 
with nitrogen. Ten percent Pd/carbon (181 mg) was added 
and the atmosphere was evacuated and replaced with 
hydrogen three times. The reaction mixture was then 
stirred rapidly under 1 atm of H, for 18 h. At this time 
only product was detected by TLC (1:l ethyl acetate/ 
hexane, Rf0.3). The reaction mixture was filtered through 
Celite and the ethanol was removed in vacuo to yield 
1.39 g of a yellow oil (100% yield), which was pure by 
NMR: 'H NMR (CDCl,, 270 MHz) 6 1.39 (s, 9 H), 1.42 
(s, 18 H), 1.43 (s, 18 H), 2.4-3.15 (m, 9 H), 3.33 (9, 2 H), 
3.37 (s, 4 H), 3.42 (s, 4 H), 6.55 (d, 2 H, J = 8.2 Hz), 6.96 
(d, 2 H, J = 8.2 Hz); 13C NMR (CDCl,, 67.5 MHz) 6 28.1, 
36.2,52.6,53.0,53.7,55.0,56.2,63.2,80.3,80.4,80.6,115.4, 
130.0, 130.5, 143.9, 170.6, 171.3. 

Antibody Purification. The monoclonal antibody used 
in this study was B6.2, a mouse antihuman tumor mon- 
oclonal IgG, (16, 17), and was purified from ascites by 
50% ammonium sulfate precipitation and cation- 
exchange chromatography utilizing the Pharmacia FPLC 
(fast protein-liquid chromatography) system and a Mono 
S column (18). Purity was determined by GF-250 (Du 
Pont, Wilmington, DE) SEC' HPLC and electrophore- 
sis on 5-1570 polyacrylamide SDS3 gels (19) under both 
reducing and nonreducing conditions. The hybridoma 
cells were supplied by Dr. J. Schlom (N.C.I.). Antibody 
concentration was determined with an extinction coeffi- 
cient of 1.89 at  0.1% protein (280 nm) based on amino 
acid analysis. 

Antibody Reduction. Partial reduction of the anti- 
body (1-3 mg/mL in 0.1 M Na phosphate buffer, pH 
8.0,2 mM EDTA) was achieved by making the antibody 
solution 0.05 M in 2-mercaptoethanol followed by 45- 
min incubation at  37 "C. Excess reductant was removed 
and buffer exchange was accomplished by G-25 M Sepha- 
dex (Pharmacia, Piscataway, NJ) gel filtration on a 1 X 
40 cm column by loading 1-2 mL and collecting 1.5 mL/ 
fraction. Sulfhydryl groups in the partially reduced anti- 
body were quantitated with 2,2'-dithiodipyridine (20) and 
an extinction coefficient at  343 nm of 7600 1/M (21). 
The typical partially reduced antibody preparation resulted 
in 9-10 sulfhydryl groups/mol of antibody. All buffers 
and reagents used in this study were prepared in deion- 
ized water supplied from a Millipore (Bedford, MA) Milli- 
Q system. Me,SO was used to dissolve the ETAC reagents 
prior to addition to the antibody. The 2,2'-dithiodipyri- 
dine (Aldrithiol-2) was obtained from Aldrich (Milwau- 
kee, WI). 

Structural Analysis. Modified antibody samples were 
analyzed on 5-1570 polyacrylamide SDS gels (19) under 
reducing and nonreducing conditions using about 25 pg 
of protein per lane. The samples were boiled 3 min prior 
to electrophoresis. High and low molecular weight stan- 
dards were obtained from Bio-Rad (Richmond, CA). The 
protein bands in the Coomassie brilliant blue R-250 stained 
gels were scanned with a Hoefer GS300 densitometer, 
and the peaks were quantitated with a Hewlett-Packard 
3392 integrator. On the reducing SDS gels, the ETAC 

Size-exclusion chromatography. 
Sodium dodecyl sulfate. 
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cross-linked antibody was determined as the percent pro- 
tein bands at  or above 50 000 Da. On the nonreducing 
SDS gels, the ETAC cross-linked antibody was deter- 
mined as the percent stained antibody at 150000 Da. 
Since the antibody had been partially prereduced, only 
ETAC cross-links would prevent significant subunit sep- 
aration during denaturation and subsequent electrophore- 
sis. 

Intermolecular antibody cross-linking was examined 
under native conditions using SEC HPLC on a Du Pont 
GF250 column equilibrated with 0.2 M sodium phos- 
phate buffer, pH 7.0, monitoring absorption at  280 nm. 
Absorption peaks were quantitated with a Spectra- 
Physics 4200 integrator-recorder. New absorption peaks 
at  greater than 150 000 Da by HPLC were quantitated 
as intermolecularly cross-linked antibody. 

ETAC Modification. Antibody modification was 
accomplished by addition of 10 molar excess of ETAC to 
antibody (1 mg/mL) in 0.1 M phosphate, pH 7 and 8, 2 
mM EDTA. Stock solutions of M ETAC in Me,SO 
were prepared so the final Me,SO concentration with the 
antibody was less than 5% v/v. The reactions were incu- 
bated overnight at  room temperature and then frozen at  
-20 "C. 

'251-labeled ETAC 13k modifications were done with 
both partially reduced (sulfhydryl directed) and unre- 
duced (amine directed) antibody at 1 mg/mL and a 20 
molar excess of 1251-labeled ETAC 13k in either 0.1 M 
sodium phosphate, pH 6 or 7, or 0.1 M sodium acetate, 
pH 4 or 5; all buffers were 2 mM in EDTA. 

ETAC DTPA 13p modifications for both partially 
reduced (sulfhydryl directed) and unreduced (amine 
directed) antibody were done by reaction of 2.5 molar 
excess of ETAC DTPA 13p with 1 mg/mL antibody in 
sodium acetate, pH 5, 2 mM EDTA. The reactions were 
incubated overnight at  room temperature, dialyzed against 
0.1 M sodium phosphate, pH 7.0, and stored at  -20 "C. 

Structural Analysis of '251-Labeled ETAC B6.2. The 
'251-labeled ETAC 13k modified antibody was analyzed 
by electrophoresis on 5-1570 acrylamide SDS gels under 
reducing and nonreducing conditions. The gels were dried 
onto 3-mm Whatman paper in vacuo with a Hoefer SE 
540 gel dryer and autoradiographed on Kodak (Roches- 
ter, NY) XAR5 film with an intensifying screen (Du Pont, 
Wilmington, DE) for 6-24 h. The stained bands were 
cut out and counted in a LKB 1282 y-counter. The 1251 
ETAC 13k molar incorporation/mol of antibody was cal- 
culated from the amount of 1251 in the dried gel. The 
molar incorporation of '251-labeled ETAC 13k in each 
stained protein band was determined from the specific 
activity (50.8 mCi/mmol, 1.88 GBq/mmol) of 1251- 
labeled ETAC 13k. 

"'In-Labeled ETAC DTPA B6.2. '"InCl, (Du Pont- 
NEN, Boston, MA) was mixed with an equal volume of 
1 N HCl to dissolve the "'In colloid and the pH was 
then adjusted with an equal volume of 1 M sodium ace- 
tate, pH 4.5. An equal volume of ["'In]indium acetate 
mixture was added to the DTPA ETAC 13p or bis cyclic 
anhydride DTPA antibody complex and incubated for 1 
h at  room temperature. The "'In-labeled DTPA ETAC 
antibody was purified by SEC HPLC with a Du Pont 
GF250 column, monitoring absorption at 280 nm and radio- 
activity with a Nico MD3 Ratemeter and a NaI probe 
(Ludlum Measurements Inc., Sweetwater, TX). The col- 
umn was equilibrated and eluted with 0.2 M sodium phos- 
phate, pH 7.0, at  a flow rate of 1 mL/min, collecting 0.5- 
mL fractions. Incorporation of 13p was calculated by 
multiplying the percent area under the "'In-labeled DTPA 
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ETAC antibody peak from the SEC HPLC trace by the 
mol excess reacted with the antibody. In a typical prep- 
aration, 1.4 mol of DTPA ETAC 13p was incorporated 
per mol of partially reduced antibody when the reaction 
began with 2.5 mol of 13p per mol of partially reduced 
antibody. 

Specific activity was determined by counting the '''In 
radioactivity with a Capintec CRC 12 detector and mea- 
suring the protein in a Perkin-Elmer Lamba Array 3840 
spectrophotometer. Typical specific activities for both 
the DTPA ETAC 13p and the bis cyclic anhydride DTPA 
modified antibodies were 5-10 mCi (185-370 MBq)/mg 
of antibody. 

lZ5I-Labeled B6.2. Iodination of antibody was as pre- 
viously described in ref 22. Briefly, the reaction involved 
200 pg of Iodogen (Pierce, Rockford, IL) with 20 pg of 
antibody in 0.1 M sodium phosphate, pH 7.2, per 1 mCi 
(37 MBq) of 1251 for 2 min a t  room temperature. The 
reaction was terminated by separating the radiolabeled 
antibody from free iodine on a 10-mL BSA4-coated G- 
25 M column. 

Immunoassays. The immunoactivity of the ETAC- 
modified antibodies was determined by ELISA' and by 
a direct binding assay. The tissue culture of the human 
colorectal cell line LS174T used in the direct binding assay 
and the ELISA was described in ref 22. 

ELISA. The antibody a t  an initial concentration of 
40 pg/mL was dissolved in 1% BSA/PBS (2.16 g of 
Na,HP04.7H,0, 0.2 g of KH,PO,, 8.0 g of NaCl, 0.2 g of 
KC1,O.l g of CaCl,, and 0.1 g of MgCl,.GH,O per liter of 
distilled water (23). Antibody (50 pL/well) was titered 
1:2 v/v with 1% BSA/PBS and then added to an LS174T 
tumor cell extract (24)  coated microtiter plate (20 pg of 
cell extract in 100 pL of PBS/well, dried a t  37 "C over- 
night, blocked with 100 pL/well of 5% BSA/PBS for 1 
h a t  37 "C, and washed three times with 100 pL/well of 
1% BSA/PBS). After incubation for 1 h at  37 "C, the 
liquid was removed, and the wells were washed three times 
with 100 pL of 1% BSA/PBS. 

The second antibody, goat antimouse IgG heavy and 
light chains conjugated to horseradish peroxidase and 
absorbed against human serum (Kirkegaard and Perry, 
Gaithersburg, MD), was dissolved to 0.1 mg/mL in water 
and further diluted 1/1000 v/v with 1% BSA/PBS. The 
second antibody (50 pL) was added to each well, incu- 
bated for 1 h at  37 "C, and then removed, and the wells 
were washed three times with 100 pL of 10 mM Tris-C1, 
pH 8.0, containing 0.05% Tween 20 and 0.0170 merthi- 
olate (w/v). A solution (50 pL) of o-phenylenediamine 
(0.2%) w/v and 0.015% H,O, v/v in a 65 mM sodium 
phosphate/l7 mM citric acid buffer, pH 6.3, with 0.01% 
w/v merthiolate was added to each well. The plate was 
incubated 5-10 min at  37 "C to allow color development. 
The reaction was quenched with 4.5 M sulfuric acid (50 
pL/well). Absorption in the wells was measured in a 
Dynatech (Chantilly, VA) MR600 Microplate reader a t  
490 nm. Background 490-nm absorption was deter- 
mined in wells which contained all reagents except the 
LS174T cell extract. The data was plotted as the loga- 
rithm of the reciprocal titer value versus the 490-nm 
absorption. 

Direct Binding. The "'In-labeled DTPA ETAC 
13p modified antibody was assayed for immunoactivity 
prior to any animal studies by a direct binding assay. 
Dynatech Immulon 2 (Chantilly, VA) polystyrene 96- 

Bovine serum albumin. 
Polyacryamide gel electrophoresis. 
Enzyme linked immunosorbent assay. 
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well break-away plates were coated with titered LS174T 
cell extract diluted in PBS from 100 to 0.8 pg per well 
and dried overnight a t  37 "C. Following antigen coat- 
ing, the wells were blocked with 100 pL of 5% BSA/ 
PBS for 1 h at  37 "C and then washed three times with 
1% BSA/PBS. "'In-labeled DTPA ETAC antibody and 
an '251-labeled antibody control were diluted in 1 % BSA/ 
PBS to a final concentration of 200 ng/mL. The anti- 
body was allowed to bind for 60 min at 37 "C in a humid- 
ified incubator. The plates were washed three times with 
1 % BSA/PBS and the wells were counted in a LKB 1282 
Compugamma y-counter. The percent bound was 
expressed as a percentage of the total counts added to 
the wells. 

Animal Studies. "'In-labeled DTPA ETAC anti- 
body, (2.5-10 pCi, 92.5-370 kBq) was injected into the 
lateral tail vein of CD1 mice weighing 26-49 g (Charles 
River Breeding Laboratories, Wilmington, MA). Ani- 
mals were sacrificed by cervical dislocation at  24 h and 
the "'In was measured in the blood, liver, and kidney 
with a y-counter. The percent injected dose per gram of 
tissue (% ID/g) was calculated with the decay corrected 
to the time of injection. 

RESULTS 
Synthesis and Chemistry. The synthesis of these 

ETAC reagents was accomplished through the reaction 
of the Mannich base salt of an acetophenone with 2 equiv 
of a thiophenol and formaldehyde. The sequence appears 
to follow the process of retro-Michael reaction with loss 
of the amine group, thio-Michael addition, aldol conden- 
sation with formaldehyde, and elimination of water fol- 
lowed by the addition of the second thiol finally yield- 
ing the bis[ (arylthio)methyl]acetophenones. These mate- 
rials could then be easily oxidized to the corresponding 
bis[ (arylsulfonyl)methyl]acetophenones with peracetic acid 
or Oxone (25). With use of these techniques the bis[(ar- 
ylsulfonyl)methyl]-p-chloro-, -p-nitro-, -m-nitro-, and p -  
carboxyacetophenones (ltc,d,g,h,i) were synthesized. 

In the sulfone compounds, chemical modification of 
the aromatic substitution sites was unexceptional. The 
nitro substituted bis-sulfone derivatives (13f-h) could be 
reduced to the corresponding amines with a palladium 
on carbon catalyst in ethanol with acetic acid. The amines 
so formed could be derivatized with acid chlorides, sul- 
fonyl chlorides, and isocyanates (data for isocyanates not 
reported in this paper) using pyridine as a base for the 
reaction. Elimination of the sulfone functions did not 
appear significant under these conditions. 

p-Carboxy derivative 13i could be converted to the acid 
chloride using thionyl chloride and this could in turn be 
processed to a wide variety of amide derivatives. These 
carboxy derivatives proved to be the most useful for con- 
struction of the radioactivity tagged linkers. 

The pentakis(tert-butyl ester) of 1-(p-aminobenzy1)di- 
ethylenetriaminepentaacetic acid (Scheme II,14) was syn- 
thesized by using a procedure analogous to that described 
in ref 15. 1-(p-Nitrobenzy1)diethylenetriamine hydro- 
chloride was N-alkylated with bromo-t-butyl acetate in 
70% yield to give the pentakis(tert-butyl ester) of l-(p- 
nitrobenzy1)diethylenetriaminepentaacetic acid (Scheme 
11, 14). This reduced cleanly with hydrogen using 
palladium/carbon as the catalyst producing the p-ami- 
nobenzyl analogue (Scheme 11,15). This aromatic amine 
and ETAC acid chloride 13h reacted to yield DTPA- 
linked ETAC reagent 130. 

Models of Exchange Process. The exchange pro- 
cess and transfer cross-linking could be readily demon- 
strated in model reactions. For example, treatment of 
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Figure 1. SEC HPLC of partially reduced antibody. A, no 
ETAC treatment; B, unreduced antibody; C, partially reduced 
antibody. B and C were reacted with a 10 molar excess of ETAC 
13e at pH 8.0 for 24 h at room temperature. Analyses were 
done at 10 wg of antibody on a Du Pont GF-250 column: Peak 
1, intermolecularly cross-linked antibody; peak 2, antibody; peak 
3, a buffer component. 

bis[ (p-tolylsulfonyl)methyl]-p-ni troacetophenone (130 with 
p-chlorothiophenol in methanol with triethylamine or with 
sodium bicarbonate gave an almost quantitative yield of 
bis [ [ (p-chlorophenyl)thio]methyl] -p-nitroacetophenone 
(12e). The intermediate a- [ (p-tolylsulfonyl)methyl]-p- 
nitrophenyl vinyl ketone was observed by NMR upon 
treatment of the a,a-bis[ (p-tolylsulfonyl)methyl]-p- 
nitroacetophenone (13f) with triethylamine in chloro- 
form. The vinyl proton singlets a t  6 6.25 and 5.9 and the 
CH,SO, singlet a t  6 4.35 are diagnostic. Small amounts 
of unsaturated ketone could be observed by TLC when 
starting bis-sulfone 13f was allowed to stand in a polar 
solvent at room temperature for a short time. Reaction 
of p-nitro bis-sulfone 13e with acetylcysteine or glu- 
tathione in aqueous basic methanol also yielded the cor- 
responding bis-thioether derivatives by the exchange pro- 
cess as evidenced by their isolation and characterization 
(NMR, MS) to be described in a future publication. 

Evaluation of Antibody Partial Reduction and 
ETAC Cross-Linking. The antibody used in this study 
was a mouse monoclonal IgGl with a classical antibody 
molecular structure of two identical heavy chains (50 000 
Da) and two identical light chains (25 000 Da), which under 
native conditions, or when unreduced and electro- 
phoresed on nonreducing gels, behave as an oligomeric 
protein of 150 000 Da. Partial reduction will result in 
various antibody intermediate species on nonreducing SDS 
gel electrophoresis. 

Partial reduction of B6.2 typically resulted in, at most, 
10 mol of sulfhydryl per mol of antibody as measured 
with the 2,2'-dithiodipyridine reagent. SEC HPLC anal- 
yses indicated that untreated antibody had only a trace 
of aggregate present (Figure 1A) whereas unreduced anti- 
body treated with a 10 molar excess of ETAC 13e reagent 
had 18.3-20.67'0 interantibody cross-linking (Figure 1B). 
The partially reduced antibody treated with 10 molar 
excess of ETAC 13e had 2.4-5.7% interantibody cross- 
linking (Figure 1C). 

Unreduced antibody represented amine modification 
as there are no free sulfhydryl groups in the unreduced 
antibody based on 2,2'-dithiodipyridine determinations. 
As shown in Table I, based on HPLC analyses, amine- 
based ETAC cross-linking of unreduced antibody (col- 
umn 3) was greater than that observed for sulfhydryl based 
(partially reduced antibody) cross-linking (column 2). How- 
ever it seems likely that both inter- and intrachain cross- 
linking of sulfhydryls would take place and thus less inter- 
antibody cross-linking would occur and be detected by 
the HPLC analyses. When the unreduced or partially 
reduced antibody was treated with ETAC 13c, 131, or 
13e at various pH's, less intermolecular antibody cross- 
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Table I. Inter- and Intraantibody ETAC Cross-Linking of 
Unreduced and Partially Reduced Antibodv 

SEC HPLC* gel electrophoresis 
partially reducing nonreducing 

ETAC reduced unreduced gelc geld 
13c 6.9 
136 5.7 
13f 1.8 
131 2 
13i 5.9 
13m trace 
13h 12.3 - 

trace f 

11.7 
18.3 
10.2 
1.9 
8.8 
trace 
17.7 
O f  

42 
37.8 
32.6 
trace 
36.4 
6.4 
14.8 
OeJ 
O f  

96.8 
44.6 
43.9 
99.1 
80.9 
91.6 
59.3 
99.8eJ 
50 f 

a All samples, unless otherwise indicated, were treated with a 10 
molar excess of ETAC at room temperature, for 24 h, at pH 8.0. 
* SEC HPLC detected percentage of intermolecularly cross-linked 
antibody. '3% SDS-PAGE6 stained bands greater than 50 OOO Da 
on a reducing gel. Unless otherwise noted, the antibody was par- 
tially reduced as described. d ?& SDS-PAGE stained band at 150 OOO 
Da on a nonreducing gel. Unless otherwise noted, the antibody 
was partially reduced as described. e No antibody prereduction. 
f No ETAC. 

Table I1 The pH Dependence of Interantibody ETAC 
Cross-Linking. 

partially reduced antibody unreduced antibody 
ETAC pH 6.0 pH 7.0 pH 8.0 pH 6.0 PH 7.0 PH 8.0 
13c trace 1 4.5 1.3 10.0 17.2 
131 trace trace 2.3 trace 2 2.6 
1% 2.0 2.5 2.4 7.9 22.3 20.6 
a SEC HPLC quantitation of percent intermolecularly cross- 

linked antibody. All samples reacted with indicated ETAC at a 10 
molar excess, overnight, at room temperature, at the pH indicated. 
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Figure 2. Reducing 515% polyacrylamide SDS gel electro- 
phoresis of partially reduced and unreduced antibody treated 
with a 10 molar excess of ETAC a t  room temperature for 24 h 
a t  pH 8.0, 25 pg of protein/lane. Lanes 2-5, partially reduced 
antibody; lanes 6-8 controls with no prereduction. Lane 1, low 
molecular weight standards; lane 2, partially reduced antibody 
and no ETAC; lane 3, ETAC 13c; lane 4, ETAC 131; lane 5, 
ETAC 13m; lane 6, no prereduction of antibody and no ETAC; 
lane 7, ETAC 13c; lane 8, ETAC 131; lane 9, high molecular 
weight standards. 

linking was observed a t  lower pH values, based on SEC 
HPLC analyses. This data is summarized in Table 11. 

Reducing SDS gel electrophoresis of unreduced anti- 
body (Figure 2, lane 6) and unreduced antibody reacted 
with ETAC 13c (Figure 2, lane 7) or ETAC 131 (Figure 
2, lane 8) revealed little if any antibody cross-linking as 
only 25 OOO- and 50 000-Da protein bands were observed 

Partial No 
Prereduc tion Prereduction -- 

)ax I O - ~  
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- 66 

-45 

I 2 3 4 5 6 7 8  

Figure 3. Nonreducing 515% polyacrylamide SDS gel elec- 
trophoresis of partially reduced and unreduced antibody reacted 
with ETAC as in Figure 2. Lanes 1-4, partially reduced anti- 
body; lanes 5-7, controls with no prereduction. Lane 1, par- 
tially reduced antibody with no ETAC; lane 2, ETAC 13c; lane 
3, ETAC 131; lane 4, ETAC 13m; lane 5, no prereduction of 
antibody and no ETAC; lane 6, ETAC 13c; lane 7, ETAC 131; 
lane 8, high molecular weight standards. For fuller details of 
the SDS gel electrophoresis see the Experimental Procedures. 

(heavy and light chains). Reducing SDS gel electrophore- 
sis of partially reduced antibody reacted with various 
ETACs presented a very different picture. Protein bands 
greater than 50 0o0 Da provided clear evidence of intraanti- 
body cross-linking with ETAC 13c (Figure 2, lane 3) or 
ETAC 13m (Figure 2, lane 5). However, only traces of 
ETAC 131 cross-linking were detected (Figure 2, lane 4), 
while the control had no evidence of cross-linking (Fig- 
ure 2, lane 2). The results for intraantibody cross-link- 
ing as measured by reducing SDS gels are summarized 
in Table I, column 4. 

Nonreducing SDS gel electrophoresis of unreduced anti- 
body resulted in a stained band a t  150 000 Da and traces 
of lower molecular mass material (Figure 3, lane 5). This 
pattern was essentially the same for unreduced antibody 
reacted with ETAC 13c (Figure 3, lane 6) or ETAC 131 
(Figure 3, lane 7). There was a trace of interantibody 
cross-linking evident for ETAC 13c and ETAC 131 shown 
as a protein band a t  greater than 150 000 Da molecular 
mass. 

Nonreducing SDS gel electrophoresis of partially reduced 
antibody, prior to ETAC treatment, showed a dramati- 
cally different protein band pattern in the gel. The con- 
trol shows individual light and heavy chains as well as 
intermediate species (Figure 3, lane 1). Treatment of par- 
tially reduced antibody with ETAC 13c (Figure 3, lane 
2) and 131 (Figure 3, lane 3) clearly lessens the break- 
down due to partial reduction, whereas ETAC 13m was 
not as effective a cross-linker of SH groups as deter- 
mined by the greater quantitative antibody structural 
breakup evident on the gel (Figure 3, lane 4). The results 
of interantibody ETAC cross-linking of unreduced anti- 
body as measured on nonreducing SDS gels are summa- 
rized in Table I, column 5. 

The immunoreactivity of the ETAC-modified unre- 
duced and partially reduced B6.2 antibody was qualita- 
tively estimated with an ELISA. The unreduced ETAC 
13c modified antibody appeared to bind antigen slightly 
less than the control (Figure 4A) whereas the partially 
reduced ETAC 13c modified antibody had essentially iden- 
tical binding (Figure 4B). The amine-directed cross- 
linking (unreduced antibody) did not significantly com- 
promise immunoreactivity, while the sulfhydryl- 
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Figure 4. Antibody ELISA A, antibody control (0) and unre- 
duced antibody treated with ETAC 13c (e), 10 molar excess at 
room temperature for 24 h at pH 8.0; B, antibody control (0) 
and partially reduced antibody treated with ETAC 13c (0) as 
above. 

Table 111. Molar Incorporation of *=I-Labeled ETAC 13k" 
partially unreduced 

PH reduced antibody antibody ratio 
7 2.52' 
6 0.98 
5 1.03 
4 1.41 

0.95' 2.65' 
0.44 2.22 
0.24 4.29 
0.09 15.16 

A 20 molar excess of "I-labeled ETAC 13k was reacted with 
partially reduced and unreduced antibody at room temperature, 
overnight. Incorporation was calculated from the radioactivity 
detected in stained protein bands cut from a 5 1 5 %  acrylamide 
SDS gel electrophoresed under nonreducing conditions. ' Values 
reported as mol "I-labeled ETAC 13k/mol antibody. Ratio of 
mol of "I-labeled ETAC 13k partially reduced antibody/mol of 
"I-labeled ETAC 13k unreduced antibody. 

directed ETAC 13c cross-linking (partially reduced 
antibody), presumably in the hinge region, did not com- 
promise immunoreactivity a t  all. 

l2'1-Labeled ETAC 13k Incorporation into Anti- 
body. Partially reduced and unreduced antibody was 
reacted with a 20 molar excess of 1261-labeled ETAC 13k 
at  pH 4-7. The molar incorporation was calculated by 
counting the stained protein bands from the SDS poly- 
acrylamide gel. 1261-labeled ETAC 13k reactivity with 
amines in the unreduced antibody was decreased by low- 
ering the pH (Table 111). 

1261-labeled ETAC 13k reactivity with partially reduced 
antibody represented modification of both amine and sulf- 
hydryl groups. The greatest selectivity for sulfhydryl ver- 
sus amine reactivity, as measured by the ratio of 12%la- 
beled ETAC 13k incorporation into partially reduced anti- 
body versus unreduced antibody, was achieved at  pH 4 
(Table 111). 

Kinetic Study. 1261-labeled ETAC 13k reaction with 
partially reduced antibody could be followed by SDS gel 
electrophoresis and autoradiography or y-counting. A 
kinetic study of 1261-labeled ETAC 13k incorporation at  
pH 4-7 determined where the site directed modification 
of the antibody occurred. A 20 molar excess of f261-la- 
beled ETAC 13k was reacted with partially reduced anti- 
body at  room temperature. The reaction was stopped 
by freezing samples in a dry ice/acetone bath and stor- 
ing them frozen at  -70 "C until analyzed. Following gel 
electrophoresis and autoradiography, the dramatic equi- 
librium nature of this cross-linker was evident. The 12'1 
label had moved to the higher molecular mass protein 
bands over the time course at  pH 7 (Figure 5). The stained 
protein bands were cut from the gel and counted, and 
the percentage of the total recovered 1261 was plotted ver- 
sus each molecular mass a t  the 23-h time point (Figure 
6). 

At pH 7 and 6,85% of the total radioactivity was found 
in the higher molecular mass bands of 150 000, 125 000 

Da x Li.? * 
150- 
125- 
100- 4 

P 
7! 

5c 

25 

0 I 2 4 21 24 28 48 52 
h 

Figure 5. Autoradiograph of a nonreducing 5 1 5 %  polyacry- 
lamide SDS gel using Kodak xAR5 film for 18 h. Reaction 
conditions: partially reduced antibody, 20 molar excess of 1261- 
labeled ETAC 13k, pH 7, at room temperature. Reactions were 
stopped by freezing at -70 "C with samples taken at 1,2,4,21, 
24, 28,48, and 52 h. 
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Figure 6. The percent of total radioactivity incorporated into 
stained protein bands at pH 4-7. Reaction conditions: par- 
tially reduced antibody, 20 molar excess of "1-labeled ETAC 
13k, pH 4-7, overnight at room temperature. 

and 100 OOO Da. At pH 5,65% of the total activity was 
in the same molecular mass range, while a t  pH 4 only 
30% of the radioactivity was in that range. 

The 1251-labeled ETAC 13k incorporated in each molec- 
ular mass band was determined over the time course at  
pH 4 and 7 (Figure 7). The molecular distribution of 
1251-labeled ETAC 13k in the partially reduced antibody 
can be inferred from the various combinations of 12'I-la- 
beled heavy and light chains. At pH 7, the 12'1 was ini- 
tially found in the 50000-Da bands (heavy chain) and 
25 000-Da bands (light chain). Over the time course, 12'1- 
labeled ETAC 13k was found more in the 150 000- and 
125 000-Da bands, while decreasing in the 50 000- and 
25 000-Da bands. Incorporation of 1261-labeled ETAC 
13k into the intermediate 100 000- and 75 000-Da bands 
remained constant over the time course. A t  pH 4, the 
1261-labeled ETAC 13k incorporation is very low with the 
majority of the label in the 50 000-Da band and very lit- 
tle in the 150 OOO- or 125 000-Da bands (Figure 7). The 
greatest ratio of sulfhydryl to amine ETAC reactivity was 
previously determined to be at  pH 4. Unfortunately, the 
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Reaction conditions and samples taken as in Figure 6. 

kinetic study indicated that at pH 4 the 1251-labeled ETAC 
13k was incorporated as intrachain cross-links in the heavy 
chain. Site-directed interchain (hinge region) cross- 
linking at  pH 4 as measured by the radioactivity in the 
100 000-, 125 000-, and 150 000-Da stained-protein bands 
was very low. Therefore, to obtain the maximum hinge 
region sulfhydryl site directed ETAC modification while 
minimizing amine modification, pH 5 was chosen for the 
reaction of DTPA ETAC 13p with the monoclonal anti- 
body. 
DTPA ETAC 13p Modification. The amine and sulf- 

hydryl directed '"In-labeled DTPA ETAC 13p antibod- 
ies were HPLC purified (Figure 8) and assayed for immu- 
noreactivitv bv-a direct b&dinP assav and foiind to he ~~-~ __._. ~ ~. ~ - r r  - _-- - - - _ - - _  ---_ ---I - -- -- 
as immunoreactive as an iodinated control antibody. When 
the material was injected into CD1 mice, the sulfhydryl- 
directed "'In-labeled DTPA ETAC 13p antibody remained 
in the blood longer than the amine-directed 'llIn- 
labeled DTPA ETAC 13p antibody or lllIn-labeled bis 
cyclic anhydride DTPA modified antibody. The 'l'In- 
labeled bis cyclic anhydride DTPA modified antibody 
data was obtained from ref 26. The sulfhydryl-directed 
'"In-labeled DTPA ETAC 13p antibody showed signif- 
icantly higher liver accumulation a t  24 h. Clearance 
occurred through the kidney, especially for the 'l'In-la- 
beled bis cyclic anhydride DTPA modified antibody and 
the amine-directed "'In-labeled DTPA ETAC 13p anti- 
body, which had a significantly higher kidney accumu- 
lation than the sulfhydryl-directed lllIn-labeled DTPA 
ETAC 13p antibody. Overall, the sulfhydryl-modified 
ll'In-labeled DTPA ETA@ 13p antibody cleared more 
slowly from the blood and liver whereas the amine-mod- 
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min 

Figure 8. The SEC HPLC analysis of purified "'In-labeled 
DTPA ETAC 13p antibody on a GF250 (Du Pont) column: 
'"In trace (- -), pen offset approximately 1 min, and absor- 
bance a t  280 nm (-). 
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Figure 9. The percent injected dose/g tissue (?% ID/g) deter- 
mined for 'llIn-labeled DTPA ETAC antibody and "'In- 
labeled bis cyclic anhydride DTPA modified antibody in blood, 
liver, and kidney a t  24 h: (1) "'In-labeled bis cyclic anhydride 
DTPA modified antibody (from Brown et al., 1986); (2) unre- 
duced, amine-directed 'l'In-labeled DTPA ETAC 13p anti- 
body; and (3) partially reduced, sulfhydryl-directed '"In- 
labeled DTPA ETAC 13p antibody. 

ified 'llIn-labeled DTPA ETAC 13p antibody cleared more 
rapidly from the blood via the kidney (Figure 9). 

DISCUSSION 
The design of these ETAC reagents evolved from many 

trial structures. The keto group was chosen as the acti- 
vating function for the ETAC reagents because of its sig- 
nificantly greater reactivity than ester, amide, or nitro- 
phenyl groups and because it could be conveniently reduced 
in aqueous media to an alcohol function, thus prevent- 
ing retro-Michael reactions and effectively trapping the 
cross-linker in the protein if that were necessary. Most 
other activating functions that have the appropriate reac- 
tivity do not allow this option. Reductive trapping is 
not necessary for SH alkylations in B6.2. The use of deriv- 
atives of acetophenone allowed easy synthesis of ETAC 
molecules with additional functions on the aromatic ring 
that could be used to append appropriate functionalities 
for radiolabeling. The sulfone group was used as the leav- 
ing group for synthetic convenience and for providing 
groups that serve simultaneously as latent functions for 
double bond development. These sulfone sites can be 
easily exchanged by a sequence involving retro-Michael 
of a sulfinic acid moiety, thiol addition to the conju- 
gated double bond with subsequent retro-Michael of the 
remaining sulfone, followed by Michael addition of another 
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thiol to the new conjugated double bond. Finally, the 
bis-thioether formed can then be oxidized to the new bis- 
sulfone. This allows the synthesis of a wide variety of 
derivatives of these ETAC reagents from a single precur- 
sor. 

We focused upon the synthetic linking of the ETAC 
moiety to radiolabeled and chelating groups through car- 
boxyl ETAC 13i reagent because of the poor nucleophi- 
lity of the amine in the amino derivative. The chemis- 
try and attachment of certain dye marker bioprobes will 
be discussed in future papers.' 

The monoclonal antibody used in this study, B6.2, does 
not have any free sulfhydryl groups in its native form 
based on 2,2'-dithiodipyridine analyses. ETAC cross- 
linking with unreduced antibody, as assayed via SEC 
HPLC and SDS gel electrophoresis, strongly suggests that 
available nucleophilic surface groups, in all likelihood the 
amino groups of lysine, have reacted with the ETAC 
reagents, resulting in inter- and intraantibody cross- 
linking. Since 10 mol of sulfhydryls were generated per 
mol of B6.2 and ETAC reactions were a t  a 10 molar excess 
of ETAC to antibody, then only 5 intraantibody cross- 
links per antibody molecule were possible. Our data shows 
the presence of cross-linked antibody a t  the low molar 
excesses used in the modification reactions (lo-' M ETAC 
and 10* M antibody). Classic protein cross-linking reac- 
tions with glutaraldehyde, dimethyl suberimidate, etc. 
involve millimolar levels of cross-linker to micromolar lev- 
els of protein. The ETAC reagents are more effective 
cross-linkers a t  low concentrations possibly due to their 
equilibrium-transfer characteristic. 

The data suggest that, in contrast to the ETAC cross- 
linked to sulfhydryls, the ETAC cross-linked to the amine 
groups of lysine were lost on reducing SDS gels, presum- 
ably by transfer to the 2-mercaptoethanol in the SDS 
electrophoresis sample buffer (19), which was about 0.5 
M in the prepared antibody samples prior to boiling and 
electrophoresis. We also observed the result of lZ5I-la- 
beled ETAC 13k equilibrium transfer from 25 000- and 
50 000-Da species (light and heavy chains) to intact anti- 
body. A t  pH 4 a similar transfer did not occur. A t  the 
lower pH, the amine groups of lysine are protonated and 
the SH groups are poor nucleophiles, which makes the 
transfer of ETAC reagents very slow. ETAC transfer 
behavior from amine to sulfhydryl group$ both in model 
compounds and in ribonuclease has been previously doc- 
umented (9). Once the ETAC reagent had reacted with 
the sulfhydryl groups in partially reduced antibody, a 
relatively stable bond was formed. This was very evi- 
dent in the higher molecular mass bands seen on the reduc- 
ing SDS gels, which represented strong indirect evi- 
dence of cross-linking. The smaller amounts of cross- 
linked protein bands at  75 000 and 125 000 Da (one heavy 
and one light chain; two heavy and one light chain) sug- 
gested that some of the intraantibody cross-linking was 
occurring in the hinge region of the heavy chains. The 
disulfide bridges there are preferentially reduced (10, 
11) and easily subject to further chemical modification 
with sulfhydryl modification reagents. In view of the equi- 
librium-transfer nature of these reagents, and their short 
length, it is probable that the cross-links formed in the 
partially reduced antibody do not significantly perturb 
the bridging domains found in the native molecular con- 
formation. 

The more rapid blood clearance of the amine-directed 
"'In-labeled DTPA ETAC 13p compared to the sulfhy- 
dryl-directed '"In-labeled DTPA ETAC 13p may be due 
to the presence of sulfhydryl groups of both protein and 
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nonprotein small molecules (especially glutathione) found 
in mouse plasma (27) at 96 f 11 pM and 18 f 3 gM, 
respectively. The available sulfhydryl groups would be 
expected to react with and displace the amine-directed 
'"In-labeled DTPA ETAC from the antibody. In the 
case of the smaller molecules, for example glutathione 
(307 Da), the resultant complex would be a radical alter- 
ation compared to the modification of a large molecule 
such as serum albumin, about 66 000 Da, containing about 
1 sulfhydryl per mol (28). Enhanced kidney clearance 
of the '"In-DTPA-ETAC-small molecule complexes 
would be expected and was observed. Although this expla- 
nation is reasonable, numerous other mechanisms oper- 
ate in vivo for metabolizing organic compounds such as 
DTPA ETAC 13p and heavy metals such as In. Their 
overall contribution to the metabolism and blood clear- 
ance of the lllIn-DTPA-ETAC-antibody complex is 
unknown. 

Higher pH resulted in a generally greater level of ETAC 
cross-linking as seen in Table 11. This was probably due 
to pH effects on both the sulfhydryl and lysine amino 
groups of the antibody as well as an activation of the 
ETACs. Deprotonation of the sulfhydryl and lysine amino 
groups will make them more reactive nucleophiles. The 
higher level of lysine amino based cross-linking was prob- 
ably due to the fact that there are more lysines, about 
86, per mol of B6.2 antibody than available cysteine sulf- 
hydryls in the partially reduced antibody, about 10, based 
on 2,2'-dithiodipyridine analyses. Also, it is more likely 
that the charged lysine amino groups are mostly surface 
available, resulting in enhanced interantibody cross- 
linking, whereas the sulfhydryl groups derived from 
reduced cystine cross-links are mostly on the interior of 
the antibody, resulting in more intraantibody cross- 
linking which would not be detected by SEC HPLC. 
Higher pH also increases ETAC reactivity by enhancing 
the elimination of the sulfone moiety, yielding a mole- 
cule more readily subject to nucleophilic attack. 

Various substitutions on both the sulfone leaving group 
and on the activating aromatic ketone group signifi- 
cantly influenced the ETAC cross-linking reaction. The 
m-amino aromatic ketone substituted ETACs 131 and 
13m were very poor cross-linkers of the B6.2 antibody. 
This may be due to a chemical-electronic effect causing 
a reduced electrophilic character of the carbonyl of the 
acetophenone, or it may be a question of the electronics 
of the -SH cross-linking domain in the protein. The more 
electron-withdrawing ETACs 13c,e,f,h,i are much more 
effective cross-linkers of this antibody. 

Examination of ETAC cross-linked protein via SEC 
HPLC, SDS polyacrylamide gel electrophoresis, and ELISA 
revealed that (1) both interantibody as well as intraanti- 
body cross-linking had occurred, (2) the level of inter- 
antibody and intraantibody cross-linking varied with the 
substituent on the ETAC, (3) the stability of the cross- 
links on the reducing SDS gels varied with substituents 
on the ETAC, and (4) little if any immunoreactivity was 
lost after reaction with one of the more effective ETAC 
cross-linking compounds. 

The preservation of virtually all immunoreactivity after 
the reaction of partially reduced antibody with an ETAC 
is suggestive of their site direction away from the anti- 
gen binding site. This preservation of immunoreactiv- 
ity is important in that modified ETACs can be used to 
conjugate chelators or other molecules in a site-directed 
fashion while simultaneously stabilizing the structure of 
the partially reduced antibody. This was demonstrated 
with the 'l'In-labeled DTPA ETAC 13p modified anti- 
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body in a biodistribution study. It should be noted that 
a double ETAC capable of four bifunctional bonds, i.e., 
two cross-links, would be useful for conjugating proteins 
and other molecules to one another in a site-directed fash- 
ion while stabilizing both molecules. 
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Sulfhydryl Site-Specific Cross-Linking and Labeling of Monoclonal 
Antibodies by a Fluorescent Equilibrium Transfer Alkylation 
Cross-Link Reagent 

Renato B. del Rosario,t Richard L. Wahl,*lt Stephen J. Brocchini,$ Richard G. Lawton,t 
and Richard H. Smitht 

Division of Nuclear Medicine, Department of Internal Medicine, University of Michigan Medical Center, 
Ann Arbor, Michigan 48109-0028, and Department of Chemistry, University of Michigan, 
Ann Arbor, Michigan 48109. Received July 20, 1989 

The site-specific intramolecular cross-linking of sulfhydryls of monoclonal antibodies via a new class 
of “equilibrium transfer alkylation cross-link (ETAC) reagents” is described. Following complete or 
partial reduction of interchain disulfides with dithiothreitol (DTT), two murine IgG2a monoclonal 
antibodies, 225.288 and 5G6.4, were reacted with a,a-bis[ (p-tolylsulfonyl)methyl]-m-aminoacetophe- 
none (ETAC la) and a fluorescent conjugated derivative, sulforhodamine B m-(a,a-bis(p-tolylsulfo- 
nylmethy1)acetyl)anilide derivative (ETAC lb). Reducing SDS-polyacrylamide gel electrophoresis 
analysis of the products from lb indicated the formation of S-ETAC-S interchain heavy and light 
chain cross-links (-23-34% overall yield by video-camera densitometry) which do not undergo dis- 
ulfide-thiol exchange with DTT at 100 OC. In contrast, no interchain cross-links were observed upon 
reaction of unreduced or reduced antibody wherein the thiols have been previously alkylated with 
iodoacetamide. These results indicated site-specific cross-linking of interchain sulfhydryls and places 
their distance within 3-4 A. Flow cytometry of the ETAC lb 5G6.4 cross-linked product using 77 
IP3 human ovarian carcinoma target cells showed positive binding and retention of immunoreactiv- 
ity. The in vivo biodistributions of 1311-labeled intact 5G6.4 and 1251-labeled reduced 5616.4 + ETAC 
la product in rats were essentially identical over a period of 24 h. The present study illustrates the 
potential applications of labelable ETAC reagents as thiol-specific probes for a wide variety of immu- 
nological studies. 

The search for site-specific methods of introducing labels 
into monoclonal antibodies is currently an area of intense 
interest in immunochemical research. While traditional 
“random” methods of labeling are commonly achieved 
by conjugation to protein lysyl €-amino groups (1-4) and 
radioiodination of tyrosines (5-7), more recent work has 
targeted carbohydrate (aldehyde) and sulfhydryl (cys- 
teine) functionalities (8-10). A primary impetus for tar- 
geting these latter residues is that “tagging” is directed 
regiospecifically and away from the antigen combining 
regions. This may avoid unwanted chemical reactions 
which can arise from random labeling procedures and 
potentially may yield labeled antibodies with higher immu- 
noreactivities. This feature is especially important in bio- 
chemical applications of immunoconjugates and radio- 
imaging where diminishment of immunoreactivity can lead 
to poor target localization. Alkylation of reduced disul- 
fides is particularly attractive because of the greater nucleo- 
philicity of thiols over amines and the possibility for selec- 
tive alkylation of different types of interchain disulfides 

A major limiting factor in the development of thiol- 
specific labeling techniques is the scarcity of thiol-reac- 
tive reagents. The recent synthesis of new N-substi- 
tuted aromatic maleimide derivatives (9,lO) and crabes- 
cein (15) represent a promising class of organic compounds. 
We have recently reported our success with the sulfhy- 
dryl site-specific labeling of partially reduced mono- 
clonal antibodies with biotin (16,17). An additional caveat 
in thiol-directed labeling is that alkylation occurs with 

(1 1-1 4). 
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concomitant and irreversible cleavage of interchain dis- 
ulfide bonds. Cleavage of these covalent bonds may 
adversely affect not only the overall stability of the nat- 
ural conformation of the antibody but can also diminish 
immunoreactivity if substantial dissociation of comple- 
mentary heavy and light chains ensues. A plausible solu- 
tion to this problem is design of reagents which carry 
the desired label and have thiol-specific cross-linking prop- 
erties. 

In this paper we describe the reactions of reduced dis- 
ulfides of two murine monoclonal antibodies, 225.288 and 
506.4, with a new class of cross-linking reagents charac- 
terized as “equilibrium transfer alkylation cross-link” 
(ETAC) reagents (18-20). The compounds in the present 
study are structurally and mechanistically similar to the 
earlier prototypes (18) and are designated in Figure 1. 
The insertion of ETAC 1 type compounds into reduced 
disulfide bonds of interchain IgG heavy chains is depicted 
in Scheme I. Compounds of type 1 are unique in that 
they possess an amine functionality on the aromatic ring 
attached to the bridge which serves as a chemical carrier 
for introduction of a desired label. We illustrate the poten- 
tial of this structural feature with the synthesis of its 
rhodamine conjugate, lb. Details of the syntheses and 
chemistry of the other structurally related extended ETAC 
compounds are described elsewhere (19). 

EXPERIMENTAL PROCEDURES 
a,a-Bis[ (tolylsulfonyl)methyl]-m-aminoacetophe- 

none (ETAC la). Bis[(p-tolylsulfonyl)methyl]-m-nitro- 
acetophenone (20) (0.5 g, 1.0 mmol) was finely ground in 
a mortar and this fine powder was then dispersed in a 
solution of 25 mL of absolute ethanol and 1 mL of gla- 
cial acetic acid, forming a white suspension. This sus- 
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Figure 1. Chemical structures of ETAC compounds: a,a-bis[ ( p -  
tolylsulfonyl)methyl]-m-aminoacetophenone (la) and tetraeth- 
ylrhodamine derivative lb. 

pension was added to a stirring suspension of 5% Pd/C 
(0.05 g) in 15 mL of absolute ethanol under a hydrogen 
atmosphere a t  ambient temperature. The reaction mix- 
ture was maintained under a slight positive pressure of 
hydrogen for 24 h as determined by a differential min- 
eral oil manometer. The Pd/C catalyst was then fil- 
tered by gravity through Celite and the filtrate was roto- 
evaporated. Absolute ethanol (10-20 mL) was used to 
wash the filter cake, and the washings were added to the 
residue and again evaporated in vacuo, leaving 0.18 g (38%) 
of solid product (mp 143-144 "C). Less pure material 
was obtained if the Pd/C catalyst was allowed to soak 
in chloroform and then again filtered by gravity. The 
chloroform filtrate yielded material with very little dif- 
ference by spectroscopic analyses and crude yields were 
increased to 70-7570. ETAC la: IR (Nicolet 5DX and 
5DX-B FT-IR) (KBr, cm-') 3473,3378,1683,1596,1291, 
1149,1085; 'H NMR (Bruker WM 360 and AM 300 MHz, 
CDC1,) 6 2.46 (s, 6 H), 3.54 (AB q, 4 H, JAB = 6.31, 6.28 
Hz), 4.26 (t, 1 H, J = 6.27 Hz), 6.82 (d, 1 H), 6.92 (d, 1 
H), 7.00 (s, 1 H), 7.07 (t, 1 H, J = 7.79 Hz), 7.52 (AB q, 
8 H, JAB = 8.02 Hz); 13C NMR (CDC1,) 6 195.3, 147.1, 
145.3,135.4,130.1,129.1,128.44,128.38, 120.6,118.2,114.2, 
55.3, 35.6, 20.7; MS (Finnigan 4021 GC-MS system) m /  
e (relative intensity, EI) 471 (Me+, 0.071, 278 (18.4), 246 
(20.9), 160 (38.4), 155 (16.9), 139 (70.3), 120 (47.2), 91 
(100.0). 

Sulforhodamine B m-[a,cr-Bis[(ptolylsulfonyl)- 
methyl]acetyl]anilide Derivatives (ETAC lb).  a,a- 
Bis[ (p-tolylsulfonyl)methyl]-m-aminoacetophenone (la; 
100 mg, 0.21 mmol) was dissolved in 2 mL of pyridine 
and to this solution was added 120 mg (0.20 mmol) of 
the sulfonyl chloride derivative of sulforhodamine B 
(Kodak). A trace of 4-(dimethylamino)pyridine was added 
and the mixture was stirred overnight at  room tempera- 
ture. A few drops of water was added and the mixture 
continued to stir for 2 h. The intensely colored solution 
was diluted with chloroform and treated with 10% HC1. 
The chloroform layer was washed with 10% HC1 several 
times and then, after drying over anhydrous sodium sul- 
fate, evaporated to give 130 mg of a dark purple foam 
after vacuum drying (0.01 mm) for 6 h. This material 
was essentially homogeneous by TLC in CHC1,/ 
methanol ( lo/  l ) ,  showing an intense orange-red fluores- 
cent spot at  R, 0.43 and a trace of an orange fluorescent 
spot at  R, 0.64 believed to be the Michael elimination 
product from the bis-sulfone moiety. ETAC lb: 'H NMR 
(CDCl,) 6 1.28 (br t,  1 2  H), 2.48 (s, 6 H), 3.50 (m, 8 H) 
overlaps 3.54 (m, 4 H), 4.20 (p, 1 H),  peaks a t  6.62, 6.92, 
7.00, 7.16 superimposed on 7.35 (A of AB q, 4 H), 7.65 

(B of AB q, 4 H); FAB-MS (VG Instruments 702-508) 
m / e  (relative intensity, FAB) 1012 (MH+, 13.0), 855 
(MH+ - S02CGH4CH3, 1.75). 

Isolation and Purification of 225.289 and 5G6.4. 
225.288 is an IgG2ak murine monoclonal antibody reac- 
tive with the high molecular weight antigen of mela- 
noma (21). Hybridoma cells producing this reagent were 
grown in pristane-primed (Aldrich) Balb/c mice as ascites 
and then purified by staphylococcal protein A chroma- 
tography (22). The antibody was eluted with 0.1 M cit- 
rate buffer (pH = 5) and directly reduced with DTT. 
5G6.4 is an IgG2a murine monoclonal antibody with pref- 
erential reactivity with ovarian and other epithelial can- 
cers and was similarly grown, purified, dialyzed, and con- 
centrated against 0.1 M sodium phosphate buffer (pH = 
7) (23). Protein concentrations were measured by using 
the method of Bradford with bovine serum albumin or 
bovine IgG (Bio-Rad) as reference standards (24). The 
purity and immunoreactivity of these preparations were 
regularly monitored by SDS-polyacrylamide gel electro- 
phoresis conducted under reducing conditions and flow 
cytometry analysis using a Coulter Epics instrument. 

Reductions and Reactions of Reduced Mono- 
clonal Antibody with ETAC 1. The procedure is illus- 
trated for the reactions of 225.283 and ETAC lb. To 
100 pL of 225.288 (-3.3 X M) was added by syringe 
2 pL of DTT (Aldrich or Sigma, 1.71 M). The mixture 
was allowed to incubate at  37 "C for 2-3 h and chromato- 
graphed through a 53/4 -in. glass pipet column contain- 
ing -2 mL of Sephadex G-25-150 which had been pre- 
viously allowed to equilibrate in 0.05 M Tris-HC1 (pH = 
8). The reaction mixture was collected in -200-250-1L 
fractions into tubes each containing 15 pL of ETAC lb 
(0.026 M) dissolved in DMSO (Sigma). The tubes were 
allowed to incubate a t  37 "C for -3 h after vortexing 
and were subsequently examined for protein content qual- 
itatively with Bradford's reagent (Bio-Rad). Fractions 
(normally 1 or 2) which gave a blue color were rechro- 
matographed separately with a similar desalting column 
as above. The ETAC lb labeled 225.288 fraction eluted 
as a blue-violet band, leaving excess reagent a t  the ori- 
gin of the column. 

Reactions of partially reduced 5G6.4 (-50-7O:l molar 
ratio of DTT to IgG2a, -5 h) antibody with lb  were 
similarly performed with the omission of the desalting 
step. Upon addition of an equimolar quantity of lb (to 
DTT), the mixture was vortexed and placed on a nuta- 
tor for overnight incubation a t  room temperature. The 
reaction mixtures were then spun in a microfuge for 15 
min to remove insoluble material prior to gel filtration 
chromatography. 

Yields of cross-linked products were estimated by video- 
camera densitometry at  the computer image analysis facil- 
ity of the University of Michigan Medical Center. With 
this technique, the Coomassie blue content of each frag- 
ment (e.g. H2L2) in lane A of Figure 3 was measured as 
a function of optical density and obtained as integrated 
areas with a program which allows for variable back- 
ground subtraction arising from nonuniform gel destain- 
ing. With use of the total integrated areas of heavy and 
light chains from a completely reduced sample of anti- 
body, a correction factor to incorporate the difference of 
Coomassie blue staining for a heavy (H) chain and a light 
(L) chain was calculated for each gel in determining H 
and L contributions on areas of whole fragments. FPLC 
(fast protein-liquid chromatography) analysis of chro- 
matographed product mixtures were run on a Pharma- 
cia P-500 system equipped with a single or a series of 
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two Superose 12 sizing columns with PBS (pH = 7.2) as 
eluting buffer and a flow rate of 24 mL/h. 

SDS-Polyacrylamide Gel Electrophoresis (SDS- 
PAGE) Analysis (25). SDS-polyacrylamide gel electro- 
phoresis was routinely performed with commercially avail- 
able Pharmacia 8-25% polyacrylamide gradient gels on 
a Pharmacia Phast System. Sample preparation typi- 
cally involved mixing 1 volume of protein sample with 
at least twice the volume of a Tris-HC1 (pH 6.8) buffer 
solution which contained 8% SDS (by weight), 20% glyc- 
erol (by weight), and 10% 2-mercaptoethanol (by vol- 
ume) or DTT (0.67 M) for reducing SDS-PAGE. These 
mixtures were heated for 2-3 min in a boiling-water bath 
or incubated at  37 "C for 24 h prior to electrophoresis. 
(Both reaction conditions led to complete reduction and 
dissociation of heavy and light chains of intact mono- 
clonal antibody.) Gels were stained with Coomassie blue. 

Biodistribution of 1311-Labeled 5G6.4 and 12'I-La- 
beled Reduced 506.4 + ETAC la  in Rats. Approxi- 
mately 40 pg (-3 X pmol) of 5G6.4 (Figure 4, lane 
B, E) and reduced 506.4 + ETAC l a  (Figure 4, lane B, 
F) were radioiodinated via the Iodogen (-20 pg; -4.5 X 

pmol, -20 min) method (6)  with carrier free iodide 
(ICN Biomedicals), purified by anion-exchange chroma- 
tography (Bio-Rad AG-l-X8,200-400 mesh), to give 1311- 
labeled 5G6.4 (-8 X lo6 mCi/pmol) and '251-labeled la- 
alkylated 5G6.4 (-1.2 X lo' pCi/pmol) which contained 
<1-2% free I- as determined by iodine TLC (ITLC) on 
a Bioscan System 200 Imaging Scanner. The immuno- 
reactivity of these radiolabeled preparations were in the 
highest range (40-60%) typically obtained for routine 
radioiodination of this antibody using a direct cell bind- 
ing assay on 77 IP3 ovarian target cells (-58% and -52% 
specific binding for 13'I-labeled 5G6.4 and 1251-labeled 
reduced 5G6.4 + la) (17). Size-exclusion radio-FPLC was 
performed with a Pharmacia Superose-12 column (24 mL/ 
h, PBS eluant) equipped with a Gilson microfraction- 
ator. One-minute fractions were collected and the activ- 
ity of each tube was measured on a Packard Minaxi 5000 
automatic y-counter. Radiochromatograms were con- 
structed by plotting activity vs fraction number (Figure 
6). Fifteen rats ( -  16-17 ) were each iv injected with 

and -25-28 mCi (-2.3 X pmol) of 1251-labeled 
reduced 5G6.4 + ETAC la. Five rats were sacrificed after 
1, 4, and 24 h postinjection and activities for liver, kid- 
ney, spleen, lung, leg muscle, small intestines, and blood 
on a per gram basis were measured (Figure 7). 

RESULTS 
The required reduction of the disulfide bonds of 225.288 

and 5G6.4 was carried out with dithiothreitol (DTT) in 
either citrate or phosphate buffers. The initial strategy 
for reactions of reduced antibody with compounds 1 was 
to chromatograph the reduction mixture through Sepha- 

-29-31 mCi (-3.7 X 10 -8 pmol) of 1311-labeled 5G6.4 

dex G-25 directly into DMSO solutions of 1 with Tris- 
HC1 or phosphate buffers as eluant. The extent of reduc- 
tion was monitored by alkylation of generated thiols with 
iodoacetamide and examination of the products by SDS- 
PAGE in the absence of reducing agents. Complete reduc- 
tion of all interchain disulfide bonds was effected by incu- 
bation of the IgG2a antibodies with - 1000 molar excess 
of DTT to protein for 2 h a t  37 "C (Figure 2, lane B). 

Cross-linking reactions of interchain thiols by ETAC 
reagents la,b were first examined for the IgG2a mono- 
clonal antibody 225.288. Preliminary experiments indi- 
cated that reoxidation of the reduced thiols of 225.288 
was competitive (Figure 2, lanes G-N) under the condi- 
tions used for the cross-linking reaction. Figure 2 (lanes 
G-N) shows the nonreducing SDS-PAGE of the result- 
ing product mixtures when samples of 225.288 in which 
all interchain disulfides have been reduced are chromato- 
graphed and allowed to air oxidize and then alkylated 
with iodoacetamide to block remaining thiols at varying 
time points (16). The product mixtures consisted of six 
bands which are assignable (with the migration taken from 
the top of the gel) to intact H2L2 (molecular weight z 
150 000) as well as successive degradations of H2L 
( ~ 1 2 5  000), H2 (-100 000), HL ( ~ 7 5  000), H ( ~ 5 0  000), 
and L (-25 000) chain fragments resulting from cleav- 
age of interchain disulfide bonds. We thought that this 
would provide a good opportunity to test the reactivity 
of ETAC reagents toward neighboring protein thiols in 
the presence of their "natural" reannealing properties under 
these reduction conditions. 

Whereas reducing (0.67 M DTT) SDS-PAGE of intact 
antibody at  100 "C for 2 min showed total cleavage of 
all interchain disulfide bonds, the ensuing cross-links 
remained stable under these conditions. The extent of 
cross-linking between interchain thiols was therefore con- 
veniently assessed by reducing SDS-PAGE of the chro- 
matographed cross-linked products. Identical results could 
also be obtained by incubation at  37 "C for 24 h prior to 
SDS-PAGE. (However, the higher temperature incuba- 
tion gave sharper bands.) In addition, a control reduc- 
tion of a large quantity of intact antibody using an iden- 
tical DTT and SDS concentration was run alongside for 
comparison at all times. 

Figure 2 (lane A) is illustrative of a typical SDS- 
PAGE analysis profile for the reaction product mixture 
obtained when 225.288 reduced with a - 1000 molar excess 
of DTT is chromatographed into a DMSO solution of 
cup-bis[ (p-tolylsulfonyl)methyl]-m-aminoacetophenone 
(ETAC la; -200 molar excess over original antibody con- 
centration) and incubated at 37 "C for -3 h in Tris-HC1 
(pH = 8). The cross-linked species could easily be dis- 
tinguished from heavy and light chain fragments since 
these latter two migrate furthest along the gel (migra- 
tion is from top to bottom of gel as shown). Figure 2, 
lane A, shows the presence of three additional product 
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fragments clearly visible under denaturing and reducing 
(DTT) conditions. Comparison of these bands with com- 
pletely reduced (lane B), unreduced (lane F) uncross- 
linked intact 225.283, and molecular weight standards 
(lanes C-E) indicate that the cross-linked species are 
approximately in the molecular mass range spanned by 
the HL, H2, and H2L units (molecular weight = 70 000- 
125 000). (The presence of an additiorial very faint band 
of mass approximately equal to that of H2L2 not visible 
in lane A of Figure 2 can sometimes be detected.) Fur- 
thermore, the order, spacing, and migration pattern for 
the cross-linked reaction product mixture (Figure 1, lane 
A) resembles those observed for nonreducing SDS- 
PAGE analysis (under identical conditions) of freshly pre- 
pared samples of reduced heavy and light chains of 225.288 
which had been allowed to reanneal and were then alky- 
lated with iodoacetamide (Figure 2, lanes G N ) .  The sim- 
ilarity suggests that the molecular mass of the product 
fragments are approximately 125 000,100 000, and 75 000 
and consistent with both H-H and H-L cross-links. The 
short distance span of ETAC 1 type reagents and the 
generally accepted hypothesis that heavy and light chains 
of an IgG molecule remain intimately associated by non- 
covalent attractions even after cleavage of all interchain 
disulfides suggests that the reaction products were intramo- 
lecularly cross-linked H2L2, H2L, H2, and HL antibody 
fragments (16,26,27). In this connection, we have also 
observed (by FPLC and SDS-PAGE) that reduced and 
iodoacetyl-alkylated heavy and light chains of antibody 
do not undergo complete dissociation except under strong 
denaturing conditions at  elevated temperatures (16,17). 

For the purpose of ETAC labeling of monoclonal anti- 
bodies, it was important to know if attachment of a fairly 
bulky substituent to parent ETAC reagents (e.g. lb) would 
affect the steric requirements of the desired interchain 
cross-linking reactions. Therefore, we chose to focus on 
the cross-linking reactions of ETAC lb  with 225.288 (and 
5G6.4). The prototype fluorescent conjugate ETAC lb 
was readily prepared by the N-sulfonylation of ETAC 
la  by the sulfonyl chloride derivative of sulforhodamine 
B (eq 1). Reducing SDS-PAGE analysis of products from 

1'1 
the reactions of both reduced 225.283 and 566.4 with lb 
gave very similar gel profiles. Lanes A and B of Figure 
3 show the corresponding SDS-PAGE profile of the chro- 
matographed product mixture when 225.288 reduced with 
-1000 molar excess of DTT is chromatographed into 
DMSO solutions of ETAC lb (-120 molar excess over 
IgG2a). As in the case for ETAC la, three bands are 
clearly evident in the expected region for cross-linked 
products (75 000-150 000 molecular weight range). Lane 
C of Figure 3 shows the control DTT reduction of intact 
225.288 under identical SDS denaturing conditions. 

Evidence for the thiol site specificity of the interchain 
cross-linking process by ETAC reagents came from stud- 
ies of the reactions of unreduced 225.283 and a corre- 
sponding iodoacetamide-alkylated mixture of heavy and 
light chains with excess ETAC lb. Lane D of Figure 3 
shows the data profile of the chromatographed product 
mixture obtained when unreduced 225.288 was incu- 

A B C D E F  G H  I J K L M N  
Figure 2. Lane designations: A, reducing (DTT) SDS-PAGE 
analysis of the reaction product of ETAC la with 225.288 with 
complete reduction of all interchain disulfide bonds; B, intact 
225.288 under identical reducing and SDS denaturing condi- 
tions; C, carbonic anhydrase (MW = 29 000); D, bovine serum 
albumin (MW = 67 000); E, phosphorylase B (MW = 97 O00); 
F, intact (unreduced) 225.288 under SDS denaturing condi- 
tions; G N ,  SDS-PAGE (nonreducing media) analysis of chro- 
matographed samples of 225.288 following reduction of all inter- 
chain disulfides and which were allowed to reoxidize and were 
alkylated with iodoacetamide a t  varying time points (-3 h). 

bated with -130 molar excess of ETAC lb  for 2 h a t  37 
"C along with the control (Figure 3, lane E). The only 
bands observed are identical with those of heavy and light 
chain fragments while bands of higher mass were unde- 
tectable. Lanes F and G of Figure 3 show the reducing 
SDS-PAGE of the chromatographed final product mix- 
ture (after incubation with ETAC lb) when 225.288 
reduced with -1000 molar excess of DTT was first 
quenched with excess iodoacetamide overnight a t  4 "C 
to block available thiols before chromatography into solu- 
tions of ETAC lb. Again only bands arising from com- 
plete reduction of all interchain bands were observed. 
The stabilized ETAC 1 cross-links in 225.288 are there- 
fore predominantly among neighboring thiols (18). 

The relative quantities of cross-linked species in the 
reduced 225.288 + ETAC lb  (Figure 3, lane A) prepara- 
tion were determined by video-camera densitometry and 
computer image analysis of the data profile. The inte- 
grated area of each band with mass >50 000 (heavy chain, 
second band from the bottom of the gel) represented the 
quantity of cross-linked product of mass = the HL, H2, 
H2L, and H2L2 (very faint by visual inspection) mass 
with respect to the entire mixture of fragments. For lane 
A on Figure 3, this method gave -1.3% (H2L2), -3.9% 
(H2L), -9.2% (H2), and -8.8% (HL), which corre- 
sponded to a total yield of -23% cross-linked products. 
The relative H and L chain content in each cross-linked 
species is proportional to percent area of cross-linked frag- 
ment X fraction of H (or L) chains in a given fragment 
{e.g. 2H/[2 X H/(area of 1 heavy chain/area of 1 light 
chain) + 2H] for H2L2 as corrected for the higher absor- 
bance of H vs L; see the Experimental Procedures). Sum- 
mation of each contribution from H2L2, H2L, H2, and 
HL bands gives a -30% yield for heavy and - 15% for 
light chains with respect to the total quantity of heavy 
and light chains in the product mixture (%H/ %L = 2). 
Similarly, the proportion of heavy-heavy (H-H) and 
heavy-light (H-L) linkages can be estimated from the 
ratio of total area for H-H fragments/total area for H- 
L fragments. This calculation gives an H-H/H-L ratio 
= 1. The above ratios suggest that there is no large pref- 
erence for heavy-heavy vs heavy-light cross-linking in 
reactions with completely reduced 225.288 although the 
number of cross-linked heavy chains is significantly higher 
than that of light chains. 

Although the above experiments successfully demon- 
strated the thiol site specificity of ETAC 1 type com- 
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A B C D E F G H  I 
Figure 3. Lane designations: A and B, reducing (DTT) SDS- 
PAGE analysis of completely reduced 225.288 + ETAC lb  prod- 
uct mixture; C, intact 225.288 in the presence of an equivalent 
quantity of DTT and SDS (control); D, reducing (DTT) SDS- 
PAGE of unreduced 225.283 + ETAC lb  product mixture; E, 
control reduction of 225.28s for comparison to D; F and G, reduc- 
ing (DTT) SDS-PAGE of reaction product mixtures from iodoac- 
etamide-alkylated reduced 225.283 + ETAC lb; H, control reduc- 
tion of 225.283 for comparison to F and G; I, intact 225.283. 

A B C D E F G H I  
Figure 4. Lane designations: A, Pharmacia molecular mass 
standards were used (from top to bottom) were phosphorylase 
b (94 OOO), bovine serum albumin (67 OOO), ovalbumin (43 OOO), 
carbonic anhydrase (30 OOO), soybean trypsin inhibitor (20 loo), 
a-lactalbumin (14 400); B, nonreducing SDS-PAGE of intact 
5G6.4; C, nonreducing SDS-PAGE of reduced 5G6.4 + ETAC 
la  product mixture; D, reducing SDS-PAGE of intact 5G6.4; 
E, reducing SDS-PAGE of reduced 5G6.4 + ETAC la  product 
mixture; F-I, exact corresponding SDS-PAGE analysis for 5G6.4 
and reduced 5G6.4 + ETAC lb. 

pounds, there were two practical limitations of the label- 
ing procedure. First, the preparation and isolation of the 
cross-linked antibodies required chromatography at  least 
twice and the quantity of ETAC reagent used always 
exceeded the actual amount needed for cross-linking. This 
was necessary to ensure that all reduced species from siz- 
ing chromatography were trapped by ETAC. The desalt- 
ing chromatography step after DTT reduction also led 
to variable protein dilution and loss. It was also desir- 
able to have a procedure that could be more easily adapted 
for scale up involving larger columns and longer periods 
of chromatography. 

To address three issues we simplified the procedure 
by employing a strategy which involved a longer reduc- 
tion period (-5 h) and lower DTT concentrations (-50- 
70 molar excess over IgG2a). The major difference was 
that a stoichiometric quantity of ETAC reagent (with 
respect to DTT concentration) was added after the reduc- 
tion period and the mixture was allowed to incubate over- 
night at  37 “C prior to chromatography. Since la,b were 
only fairly soluble in aqueous DMSO solutions, the use 
of lower ETAC concentrations also minimized unwanted 
precipitation during the reaction. 

Figure 4 depicts the nonreducing and reducing SDS- 
PAGE analysis of the product mixtures upon the appli- 
cation of this technique to the antiovarian IgG2a anti- 
body 566.4 + ETAC l a  and lb. Following reduction 
with a 70-fold molar excess of DTT, video-camera den- 
sitometry and image analysis of the product mixture from 

A. [I-1311 506.4 
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0 a, 40 (0 

” 1 B. [I-125] reduci  506.4 + la 

1OOOOO - 

0 10 40 (0 8) 

fraction numbcr (min.) 

Figure 5. Size-exclusion radio-FPLC profile of radioiodinated 
5G6.4 (A) and reduced 5G6.4 + ETAC la  product B. 

lb  gave a -34% yield of cross-linked products distrib- 
uted among H2L2 (<1%), H2L (-7.3%), H2 (-18%)) 
and HL (-8.9%) mass fragments. Calculations using 
arguments discussed above gave an H-H/H-L cross- 
linking ratio = 2 with -44% and -13% yield, respec- 
tively, for heavy and light chain distribution. For ETAC 
la, the overall yield of cross-linked products was -43% 
distributed among H2L2 (-1.3%), H2L (-12%), H2 
(-22%), and HL (-7.2%) fragments with a H-H/H-L 
ratio = 2. Radioiodination of this reduced 5G6.4 + ETAC 
l a  product mixture a t  high specific activity (-80 mCi/ 
mg) yielded a single peak by size-exclusion radio-FPLC 
with an elution time identical with that of radioiodi- 
nated intact 566.4 (Figure 5). 

With the rhodamine ETAC lb  on hand and in view of 
the availability of 77 IP3 human ovarian carcinoma tar- 
get cells (expressing an antigen recognized by the antio- 
varian monoclonal antibody 566.4) in our laboratories 
(28), we examined the binding characteristics of ETAC 
lb  cross-linked 566.4 preparations using flow cytometry 
analysis by measurement of fluorescence from both flu- 
orescein (using a secondary antimouse antibody probe) 
and rhodamine independently. The results of these exper- 
iments are shown in Figure 6 and summarized in Table 
I. When the cells were separately incubated with intact 
5G6.4 or 5G6.4 containing -25% ETAC lb  cross-linked 
products and then probed with fluorescein IgG2a- 
specific antimouse antibody, no significant difference in 
the mean fluorescence was observed (Figure 6A). In 
another experiment, the rhodamine fluorescence of “active” 
and 5G6.4 “blocked” cells (Figure 6B) incubated with the 
ETAC lb  cross-linked 5G6.4 were compared. In spite of 
the relatively high red autofluorescence normally observed 
for 77 IP3 cells, an increase of -30-40 fluorescent units 
(Table I) was clearly visible (Figure 6B) due to the lb  
rhodamine conjugated 5G6.4 relative to the negative con- 
trol used. These experiments qualitatively indicated that 
the ETAC 1 b cross-linking procedure yielded immuno- 
reactive rhodamine-labeled antibodies and that there did 
not appear to be a significant difference in immunoreac- 
tivity between the labeled and unlabeled antibody mix- 
ture. 
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Figure 6. Flow cytometry of reduced 5G6.4 + ETAC lb: (A) 
combined plots of observed green fluorescence from IP3 cells 
incubated separately with reduced 5G6.4 + l b  and intact 5G6.4 
followed with fluorescein-IgGZa specific antimouse antibody (note 
superimposition of both plots). Fluorescence was measured with 
cells + buffer as a negative control and by using specific anti- 
body concentrations of lo* pmol/mL. (B) Red (rhodamine) 
fluorescence data from IP3 cells preblocked with excess 5G6.4 
(i) and unblocked cells (ii) following treatment with reduced 
5G6.4 + lb preparations. 

Table I. Comparative Flow Cytometry Data for 566.4 and 
Reduced 5G6.4 + ETAC lb 

mean ("FITC") fluorescence 
5G6.4( untreated)" 
1 b-cross-linked 5G6.4 

156 
156 

[1&5G6.41, rglmL mean ("RITC") fluorescence 
3 
3 
30 
30 

118 (unblocked) 
81 (blocked) 
124 (unblocked) 
99 (blocked) 

"Results are the average of two flow runs employing 2-3 pg 
(- lo4 pmol) of 5G6.4 per -4 X lo6 cells against background auto 
fluorescence (measured as 40-60 fluorescence units) from cells + 
buffer. 

As an additional experiment to determine the effect 
of ETAC 1 cross-linking on the in vivo behavior of the 
modified antibody, a time-course comparison of the nor- 
mal tissue and blood biodistribution of 1311-labeled 566.4 
(control) with f2SI-labeled reduced 566.4 + la  was under- 
taken (Figure 7) in rats. The animal model study revealed 
no significant differences in tissue activity uptake over 
a period of 24 h. These results are consistent with no 
substantial alteration of the antibody structure under the 
reaction conditions of reduction and cross-linking. 

DISCUSSION 
X-ray crystallographic data of IgGs indicate the pres- 

ence of "cavities" near the disulfides of the hinge region 
which are spacious enough to accommodate small organic 
molecules (or labels) without disruption of the tertiary 
protein structure (29, 30). The disulfide-thiol inter- 
change cross-linking of sulfhydryls in the hinge region of 
an IgG2a monoclonal antibody by crabescein (15) as 
reported by Packard and co-workers lends support to this 
observation. Very recently, Brennan also exploited the 
high reactivity of reduced sulfhydryls in his preparation 
of F(ab),-Ellman's reagent-thiol protected fragments from 
an IgGl monoclonal antibody (31). 

Over the past 10 years, the syntheses and reaction chem- 
istry of equilibrium transfer alkylating crosslink reagents 
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Figure 7. Biodistribution of reduced 5G6.4 + ETAC la prod- 
uct and 5G6.4 (control) at three time periods after iv injection. 
Values given are for n = 5 rats, with standard errors of the 
mean. 

have been developed by Lawton and co-workers (18,19). 
By virtue of their ability to undergo consecutive Michael 
and retro-Michael type reactions, these compounds can 
"skip" or "pivot" along a series of nucleophilic sites on a 
protein chain and can provide insight into the nature of 
the most stable cross-links as well as changes in confor- 
mation. Thus, the unlabeled ETACs are by themselves 
powerful molecular tools for studying protein structure. 
Earlier structural analogues of ETAC la,b have already 
been successfully utilized in a detailed study of intra- 
and intermolecular cross-linking of the unreduced and 
reduced forms of ribonuclease. This present study was 
undertaken in part to assess the potential applications 
of ETAC technology in labeling monoclonal antibodies 
and a fluorescent probe seemed most advantageous and 
efficient. 

Previous work on earlier analogues of ETAC la,b and 
their reactions with small organic nitrogen (e.g. amines) 
and thiol nucleophiles demonstrated a clear kinetic pref- 
erence for thiols (18). The cross-linking reactions of unre- 
duced and reduced ribonuclease with these earlier com- 
pounds also manifested this selectively. A key observa- 
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Scheme 11. Proposed Mechanistic Pathway for the Cross-Linking of Sulfhydryls in Monoclonal Antibodies by ETAC 
Reagents 
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tion in the same study that bears on the present work 
was that a substantially higher degree of intermolecular 
cross-linking was obtained with completely reduced ribo- 
nuclease. A notable feature of the ETAC reagents is that 
even if they add to lysine t-amino groups, at pH = 8 they 
have a high propensity to transfer to cysteine SH groups 
(18) since the protonated amine functions are good leav- 
ing groups in the retro-Michael process. The site- 
specific cross-linking of interchain sulfhydryls in the mon- 
oclonal antibody 225.288 in the presence of a competi- 
tive reannealing process is clear evidence for the high 
reactivity of ETAC la,b toward thiols and the stability 
of these cross-links. The stability of these cross-links is 
also reflected by our ability to observe cross-link bands 
when SDS-PAGE was performed on samples which have 
been heated to 100 "C for 30 min. 

The proposed reaction pathway for the cross-linking 
of sulfhydryls from reduced cysteines with compound 1 
is shown schematically in Scheme I1 (18, 19). By anal- 
ogy with previously reported ETAC compounds, the pro- 
cess is thought to proceed via a sequence of Michael addi- 
tions by thiol moieties. The cross-linking process is ini- 
tiated by thiol attack on a 1,2-unsaturated ketone system 
formed from a base-catalyzed elimination of an aryl sul- 
fone from 1. Upon subsequent elimination of an aryl sul- 
fonyl group from the ensuing enolate intermediate, a new 
1,2-unsaturated enone is produced. The cross-linking is 
thus completed by a second thiol Michael addition. The 
ability of ETAC 1 type compounds to undergo essen- 
tially irreversibe thiol cross-linking with high specificity 
(18) presents an advantage over labeling reagents which 
react via an active ester functionality with limited sta- 
bility in protic aqueous media ( I ,  2).  

The data of Figures 2 (lane A), 3 (lane A), and 4 (lanes 
E, I) are reminiscent of the earlier electrophoresis data 
obtained for the reactions of ETAC reagents with com- 
pletely reduced ribonuclease (18). However, the inter- 
chain insertion of ETAC la,b reagents in sulfhydryls of 
heavy and light chains in the monoclonal antibodies 
225.288 and 5G6.4 is a significant finding because i t  was 
not clear at all prior to this work whether the addition 
of a three-carbon spacer would result in the formation 
of stable interchain S-ETAC-S cross-links in IgGs. The 
short span of an ETAC reagent is very similar to that of 

1,3-dibromoacetone, which also alkylates thiols irrevers- 
ibly and places the distance of the cross-linked nucleo- 
philic sites within 3-4 A (18, 19,32). Comparison of the 
results of this work with that of Packard's crabescein, 
which had a significantly longer (13 atoms) and rela- 
tively flexible bridge, suggests that reduction of inter- 
chain disulfides presumably leads to a conformation which 
is sufficiently accommodating to undergo varying lengths 
of cross-linking (15). The presence of a reactive amine 
function in the parent compound l a  capable of further 
chemical derivatization, coupled with the observed reten- 
tion of immunoreactivity and in vivo behavior of cross- 
linked 5G6.4, makes the concept of ETAC-mediated dis- 
ulfide bond reannealing an attractive and viable method 
for sulfhydryl-targeted labeling of antibodies. 

The data of Figures 2 (lane A), 3 (lane A), and 4 (lanes 
E, I) show that the high reactivity of ETAC 1 type com- 
pounds lead to both cross-linking between heavy-heavy 
and heavy-light chains. What was perhaps unusual from 
the gel profiles of Figures 2-4 was the absence of high 
molecular weight oligomers (MW > 150000) or aggre- 
gates resulting from interantibody cross-linking as has 
been commonly observed with a number of cross- 
linkers, such as DTPA dianhydride, which link lysine amine 
residues (33). The absence of high molecular weight radi- 
olabeled aggregates was also apparent in the radio- 
FPLC data of Figure 5. Since a large difference in the 
relative amounts of cross-linked products for the parent 
ETAC la and the rhodamine carrier lb  was not observed 
[Figures 2 (lane A), 3 (lane A), and 4 (lanes E, I)], the 
conjugation of labeled substituents to ETAC does not 
seem to affect the steric requirements or site preference 
of the cross-linking reactions to a significant extent. This 
implies that future applications of ETAC chemistry in 
site-specific labeling of monoclonal antibodies may largely 
depend on controlling the selectivity of the disulfide reduc- 
tion or making the ETAC residues more site-selective 
(i.e. through modification of the sulfone moieties). 

The modest yields of ETAC 1 cross-link products may 
in part arise from a competition from reoxidation of 
reduced intrachain thiols. Brennan and co-workers have 
already addressed this in their recent work on the syn- 
thesis of bispecific antibodies (31). Figure (lanes G-N) 
graphically illustrates the related interchain reoxidation 
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problem. Note that the relative diminishment of bands 
corresponding to heavy chain (second band from the gel 
bottom as shown) is accompanied by a concurrent increase 
in the intensity of a recombination band (fourth band 
from gel bottom). This observation is qualitatively in 
agreement with both experimental and kinetic modeling 
experiments on the reannealing of related IgGl and IgG2a 
monoclonal antibodies and suggests a similar major reas- 
sembly mechanism involving H + H = H2 + 2L = H2L2 
for 225.288 (34).  

Our experience indicated that ETAC in situ trapping 
of reduced sulfhydryls of monoclonal antibodies gave com- 
parable results with those where reduced antibody was 
first separated from reductant prior to reaction with 1. 
Although we were initially concerned that this strategy 
could be complicated by side reactions involving undes- 
ired intermolecular reactions of reduced antibody, reduc- 
ing agent, and ETAC reagents, we decided to pursue this 
latter scheme in part because independent model reac- 
tion studies of ETAC reagents with dithiols (e.g. DTT) 
suggested that formation of heterocyclic adducts result- 
ing from intramolecular reactions were relatively facile 
in the presence of excess thiol (19). The success of this 
latter ETAC-quenching approach probably derives in part 
from the fact that in the actual cross-linking step the 
second Michael reaction (Scheme 11) involves reaction 
in an intrachain mode of a conjugated double bond whose 
lifetime is too short for interchain reactions to occur. In 
conclusion, the present study demonstrates the feasibil- 
ity of site-specific labeling of monoclonal antibodies using 
ETAC compounds and serves as a useful guide for direct- 
ing future experiments with ETAC-mediated labeling of 
monoclonal antibodies. 

del Rosario et al. 
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Radiometal Labeling of Immunoproteins: Covalent Linkage of 
2- (4-Isot hiocyanatobenzyl) diet hylenetriaminepentaacetic Acid 
Ligands to Immunoglobulin 
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A study was made of the covalent attachment of the bifunctional 2-(4-isothiocyanatobenzyl)diethyl- 
enetriaminetetraacetic acid family of chelate ligands to proteins for the purpose of labeling mono- 
clonal antibodies with radiometals. The parameters and the chemical variables examined included 
pH, reaction period, temperature, and ligand and protein concentrations. It is shown that these vari- 
ables, with the exception of protein concentration, have significant effects on the rate of protein con- 
jugation. Conjugation of three monoclonal antibodies and human IgG under identical conditions 
showed only 17% variation. Finally, the effect of the concentration of conjugated IgG on radiolabel- 
ing yield was studied. 

Attachment of radioactive metals to proteins by use 
of bifunctional chelate ligands (ligands) has expanded in 
use as an alternative to radiohalogenation (1-3) as the 
availability of these ligands has increased (4-7). The vari- 
ety of metal isotopes with useful nuclear properties exceeds 
that of the halogen isotopes, giving the investigator greater 
flexiblity in choosing a diagnostic or therapeutic agent. 
Further, the development of monoclonal antibodies 
(MoAb) has yielded an ideal vehicle for transporting radio- 
activity to living cells, perhaps the magic bullet long sought 
for use in medicine (8). 

Derivatives of diethylenetriaminepentaacetic acid 
(DTPA) and ethylenediaminetetraacetic acid (EDTA) have 
been extensively used as ligands in recent years (9-15). 
The cyclic and mixed anhydrides DTPA (CA- and MA- 
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DTPA, respectively) react with immunoglobulins (pre- 
dominately with €-amino groups of lysine side chains) 
through one of the carboxylate groups of the ligand (5- 
7, 14), resulting in a net loss in the metal-binding capa- 
bility of the ligand molecule. This problem is resolved 
in bifunctional ligands such as DTTA-azo-imidate [N’- 
[4- [ [2-hydroxy-5-(iminomethoxymethyl)phenyl]azo] ben- 
zylldiethylenetriaminetetraacetic acid] (15) and 2-(4- 
isothiocyanatobenzy1)-EDTA (SCN-Bzl-EDTA) or -DTPA 
(9-11), which contain a protein-binding group that is dis- 
tinct from the metal-chelating group. In the latter cases 
the SCN group on these ligands reacts with €-amino groups 
with formation of a thiourea group (9-12, 16, 17). As 
demonstrated in Figure la ,  the ligand portion of the mol- 
ecule remains unchanged upon protein attachment, thus 
ensuring the expected stability of metal-ligand complex 
(metal chelate). 

The CA- and MA-DTPA also have the potential for 
cross-linking of protein inter- and intramolecularly. In 
the case of the isothiocyanate linkage, no potential for 
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zylldiethylenetriaminetetraacetic acid] (15) and 2-(4- 
isothiocyanatobenzy1)-EDTA (SCN-Bzl-EDTA) or -DTPA 
(9-11), which contain a protein-binding group that is dis- 
tinct from the metal-chelating group. In the latter cases 
the SCN group on these ligands reacts with €-amino groups 
with formation of a thiourea group (9-12, 16, 17). As 
demonstrated in Figure la ,  the ligand portion of the mol- 
ecule remains unchanged upon protein attachment, thus 
ensuring the expected stability of metal-ligand complex 
(metal chelate). 

The CA- and MA-DTPA also have the potential for 
cross-linking of protein inter- and intramolecularly. In 
the case of the isothiocyanate linkage, no potential for 
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Figure 1. (a) Attachment of isothiocyanate group to protein 
via formation of a thiourea group with the c-amino group of 
lysine side chain; (b) structure of 1M3B-DTPA. 

cross-linking exists, thus the integrity of the protein mol- 
ecules is more likely to  be conserved. In addition, the 
coupling reaction does not involve the release of 4 equiv 
of H+ per mole of ligand as does the hydrolysis of the 
dianhydride. Furthermore, the SCN-Bzl derivatives of 
EDTA or DTPA are relatively stable in aqueous solu- 
tions yet are adequately reactive to proteins. Impor- 
tantly, they can be stored for long periods without notice- 
able degradation (9, 10). 

Recently, we have reported a series of biodistribution 
studies of radiolabeled MoAb employing SCN-Bzl- 
EDTA, SCN-Bzl-DTPA, and various alkyl derivatives of 
SCN-Bzl-DTPA (12,13). In this paper, a systematic study 
of the chemical factors which influence binding of the 
SCN-Bzl-DTPA family of ligands [specifically, 14C- 
labeled 3-(4-isothiocyanatobenzyl)-6-methyldiethylene- 
triaminepentaacetic acid (1MSB-DTPA), Figure lb]  to 
proteins is presented. Variables explored included pH, 
reaction period, temperature, and ligand and protein con- 
centrations. In addition, the effect of the concentration 
of chelate ligand conjugated IgG (conjugated IgG) on the 
"'In-radiolabeling yield was also examined. Human IgG, 
a polyclonal protein with an average molecular weight of 
150 kDa, was used as the protein model for these inves- 
tigations. This choice was primarily based on the ready 
availability of this protein in high purity and high con- 
centration. Finally, the direct applicability of the results 
and methodology presented in this work was demon- 
strated by results from conjugations of three clinically 
used MoAb's (B72.3, anti-Tac, UPC10) with the 1M3B- 
DTPA ligand. The immunoreactivity or the binding affin- 
ity of the chelate ligand modified MoAb to its antigenic 
target is an important criterion which deserves system- 
atic study and discussion which are beyond the scope of 
the present work. In brief, we have shown that anti- 
Tac with two or less ligands per antibody retained its 
full binding affinity (12) and B72.3 retained its immu- 
noreactivity when the ligand to protein ratio was less than 
one (9,13). This compromise between the immunoreac- 
tivity and the number of ligands bonded to immunopro- 
teins let us limit our study over a region of the ligand 
concentration which produced a practical ligand to pro- 
tein ratio 54. 

All measurements of ligand binding are presented in 
terms of a final chelate ligand to protein molar ratio, (CL/ 
P ) ,  moles of ligands bound per mole of protein as deter- 
mined by use of carbon-14 labeled ligands. 

EXPERIMENTAL PROCEDURES 

Materials, Reagents, and Instrumentation. T o  
reduce the metal ion contamination, specifically the com- 
mon metals [e.g. Fe(III), Zn(II), Cu(II)], plasticware (metal- 
free low protein binding polypropylene) was used in almost 
all protein work. 

All reagents used were of analytical grade or better. 
In general, all buffers were prepared in 1OX concentra- 
tion in 2-L volumes. They were first filtered through 
0.45-pm cellulose nitrate filter papers (e.g. Whatman 
aD552), then passed through a column of Chelex-100 resin 
(2.5 X 10 cm, preequilibrated with the same buffer, see 
below for specifications), and finally, prior to storage at 
4 "C, they were filtered through a 0.22-pm sterile cellu- 
lose acetate membrane filtration unit (e.g. Corning 25942, 
Corning, NY). The composition of the buffers and reagents 
were as follows: HEPES [N-(2-Hydroxyethyl)piperazine- 
N'-ethanesulfonic acid] buffer, 50 mM in HEPES, 150 
mM in NaC1, pH = 8.6; MES [2-(N-morpholino)ethane- 
sulfonic acid] buffer, 20 mM in MES, 150 mM in NaCl, 
0.05% NaN,, pH = 6.2; citrate buffer, 50 mM in sodium 
citrate, 150 mM in NaC1, 0.05% NaN,, pH = 5.5; phos- 
phate buffer, 50 mM in KH,P04, the pH (6.7-8.3) was 
adjusted with the addition of 0.1 M NaOH; borate buffer, 
50 mM with respect to both and KC1, the pH 
(8.0-10.3) was adjusted with the addition of 0.1 M of 
NaOH; NaCl reagent, 150 mM in NaCI, 0.05% NaN,; 
Human IgG, GAMMAGARD, obtained from Travenol 
Laboratory, Inc. (Glendale, CA). The lyophilized IgG was 
rehydrated to produce a preparation 150 mM in NaCl 
(pH = 6.8) containing -50 mg/mL of protein (-94% 
IgG and -6% human albumin). Bovine plasma yglob- 
ulin (BSgG) as protein standard was obtained from Bio- 
Rad Laboratories (Richmond, CA, catalogue 51500-0005). 
Monoclonal antibodies anti-Tac and UPClO were fur- 
nished by Dr. Thomas Waldmann (18) (Metabolism 
Branch, NCI, NIH), and B72.3 and BL3 were furnished 
by Dr. David Colcher (19) (Laboratory for Tumor Immu- 
nology and Biology, NCI, NIH). Tubular membrane for 
dialysis made of regenerated cellulose with a molecular 
weight cutoff (MWCO) of 12-14 kDa (Spectra/Por2,10- 
mm flat width) was obtained from Spectrum Medical 
Industries (Los Angeles, CA). The dry membrane after 
treatment with EDTA to remove heavy metals was stored 
a t  4 "C in a 0.05% solution of sodium azide. Chelex-100 
resin was the Na+ form, 100-200 mesh (Bio-Rad Labo- 
ratories). Resin was exhaustively washed with and stored 
in deionized H,O. Size-exclusion columns for HPLC were 
Bio-Si1 TSK-125, 250, and 400 series (Bio-Rad Labora- 
tories). The protein microconcentrator used was a Cen- 
tricon 30, MWCO = 30 kDa, Amicon Corp. (Danvers, MA). 
The HPLC used was a Model 2150/2152, LKB (Bro- 
mma, Sweden). 

Ligand. 14C-labeled 3-(4-isothiocyanatobenzyl)-6- 
methyldiethylenetriaminepentaacetic acid (1M3B- 
DTPA) was used as the ligand. A detailed description 
of synthetic methods of this compound and a procedure 
for 14C synthesis is given by Brechbiel et al. (9, 10). The 
14C label was introduced by use of Br14CH,C0,H in the 
alkylation step of the synthesis. The tricesium salt of 
14C-1M3B-DTPA was stored over Drierite in a vacuum 
desiccator over a period of 1 year without any noticeable 
degradation in reactivity. As needed, 1.4 mg was dis- 
solved in 100 pL of H,O to produce a 1.0 x M solu- 
tion of ligand. The specific activity of this batch (used 
throughout these studies) was 1.807 X lo6 dpm/pmol, 
which was measured by correlating the 14C counting rate 
(dpm) of a known volume of a ligand solution with ligand 
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concentration, as measured by UV absorption at  280 nm 
(9). 

Radioactivity and Counting Methods. No-carrier- 
added '"In (specific activity of about 50 mCi/pg) was 
obtained from New England Nuclear/Du Pont (Boston, 
MA). The activity concentration was approximately 50 
mCi/mL in 0.05 M HC1. The '"In activity was quanti- 
tated by measuring its 171.3 (90.3%) and 245.4 (94.0%) 
KeV y-rays in a NaI (Tl) well type scintillation detec- 
tor coupled to  a multichannel analyzer (MCA). Sam- 
ples of constant liquid geometry were counted for a dura- 
tion sufficient to provide counting statistics of 12%. A 
gas ionization chamber (CRC-7, Capintec Instrument Inc., 
Ramsey, NJ) was used for gross activity measurements. 
A 1000-channel scintillation counter (LS5801, Beckman, 
Fullerton, CA) was used for quantitative determination 
of 14C activity. Generally, a 50-pL aliquot of a sample 
containing 14C was mixed with 10 mL of scintillation cock- 
tail (Biofluor, NEN/Du Pont). The absolute disintegra- 
tion of 14C was determined by appropriate corrections 
for background and quench factor. 

Protein Preparation and Measurement. The pro- 
tein solutions were dialyzed against a t  least a 500-fold 
volume excess of HEPES buffer (or other buffers as 
needed) for 24 h. To  deplete metal ion contaminants, 
Chelex-100 resin was added to the dialysates (-1 g/L). 
The protein concentrations were determined from UV 
absorption, a t  280 nm. A value of 1.35 absorbance units 
per mg/mL was used for the extinction coefficient for 
IgG and the four monoclonal antibodies anti-Tac, UPC10, 
B72.3, and BL3. The SCN-Bzl-DTPA family of ligands 
also exhibits some absorption a t  this wavelength (due to 
the aromatic ring). Depending on the value of (CL/P),, 
some corrections of the protein concentration were nec- 
essary (about 3% for every ligand per protein molecule 
of 150 kDa molecular weight). 

The UV absorption method was compared with the 
bicinchoninic acid (BCA) colorimetric determination 
(20). The BCA assay is more sensitive than the UV method 
and can be used for determination of protein concentra- 
tions as low as a few pg/mL. This procedure is sensitive 
to temperature and reaction time and does not result in 
a linear Beer's law plot. The most convenient and repro- 
ducible conditions were found to be a 30-min incubation 
at  60 "C. Typically, 100 pL of a protein solution (100 
pg/mL) was added to 2 mL of a BCA working solution 
in a standard 1.3 X 10 cm Pyrex tube. The BCA work- 
ing solution was freshly prepared by mixing 600 pL of 
solution A (4% CuS04.5H,0) with 30 mL of solution B 
(1% BCA-Na,, 2% Na,CO,.H,O, 1.6% sodium tartrate, 
0.4% NaOH, 0.95% NaHCO,, pH = 11.25). After a 30- 
min incubation a t  60 "C, the samples were quickly cooled 
to room temperature and their absorbance was mea- 
sured vs a reagent blank a t  562 nm. The protein stan- 
dard bovine plasma y-globulin in concentrations rang- 
ing from 20 to 200 pg/mL in the same buffer as the other 
proteins, was used to construct the Beer's law plot. 

Reaction of Isothiocyanatobenzyl-DTPA with 
IgG. In general, 2-4 mg of IgG in a concentration of about 
10 mg/mL (in HEPES buffer, pH = 8.62, 200-400 pL in 
volume) was mixed with 2-10 pL of 1M3B-DTPA ligand 
solution (1 X lo-, M in H,O). The pH of the reaction 
mixture was measured by a semimicro glass electrode. 
The initial ligand-to-protein molar ratio, (CL/P),, was 
determined by measuring the concentration of ligand in 
the reaction mixture. Typically, 20 pL of the reaction 
mixture was taken for ligand determination by 14C count- 
ing. The protein concentration in the reaction mixture 
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was based on the protein measurement of an external 
standard which was prepared in parallel and was identi- 
cal with the reaction mixture, but excluded the ligand. 
The reaction mixture was allowed to stand a t  room tem- 
perature for the desired period of time. The unconju- 
gated or free ligand was separated from protein by serial 
dialysis. Typically, 2-4 mg of protein was dialyzed against 
2 X 500 mL of citrate buffer for a t  least 12 h each time 
and then against NaCl reagent for a few hours. The (CL/ 
P)f of the conjugated IgG was then determined. In all 
experiments duplicate samples were used. The follow- 
ing describes the specific modifications to the above gen- 
eral procedure. 

Effect of pH. The following reaction mixture was pre- 
pared. To 80 pL of protein stock solution (in 150 mM 
NaC1) containing 4 mg of protein was added 320 pL of 
the appropriate buffer of various pH values and 10.0 pL 
of the ligand solution. The pH of the reaction mixtures 
ranged from 6.75 to 10.1. 

Effect of Reaction Period and Temperature. Reac- 
tion mixtures were prepared in a cold room a t  5 "C. At  
time zero, duplicate samples were placed in various tem- 
perature baths. At various time points, 300 pL of each 
reaction mixture was taken for the (CL/P), determina- 
tion as described in the general procedure. 

Effect of Concentration of Ligand. To 400 pL of 
IgG solution (10.0 mg/mL in HEPES buffer, pH = 8.62) 
were added various amounts of a ligand solution (3-50 
pL), for (CL/P), ranging from 0.73 to 10.3. Then the 
total volume of the reaction mixture was adjusted to  460 
pL with HEPES buffer. After this point the general assay 
procedure was followed. 

Effect of Protein Concentration. By using sequen- 
tial dilution, six IgG samples in concentrations ranging 
from 3.1 to 25.0 mg/mL in HEPES buffer were pre- 
pared from a stock solution of IgG (-50 mg/mL). Appro- 
priate amounts of ligand solution were then added to  each 
sample in order to keep the (CL/P), constant a t  4.0 f 
0.2. Then the volumes of the reaction mixtures were 
adjusted to 440 pL by the addition of HEPES buffer. 

Although in these experiments membrane dialysis prin- 
cipally was used to isolate the free ligand from the con- 
jugated IgG, two other methods, ultracentrifugation and 
size-exclusion HPLC, were also tested. 

Ultracentrifugation was performed by using microcon- 
centrators with MWCO of 30 kDa and an active mem- 
brane surface area of 0.92 cm2. In this case the reaction 
was quenched by the addition of 1 mL of MES buffer 
followed by 20 min of centrifugation a t  4200g a t  4 "C. 
To remove 99.9% of the unconjugated ligand the above 
step was repeated twice. 

Purification of conjugated IgG from free ligand by size- 
exclusion HPLC was also explored. Excellent separa- 
tion was achieved on a TSK-125 column. The eluent was 
MES buffer, pumped a t  a flow rate of 1 mL/min a t  room 
temperature. Chromatography was monitored a t  280 nm. 
Under the above conditions, IgG eluted with a retention 
time of 6 min (almost a t  the column void volume) and 
the free ligand eluted at  11.2 min with FWHM = 2.0 
min. Better than 85% of IgG was recovered in 4-mL 
volume when the initial reaction mixture contained about 
1 mg of protein. 

Procedure for '"In Labeling of Conjugated IgG. 
An [lllIn]Indium acetate solution was prepared a t  pH = 
3.8-4.0 by addition of appropriate amounts of 2 M NaOAc 
to a '"InCl,/HCl mixture. Typically, 15 pL of the above 
mixture containing about 350 pCi of "'In was added to 
a reaction vial containing 135 pL of a mixture of ligand- 
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Table 11. Effect of Concentration of Chelate Ligand. 

[ligand], M (CL/P), (CL/P), (CL/P),,, 

0 2 4 6 8 10 12 14 16 18 
Time, min. 

Figure 2. A typical HPLC chromatogram of "'In-labeled [ 1M3B- 
DPTAI-IgG [conjugated IgG = 50 pg [(CL/P), = 0.231, uncon- 
jugated IgG = 450 pg; '"In activity = 350 pCi; buffer = MES- 
C1, p H  = 6.2; flow rate = 1 mL/min; chart speed = 1 cm/min; 
pressure = 20 bar; TSK-400 size-exclusion column]. 

Table I. Comparison of Protein Concentration Measure- 
ments via UV Absorption at 280 nm and BCA Colorimetric 
Assav 

[protein], pg/mL 
uv BCA colorimetricb 9i 

protein (280 nm) (562 nm) difference" 
B72.3 242.5 245.9 1.4 
BL3 222.2 229.5 3.2 
anti-Tac 215.8 221.0 2.4 
UPClO 234.3 238.1 1.6 

" Percent difference = (BCA - UV) X 100/BCA. 
IgG 238.1 264.9 10.1 

external protein standards (see the Experimental Procedures). 
Vs primary 

conjugated and unconjugated IgG (total of 1 mg of pro- 
tein in MES buffer). The pH of the reaction mixture 
was kept between 4.0 and 4.2. After 30 min, the reac- 
tion was quenched by raising the pH to about 6 by the 
addition of 10 pL of 2 M NaOAc followed by 3 pL of lo-* 
M Na,EDTA to scavenge any free In-111. Subse- 
quently, the radiolabeled protein was isolated from unre- 
acted or free indium by HPLC employing a TSK-400 size- 
exclusion column. The HPLC was operated isocrati- 
cally a t  pH = 6.2 (MES buffer) with 1.0 mL/min flow 
rate and was equipped with dual on-line UV and radio- 
activity detectors. Typically, 24 0.5-mL fractions were 
collected and the radiolabeling yield was determined as 
the ratio of the radioactivity of the protein peak to the 
total activity in all tubes. A representative chromato- 
gram is shown in Figure 2. 

Procedure for Purification of "'In. '"In activity 
was retained by cation-exchange resin from 8 M HBr 
(AG50Wx4, 2 X 20 mm, 100-200 mesh, preequilibrated 
with 8 M HBr). Under these conditions, excellent sepa- 
rations could be achieved from Co, Ni, Cu, and Zn. Sub- 
sequently, "'In was eluted with 8 M HC1 while a trace 
amount of Fe was strongly retained (21). The eluent was 
evaporated to dryness under an IR heat lamp and the 
lllIn activity was leached from the surface of the glass 
with 0.1 M HC1. 

RESULTS AND DISCUSSION 

As discussed in the introduction, the chelate ligand to 
protein molar ratio, (CL/P), was used as a measure of 
efficiency of ligand-protein binding. Obviously, deter- 
mination of (CL/P) depends on the protein concentra- 
tion and an accurate assay of protein is therefore neces- 
sary. The results of the protein assay by UV absorption 
and BCA calorimetric method are summarized in Table 
I. In addition to IgG, four monoclonal antibodies (anti- 

3.88 x 10-5 0.73 0.33 0.45 
6.23 x 10-5 1.17 0.55 0.47 
1.17 x 10-4 2.19 0.93 0.43 
1.82 x 10-4 3.41 1.42 0.42 
2.42 x 10-4 4.54 1.84 0.41 
5.50 x 10-4 10.3 3.71 0.36 

" [IgG] = (4.6 f 0.2) X M (6.9 f 0.3 mg/mL); reaction 
period = 17.3 h; pH = 8.62; temperature = 27 "C; volume of 
reaction = 460 pL. 

Table 111. Effect of Protein Concentration. 

IkGI 

2.43 1.62 x 10-5 1.12 
5.99 3.99 x 10-5 1.29 
9.27 6.18 x 10-5 1.43 

11.4 7.60 x 10-5 1.45 
21.9 1.46 x 10-4 1.52 
23.4 1.56 x 10-4 1.58 

" (CL/P)i = 4.0 * 0.2; reaction period = 17.0 h; pH = 8.62; vol- 
ume of reaction mixture = 440 pL; temperature = 27 "C. 

Table IV. Conjugation of Various Proteins. 
protein [proteinlrxn, M (CL/P), (CL/P), (CL/P),,, 

5.19 x 10-5 4.26 1.48 0.34 
anti-Tac 4.79 X 4.82 1.04 0.23 
upcio 5.21 x 10-5 4.39 1.16 0.26 
~ 7 2 . 3  5.39 x 10-5 4.75 1.52 0.32 
average (5.15 f 0.23) X 4.56 f 0.29 1.30 f 0.15 0.29 f 0.05 

a Reaction period = 16.1 h; temperature = 27 "C; volume of reac- 
tion mixture = 204 ILL. 

Table V. '"In Labeling of Conjugated IgG: Effect of the 
Concentration of Conjugated IgG on Radiolabeling Yield at 
Constant "'In Activity. 

ratio of % fraction of 
% '"In to available sites 

[conj IgGl, radiolabeling conj IgG, occupied by 
M (CL/P), yield' pCi/pg "'In atomsd 

O.Ob 0.0 
6.7 X 0.23 
1.3 X lo* 0.23 
1.7 X lo* 0.23 
3.3 X 10* 0.23 
6.7 X lo* 0.23 
1.3 X 0.23 
1.3 X 0.35 

0.0 
69 
72 
89 
92 
93 
90 
92 

0.0 
4.8 
2.5 
2.5 
1.3 
0.65 
0.32 
0.32 

0.0 
31.0 
16.0 
16.0 
8.2 
4.1 
2.0 
1.4 

Volume of reaction mixture = 150 pL; the concentration of pro- 
tein in the reaction mixture was adjusted to 1.3 X M by the 
addi t ion of unconjugated IgG; reaction period = 30 min; 
temperature = 27 "C; activity of "'In = 350 pCi; pH = 4.C-4.2. ' 1.0 mg of unconjugated IgG. See the text for definition. 

Based on the specific activity of commercially available "'In, see 
the Experimental Procedures. 

Tac, UPC10, B72.3, and BL3) were also used in these 
comparative studies. The UV assays were only 2-3% lower 
than results obtained by BCA colorimetric assays for all 
four monoclonal proteins of 150-kDa molecular weight. 
However, in the case of the polyclonal human IgG (with 
the same average molecular weight) the difference was 
about 10%. The UV absorption bands are primarily due 
to the aromatic amino acids (e.g. tryptophan and tyrosine, 
e = 5700 and 1300 M-' cm-l, respectively, a t  280 nm). 
Proteins do not all have the same content of aromatic 
amino acid; consequently, two proteins at the same con- 
centration may absorb to a different degree. As indi- 
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Figure 3. Variation of the final ligand-to-protein molar ratio, 
(CL/P),, as a function of pH [(CL/P), = 3.9 0.4; [IgGl,,, = 
6.1 x loq5 M, 8.9 mg/mL; reaction period = 16.6 h, tempera- 
ture = 27 "C]. 
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Figure 4. Effect of reaction period on (CL/P) for various tem- 
peratures [(CL/P), = 3.7; [IgG],,, = 5.7 x lo-% M; pH = 8.421. 

cated above, no significant variations in UV assay of the 
four MoAb's were observed by using 1.35 absorbance units 
per mg/mL as the extinction coefficient. 

As far as conjugation was concerned, no significant dif- 
ferences were observed among three methods, dialysis, 
ultracentrifugation, and size-exclusion HPLC, for isola- 
tion of free ligand from conjugated IgG. Inherently, dial- 
ysis is a slow process and requires a few days to obtain 
the final product. 

Both centrifugation and HPLC methods are faster tech- 
niques and separation could be completed within a few 
hours. However, in subsequent radiolabeling of the con- 
jugated-IgG samples prepared by these three methods, 
appreciable higher radiolabeling yield was obtained for 
the dialysis sample. Possibly, this is an indication of the 
effectiveness of serial dialysis in the removal of metal 
ion contaminants. 

The results of binding of the SCN-Bzl-DTPA to the 
proteins illustrating the effect of pH, reaction period, tem- 
perature, and ligand and protein concentrations are pre- 
sented in Tables 11-V and Figures 3-6. 

Effect of pH and Buffers. The results of these exper- 
iments, plotted in Figure 3, showed a simple and inter- 
pretable pattern. At  [IgG] = 6.1 X M, the (CL/P), 
increased sharply from 0.29 to 1.96, as the pH of the reac- 
tion mixture increased from 6.71 to about 9. Above pH 
9 (9.0-10.0), the (CL/P), leveled off a t  1.96 and remained 
rather independent of pH. The increase in (CL/P), as a 

2.0 

1.5 

+ c 6 1.0 - 

0.5 

5 10 15 20 25 30 35 
Reaction Temperature, O C  

Figure 5. Effect of temperature on (CL/P), for various reac- 
tion periods [(CL/P), = 3.7; [IgG],,, = 5.7 X lo-' M; pH = 
8.421, 

4.0 

0.2 0.4 0.6 
[Ligand], mM 

Figure 6. Variation of (CL P), as a function of the concen- 

function of pH is likely due to the greater deprotonation 
of the €-amino group of the lysines a t  higher pH values 
providing additional NH, sites for reaction with the isothio- 
cyanate group. Degradation of isothiocyanate to thio- 
urea at  pH 9 and above (22, 23) could account for the 
pH-independent behavior of (CL/P),. The use of differ- 
ent buffers of equal ionic strength did not seem to have 
any significant effect on the rate of conjugation, as indi- 
cated in Figure 3. 

Effects of Reaction Period and Temperature. In 
a series of parallel experiments, the effect of the reac- 
tion period was studied a t  5, 15, 25, and 35 "C. Results 
are shown in Figure 4. All data points (except 17-h time 
points) represent the average of duplicate measure- 
ments. The data for the 17-h time points are the aver- 
age of data from two independent experiments. At 25 
"C, (CL/P), increased rapidly to 0.94 within the first 8 
h. Thereafter, from 8 to 32 h, (CL/P), increased only 
0.86 unit to 1.8. At 35 "C, the initial rate of the reaction 
was quite fast and (CL/P), reached about 1.5 during the 
first 8 h. The effects of varying the temperature for dif- 
ferent reaction periods are illustrated in Figure 5. The 
exponential dependence of the yield on temperature, which 
is expected for biomolecular reactions, is clearly sug- 
gested for reaction periods up to 17 h. However, for 17, 
24, and 32 h this exponential dependence is less clear 
and a decreasing trend in (CL/P), even can be seen at  
35 "C. 

The data describing the variation in yield as a func- 
tion of temperature is important for two reasons. First, 
it markedly improves the kinetics of the reaction. Sec- 
ond, most antibodies are best maintained at  lower tem- 

tration of ligand (see Table i I for conditions). 
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perature until use, and these results could be used to 
optimize the conjugation temperature of various antibod- 
ies. 

Effect of Concentration of Chelate Ligand. These 
data are summarized in Table 11, and a plot of (CL/P), 
vs [ligand],,, is shown in Figure 6. A t  [IgG] = 6.9 f 0.3 
mg/mL, pH = 8.62, and reaction period of 17.3 h, a 14- 
fold increase in concentration of ligand from 3.9 X low5 
to 5.5 X M resulted in a 12-fold increase in (CL/P), 
from 0.33 to 3.71. The ratio of (CL/P), to (CL/P), ((CL/ 
PIf ,, a measure of the linearity of the relationship) remains 
ratker constant a t  0.44 f 0.03 when the (CL/P), increased 
from 0.73 to 4.54 (Table 11, column 4), indicating first- 
order dependence of the reaction rate on the ligand con- 
centration over this concentration range. A t  (CL/P), = 
10.3, the corresponding ratio dropped to 0.36; however, 
under the above conditions the saturation point of the 
lysines has not yet been observed. These data indicate 
that  the reaction between IgG and 1M3B-SCN-Bzl- 
DTPA proceeds well a t  low initial ligand-to-protein ratio, 
in contrast to the reaction between protein and DTPA 
dianhydride or mixed anhydrides of DTPA, where a min- 
imum of a 50-fold excess of ligand to  protein is required 
to produce comparable results (6,7). Moreover, the reac- 
tion between SCN-Bzl-DTPA and IgG can be allowed to 
proceed over a greater range of ligand concentrations since 
there is no possibility of cross-linkage. 

Effect of Protein Concentration. At  (CL/P), = 4.0 
f 0.2, pH = 8.62, and reaction period = 17.0 h, a 10-fold 
increase in the concentration of IgG from 2.4 to 23.4 mg/ 
mL resulted in only a 1.4-fold increase in the (CL/P),, 
from 1.12 to 1.58 (Table 111). These results do not rep- 
resent the first-order dependence of the reaction rate on 
the protein concentration. 

Conjugation of Various Proteins. When IgG and 
three other monoclonal antibodies (anti-Tac, UPC10, and 
B72.3) were simultaneously conjugated under identical 
experimental conditions, no significant variation was 
observed in conjugation efficiencies (Table IV). An aver- 
age value of 1.2 * 0.3 for (CL/P), was obtained for the 
above proteins when concentrations of proteins in the 
reaction mixture were (5.2 f 0.2) X M, with (CL/ 
P)i = 4.6 f 0.3, and when the reactions were allowed to 
proceed for 17.0 h. This would indicate that it is possi- 
ble to define a set of standard conditions for the reac- 
tion of SCN ligand with MoAb's. 

Radiolabeling: Effect  of t h e  Concentrat ion of 
1 MSB-DTPA-IgG on the  Radiolabeling Yield a t  Con- 
s tan t  '"In Activity. Results of these experiments are 
summarized in Table V. When 1.0 mg of unconjugated 
IgG was used in the reaction, the radiolabeling yield was 
0 (Table V, first row), indicative of the absence of non- 
specific binding of "'In under our experimental condi- 
tions. The radiolabeling yield remained about 90% when 
the concentration of conjugated IgG [with (CL/P), = 0.231 
in the reaction mixture decreased over 1 order of magni- 
tude from 1.3 X low5 to 1.7 X lo4 M. Further decrease 
in concentration of conjugated IgG resulted in a decrease 
in radiolabeling yield. When the concentration of con- 
jugated IgG was 6.7 X lo4 M, the yield dropped to 69%. 
The ratio of activity (pCi) incorporated per microgram 
of protein also decreased from 4.8 to 0.32 as the concen- 
tration of conjugated protein increased from 6.7 X 
to 1.3 X M (Table V, column 4). I t  was not possi- 
ble to attain a 100% radiolabeling yield under any con- 
ditions. In addition to acetate, two other weakly com- 
plexing ligands, iminodiacetic acid and citrate, were tested 
with no significant improvement of the labeling yield. 

Mirzadeh et al. 

Use of a conjugated-IgG preparation with a 52% higher 
(CL/P), also did not result in a 100% yield (Table V, 
last row). An extensive purification of lllIn (by column 
chromatography, see the Experimental Procedures) 
resulted in a negligible increase in radiolabeling yield. 
Similar behavior has also been observed in the radiola- 
beling of various MoAb's. 

SUMMARY 

The foregoing results demonstrate the chemical fac- 
tors which influenced binding of the SCN-Bzl-DTPA fam- 
ily of ligands (specifically, 1M3B-DTPA) to immunoglo- 
bulins. Variables explored included pH, reaction period, 
temperature, and ligand and protein concentration. These 
variables, with the exception of protein concentration, 
have significant effects on the rate of protein conjuga- 
tion. 

The effect of pH was demonstrated by a 7-fold increase 
in the labeling efficiency when pH was increased from 
6.7 to 9.0. Above pH 9.0 the reaction rate was rather 
independent of pH. The kinetics of the reaction were 
studied at  5, 15, 25, and 35 "C. For reaction periods up 
to 17 h an exponential dependence of yield on tempera- 
ture was obtained which was expected for a bimolecular 
reaction. This exponential dependence decreased over 
longer reaction periods and a t  higher temperatures. First- 
order dependence of the reaction rate on ligand concen- 
tration was obtained over a range from 3.0 X to 5.5 
X M. A 10-fold increase in [IgG], from 2.4 to 23.4 
mg/mL, resulted in only a 1.4-fold increase in the (CL/ 
P ) ,  from 1.12 to 1.58. 

When IgG and three other monoclonal antibodies were 
simultaneously conjugated under identical experimental 
conditions, no significant variation was observed in con- 
jugation efficiencies. 
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The gadolinium complexes of poly-L-lysine-poly(diethylenetriamine-N,N~,N",N"-pentaacetic acid) 
(Gd-PL-DTPA) and poly-L-lysine-poly(1 ,4,7,1O-tetraazacyclododecane-~,N'JV",N"'-tetraacetic acid) 
(Gd-PL-DOTA) and their conjugates with human serum albumin (HSA) have been prepared and 
characterized. Poly-L-lysine (PL, degree of polymerization = 100) was N-acylated with a mixed anhy- 
dride of the chelating ligand (DTPA or DOTA). Sixty to ninety chelating groups per molecule of PL 
could be attached in this way. Following purification of the polychelate by size-exclusion chromatog- 
raphy, the gadolinium complexes were prepared by standard methods and conjugated to  HSA with 
heterobifunctional cross-linking reagents. The molar relaxivities of these macromolecular species were 
2-3-fold higher than those of the corresponding monomeric metal complexes ([Gd(DTPA)] and 
[Gd(DOTA)]). The conjugation conditions were optimized to  produce conjugates containing 60-90 
metal centers per molecule of HSA (ca. one polychelate per protein). 

We are conducting a research program to investigate 
the feasibility of preparing derivatives of biologically active 
macromolecules containing a large number of covalently 
bound metal chelates. The utility of such species for pro- 
ducing target-specific contrast enhancement in mag- 

netic resonance imaging (MRI), as well as for applica- 
tions in nuclear medicine, is anticipated. The present 
system was proposed as a model of the physical and chem- 
ical properties of such systems in general. The polyche- 
late approach was developed as a means of preserving 
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[Gd(DOTA)]). The conjugation conditions were optimized to produce conjugates containing 60-90
metal centers per molecule of HSA (ca. one polychelate per protein).
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the feasibility of preparing derivatives of biologically active
macromolecules containing a large number of covalently
bound metal chelates. The utility of such species for pro-
ducing target-specific contrast enhancement in mag-
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ical properties of such systems in general. The polyche-
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the biological activity of the targeting protein, consis- 
tent with the proposed high degree of loading with metal 
chelates. 

Earlier attempts focused on direct attachment of che- 
lates to proteins of interest (I, 2). These employed DTPA 
(diethylenetriamine-N,N,N',N'',N"-pentaacetic acid) as 
the chelating group and utilized two different methods 
for attachment of DTPA to macromolecules. The mixed 
anhydride method (3)  reduced the likelihood of cross- 
linking or polymerization of the macromolecular sub- 
strate, while the bicyclic anhydride method ( 4 )  offered 
the advantage of greater ease of use. Both methods, how- 
ever, suffered from a common drawback when applied 
to direct modification of proteins. I t  was observed ( 5 , 6 )  
that increased levels of functional group modification of 
a protein, such as an antibody, resulted in a decrease in 
the biological activity of the protein. This compromise 
in biological activity was a serious limitation in view of 
the requirement for high metal loading of proteins when 
used as target specific MRI contrast agents (7-9). It  is 
believed that a 50% reduction in T ,  relaxation time of 
water protons in the target tissue is the minimum require- 
ment for an effective MRI contrast agent. Considering 
the affinity of antibodies for their antigens and the con- 
centration of these antigens in the target tissues, each 
antibody molecule must carry many paramagnetic ten- 
ters to bring about these levels of T,  reduction. More 
recent efforts in this area (10, 11) have focused on the 
use of intermediary carriers of chelates as a means of 
overcoming this limitation. Although Manabe and co- 
workers prepared a polylysine-DTPA (PL-DTPA) spe- 
cies, the cyclic anhydride method was used and resulted 
in only ea. 40 DTPA groups per polylysine (PL) (n = 
109). Torchilin e t  al. prepared PL-DTPA and PL- 
EDTA as well as their respective MAb conjugates. 
Although they used the mixed anhydride method, their 
method of conjugation was nonspecific and the end result 
was a conjugate that lacked structural definition. 

Another drawback common to both methods, with or 
without the use of an intermediary carrier, arose from 
the chemical transformations employed in linking the che- 
late to the macromolecular substrate. Both of the meth- 
ods described relied on the chemical modification of one 
of the carboxylate groups normally involved in metal bind- 
ing and resulted in decreased chelate stability with respect 
to the monomeric chelates (12). Methods were devel- 
oped to address this problem, particularly when applied 
to the radiolabeling of proteins by direct attachment of 
chelates (13). Meares et  al. prepared and characterized 
a series of bifunctional chelators, based on macrocyclic 
ligands such as DOTA (1,4,7,10-tetraazacyclododecane- 
N,N',N",N"'-tetraacetic acid), which featured the link- 
ing group attached to the backbone of the ligand. None 
of the coordination sites on these ligands were compro- 
mised, and full denticity was retained. The methods 
employed in the present work have not addressed this 
issue specifically; however, the use of DOTA in place of 
DTPA is expected to result in a lower rate of metal release 
in vivo. This improvement may well be sufficient to min- 
imize metal loss for applications in which the agent is 
cleared from the body in under 48 h. 

The present work is an extension of efforts to prepare 
intermediary carriers and incorporates some practical 
improvements as described below. 

EXPERIMENTAL PROCEDURES 
Reagents. DOTA was synthesized by published meth- 

ods (14) and isolated as a zwitterion by precipitation from 
concentrated aqueous solution at  pH 2.5 following ion- 
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exchange chromatography. All other reagents were pur- 
chased from commercial suppliers and used as received 
unless otherwise specified. 

NMR Measurements. Proton nuclear magnetic res- 
onance spectra were recorded on a Bruker AM250 spec- 
trometer at  an ambient temperature of 21  f 1 "C. In 
the case of DOTA, the spectra were used to establish 
identity and estimate purity. In the case of PL-DTPA 
and PL-DOTA, the spectra were used to estimate the 
extent of acylation of PL by the mixed anhydride of the 
chelator via integration of the appropriate peaks. 

Relaxivity Measurements. Relaxation times (T,) in 
water of the title compounds were measured on a RADX 
Model 530 proton spin analyzer a t  10 MHz, 37 "C, for 
gadolinium concentrations of 0.04-2.0 mM. The data was 
fitted by nonlinear regression to the equation T,  = 1/ 
A[Gd] + B to determine relaxivities, where A is the relax- 
ivity and B is 1/T, for pure water. 

Titrimetric Measurements. The titration data were 
acquired with an automatic titrator system as previ- 
ously described (15). In a typical measurement, a sam- 
ple of one of the polychelate complexes (Gd-PL-DTPA 
or Gd-PL-DOTA), 20-50 mg/mL in water, was adjusted 
to pH 1, degassed to remove CO,, and titrated to pH 
11.5 with 0.100 M KOH. The data were plotted as pH 
vs volume of titrant added, the first derivative (dpH/ 
dvol) was taken, and the volume of titrant added between 
the two maxima in the pH range 9-11 was measured. 

Directly Coupled Plasma Atomic Absorption (DCP- 
AA) Measurements. DCP-AA determinations of gad- 
olinium concentration were performed on a Beckman Spec- 
traSpan IV instrument. 

Synthesis of DTPA Mixed Anhydride. A 25-mL 
round-bottom flask was fitted with a water condenser 
and charged with 1.622 g (4 mmol) of DTPA and 7.0 mL 
of acetonitrile (dried over 4-A molecular sieves). Trieth- 
ylamine (2.79 mL, 20 mmol) was added and the mixture 
was stirred magnetically under an atmosphere of nitro- 
gen at  60 "C for 1 h until homogeneous. This solution 
was cooled to -30 "C under an atmosphere of nitrogen 
and stirred while adding 0.520 mL (4 mmol) of isobutyl 
chloroformate (IBCF) slowly over 5 min. The resultant 
slurry was stirred for 30 min a t  -30 "C. 

Synthesis of PL-DTPA. The mixed anhydride slurry 
was added slowly over 5 min to a solution of 0.250 g of 
poly-L-lysine hydrobromide (Sigma Chemical Company, 
degree of polymerization = 105, MW = 22 000) in 12.5 
mL of 0.1 N sodium bicarbonate, pH 9.0, which was cooled 
in an ice bath. The resulting mixture was allowed to warm 
to room temperature and stirred for 6 h. The majority 
of the acetonitrile was removed by rotary evaporation a t  
60 "C and the resulting aqueous solution was dialyzed in 
1 2  500 MW cutoff tubing against 3.5 L of 0.02 M oxalic 
acid, pH 2.0, for 6 h a t  room temperature then against 
3.5 L of 0.05 M sodium bicarbonate, pH 8.0, for 12 h at  
room temperature. Residual low molecular weight com- 
ponents were removed by gel filtration on Sephadex G- 
25 with UV detection a t  254 nm, eluting with 10 mM 
sodium bicarbonate, 15 mM NaC1, pH 8.0. Lyophiliza- 
tion (10 pm, 24 h) afforded 0.532 g of white, amorphous 
solid. Analysis by 'H NMR demonstrated 0.88 DTPA 
group per lysine residue, indicating that 88% of the lysine 
t-amines were acylated. 

Synthesis of Gd-PL-DTPA. PL-DTPA (0.100 g) was 
dissolved in 3.0 mL of standardized 50.1 mM GdCl, in 
0.1 N HC1. The solution was adjusted to pH 7.0 with 7.0 
N NaOH and stirred for 30 min at  room temperature. A 
small aliquot of the solution tested positive for free 
Gd3+ when added to 1.0 mL of 10 pM arsenazo I11 in 
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acetate buffer, pH 4.0. A further 2 mg of PL-DTPA was 
added to the solution, and another aliquot tested nega- 
tive for free Gd3+. The relaxivity of the complex was 
determined to be 10.80 mM-' s-l, on the basis of a DCP- 
AA determination of Gd concentration. Titrimetric deter- 
mination of free t-amines, in conjunction with the DCP 
data, confirmed 88% acylation of t-amines with DTPA 
(% acylation = ([Gd]/[Gd] + [RNH,]) X 100 and assum- 
ing that [Gd] i= [DTPA]). HPLC analysis (column, 
Supelco C18 deactivated; mobile phase, 5 mM triethy- 
lammonium acetate, pH 6.8) demonstrated the absence 
( e l % )  of free [Gd(DTPA)]. The samples from nonde- 
structive analyses were recombined with the stock solu- 
tion and desalted by gel filtration on Sephadex G-25. Lyo- 
philization afforded 0.135 g of white solid. 

Synthesis of DOTA Mixed Anhydride. A 25-mL 
round-bottom flask was fitted with a water condenser 
and charged with 0.808 g (2 mmol) of DOTA and 5.0 mL 
of acetonitrile. Tetramethylguanidine (1.0 mL, 8 mmol) 
was added and the mixture was stirred until homoge- 
neous (5 min). Stirring was discontinued and the solu- 
tion was dried overnight over 4-A molecular sieves. The 
solution was decanted from the sieves, placed under an 
atmosphere of nitrogen, cooled to -30 "C, and stirred while 
adding 0.260 mL (2 mmol) of IBCF slowly over 5 min. 
The resultant slurry was stirred for 1 h at  -30 "C. 

Synthesis of PL-DOTA. The slurry from above was 
added slowly over 5 min to a solution of 0.100 g of PL-HBr 
in 6.0 mL of 0.1 N sodium bicarbonate, pH 9.0, which 
was cooled in an ice bath. The resulting solution was 
allowed to warm to room temperature and was stirred 
for 6 h. The reaction mixture was worked up and puri- 
fied as described for PL-DTPA, affording 0.183 g of white 
solid. Analysis by 'H NMR demonstrated 0.68 DOTA 
group per lysine residue, indicating that 68% of the lysine 
t-amines were acylated. 

Synthesis of Gd-PL-DOTA. PL-DOTA (0.300 g) was 
dissolved in 5.0 mL of 50.1 mM GdC1, in 0.1 N HC1 and 
adjusted to pH 7.0 with 7.0 N NaOH. After stirring for 
1 h a t  room temperature, the solution tested negative 
for free Gd3+. The mixture was maintained between pH 
6.0 and 7.0 with 7.0 N NaOH, while additional 0.5-mL 
aliquots of 50.1 mM GdC1, were added a t  1-h intervals 
until the solution tested positive for free Gd3+. The solu- 
tion was stirred overnight and 1-mg aliquots of PL- 
DOTA were added until the solution tested negative for 
free Gd3+. The relaxivity of the complex was 13.03 mM-l 
s-l. Data from titrimetry and DCP-AA confirmed 68% 
acylation of t-amines with DOTA. HPLC analysis dem- 
onstrated the absence (e1 70) of free Gd-DOTA. Desalt- 
ing and lyophilization afforded 0.360 g of white solid. 

Activation of HSA for Conjugation. HSA contains 
one native sulfhydryl residue, which was blocked by alky- 
lation. HSA (1 g, 15 pmol) was dissolved in 50 mL of 
0.05 M Tris-HC1, pH 8.0, in a 100-mL round-bottom flask. 
The flask was purged with dry nitrogen, sealed with a 
septum and wrapped with aluminum foil to exclude light. 
A solution of 15 mg (80 pmol) of iodoacetamide in 4.0 
mL of 1.0 N NaOH was added by syringe through the 
septum and the mixture was stirred for 45 min a t  room 
temperature in the dark. The reaction mixture was dia- 
lyzed against 3.5 L of 0.05 M sodium bicarbonate, pH 
8.0, for 1 2  h with a buffer change at  6 h. Lyophilization 
of the dialysate afforded 0.903 g of white fibers. The 
absence of free sulfhydryls in the preparation was dem- 
onstrated by the method of Ellman (16). 

Thiol-blocked HSA (0.100 g) was dissolved in 50 mL 
of 50 mM triethanolamine, 7 mM monopotassium phos- 
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phate, 100 mM NaC1, 1 mM EDTA, pH 8.0. The solu- 
tion was degassed for 10 min by stirring under vacuum 
and was covered with an atmosphere of nitrogen, and 
the flask was sealed with a septum and cooled to 4 "C. A 
solution of 8.6 mg of 2-iminothiolane in 100 pL of 1 M 
triethanolamine hydrochloride, pH 8.0, was added by 
syringe through the septum and the mixture was stirred 
for 90 minutes a t  4 "C. The reaction mixture was dia- 
lyzed overnight against 3.5 L of 0.08 M sodium phos- 
phate, 0.5 mg/mL EDTA, pH 8.0, with frequent buffer 
changes for the first few hours. Assay by the method of 
Ellman demonstrated 1.32 sulfhydryl residues per mole 
of HSA. 

Activation of Gd-PL-DTPA or Gd-PL-DOTA for 
Conjugation to HSA. A 0.200-g sample of either Gd- 
PL-DTPA or Gd-PL-DOTA was dissolved in 18 mL of 8 
mM sodium phosphate, pH 8.0, and the mixture was 
treated dropwise with a solution of 10.7 mg of N-succin- 
imidyl 4-(N-maleimidomethyl)cyclohexane-l-carboxy- 
late (SMCC) in 2.0 mL of DMSO, and stirred for 30 min. 
The reaction mixture was dialyzed overnight against 3.5 
L of deionized water with frequent changes for the first 
few hours. Reaction of an aliquot of the dialysate with 
a known amount of 2-mercaptoethanol and measure- 
ment of the residual sulfhydryls by the method of Ell- 
man, indicated 1.30 maleimide residues per mole of poly- 
chelate. 

Conjugation of Polychelates to HSA. The solu- 
tions containing activated polychelate and activated HSA 
were combined and the mixture was stirred for 4 h a t  
room temperature. Analysis of an aliquot by the method 
of Ellman indicated that over 90% of the thiols were con- 
sumed. The mixture was lyophilized, the residue was dis- 
solved in 10 mL of deionized water and dialyzed for 6 h 
against 3.5 L of deionized water. The dialysate was frac- 
tionated by size-exclusion chromatography (SEC) on 
Sephacryl S-300 eluting with 10 mM NaH,PO,, 15 mM 
NaCl, pH 8.0, and the fractions with a significant absor- 
bance a t  280 nm were pooled and lyophilized to yield 
0.30 g of fibrous solid. The relaxivities of the conjugates 
were essentially the same as those of the polychelates 
from which they were prepared ( N 10 mM-' s-l for Gd- 
PL-DTPA-HSA, - 13 mM-l s-l for Gd-PL-DOTA- 
HSA). Absorbance (280 nm) and DCP-AA data indi- 
cated that the metal content of the conjugates was 60- 
80 mol of Gd/mol of HSA. 

RESULTS AND DISCUSSION 
Synthesis of PL-DTPA and PL-DOTA. The syn- 

theses of PL-DTPA and PL-DOTA are shown in Schemes 
I and 11, respectively. The published procedure for prep- 
aration of DTPA mixed anhydride was revised to improve 
efficiency and reproducibility. Anhydrous grades of 
reagents (DTPA, triethylamine, acetonitrile) were used 
and the reaction was carried out under an atmosphere 
of nitrogen a t  low temperature to minimize hydrolytic 
decomposition of the mixed anhydride prior to reaction 
with polylysine. A series of experiments was carried out 
to determine a ratio of mixed anhydride to t-amines 
required to achieve 80-90% acylation which left some 
amines available for subsequent conjugation reactions. 
A 4-fold molar excess of mixed anhydride with respect 
to t-amines was satisfactory. Purification of the polyche- 
late was effected by a combination of size-exclusion tech- 
niques. After evaporative removal of acetonitrile, the major 
impurities were excess DTPA, triethylamine, and isobu- 
tyl alcohol. I t  was found that dialysis at  low pH (<3) 
was most effective a t  removing excess triethylamine, while 
higher pH (>6) was required to remove excess DTPA, 
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Scheme I. Synthesis of PL-DTPA 
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presumably due to its limited solubility a t  pH 53. The 
progress of the sequential dialyses was monitored by 'H 
NMR to optimize product recovery. Final purification 
by gel filtration on Sephadex G-25 served primarily as a 
desalting process (buffer exchange) as well as to remove 
residual DTPA, triethylamine, or isobutyl alcohol. The 
molecular weight of the starting PL was about 20 000, 
while that of the polychelate product was about 50 000. 

DOTA was preferred to DTPA as the chelate compo- 
nent due to the greater thermodynamic and kinetic sta- 
bilities of its gadolinium complex (1 7, 18). Attempts to 
adapt the acylation procedure directly to DOTA were 
unsuccessful due to the difficulty in preparing an aceto- 
nitrile solution of a DOTA salt. Triethylamine was not 
a sufficiently strong base to deprotonate the two most 
basic sites on DOTA (demonstrated by 'H NMR and tit- 
rimetry). Several other tertiary amine bases were eval- 
uated to try to prepare an acetonitrile solution greater 
than 0.3 M in DOTA. Both 1,5-diazabicyclo[4.3.O]non- 
5-ene (DBN) and 1,1,3,3-tetramethylguanidine (TMG) were 
satisfactory. A minor impurity in the DBN (Si%), how- 
ever, was sufficiently nucleophilic to either prevent for- 
mation, or promote decomposition, of the mixed anhy- 
dride intermediate. TMG did not exhibit this undesir- 
able behavior. No heating was required to promote 
formation of the DOTA.4TMG. The reaction was exo- 
thermic and a homogeneous solution resulted almost imme- 
diately upon addition of stoichiometric TMG to the ace- 
tonitrile DOTA slurry. 

The method employed in our laboratory to isolate DOTA 
as the free acid (zwitterion) afforded a solid product which 
was 9.3% water by Karl Fischer titration, corresponding 
approximately to a hydration state of DOTA.2.5H20. For 
this reason, the DOTA.4TMG solutions were dried over 
4-1 molecular sieves for at  least 6 h prior to treatment 
with IBCF. The remaining steps in preparation and puri- 
fication of PL-DOTA parallel those for PL-DTPA very 
closely, although the maximum degree of acylation of PL 

Scheme 11. Synthesis of PL-DOTA 
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t-amines with DOTA was 70-75%. This was achieved 
with 3.5-4-fold molar excess of DOTA mixed anhydride 
relative to amine and could not be increased, even with 
a 5-6-fold excess mixed anhydride. CPK models of the 
polychelates suggested that this was due to steric con- 
straints inherent in the rigid, nonlinear structure of DOTA, 
leading to a greater effective bulk for DOTA compared 
to DTPA. 

Preparation of the Gadolinium Complexes. The 
procedures for preparing Gd-PL-DTPA and Gd-PL- 
DOTA were essentially identical, with the notable excep- 
tion of the time required for complete reaction. Prepa- 
ration of Gd-PL-DTPA was essentially complete within 
1 h, while preparation of Gd-PL-DOTA required 24-30 
h. This observation is consistent with published reports 
(16) of the kinetic and thermodynamic properties of the 
respective monomeric complexes. The assay used to test 
for free Gd3+ allowed detection of a lower limit of 0.1 
mM Gd3+ in the com lexation solution, which repre- 
sents 0.2% of total Gd'+ (50.1 mM). While the monoa- 
mides of both DTPA and DOTA have lower thermody- 
namic stability constants with Gd than do the correspond- 
ing acids, the complexes of Gd with DOTA amides are 
expected to be more stable than those with DTPA amides 
(19). 

A spectrophotometric method for measuring the ther- 
modynamic and kinetic stability of these polychelates and 
their protein conjugates is currently under development 
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Scheme 111. Conjugation of Gd-PL-DOTA to HSA 
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in our laboratory. The polychelates, especially Gd-PL- 
DOTA, are not well-suited for the usual potentiometric 
methods of analysis. This is due to the presence of titrat- 
able functional groups not involved in chelation, as well 
as kinetic limitations. The method under development 
involves equilibrating the components of a competitive 
spectrophotometric titration at elevated temperature for 
several days prior to measurement to overcome these lim- 
itations. The results of these thermodynamic and kinetic 
measurements will be the subject of a separate report. 

The relaxivities of solutions of the polychelate com- 
plexes containing a slight excess (- 1%) of ligand were 
observed to be approximately 2.5-fold higher than those 
of the corresponding monomeric complexes ([Gd(DTPA)] 
and [Gd(DOTA)]). The relaxivities (R,) of [Gd(DTPA)] 
and [Gd(DOTA)] were measured a t  10 MHz, 37 "C, and 
found to be 4.8 and 4.6 mM-' s-l, respectively, in the 
concentration range between 0.2 and 4.0 mM. Examina- 
tion of the Solomon-Bloembergen equations, particu- 
larly the term for rotational correlation time, leads to 
the prediction of such an effect (20). Refinement of the 
equations to the extent that they can be used to predict 
the magnitude of such an effect, however, will depend 
on the accumulation of considerable experimental data. 
The increase in molecular weight from [Gd(DOTA)] to 
Gd-PL-DOTA (560 to 65 000) is approximately 2 orders 
of magnitude and brings about a 2.5-fold increase in the 
molar relaxivity of gadolinium. 

The extent of acylation of PL c-amines with DTPA or 
DOTA was measured by two techniques. The free ligand 
was analyzed by 'H NMR, and following preparation of 
the complexes, titrimetric quantitation of amines was car- 
ried out. The assumption that only PL c-amines were 
titrable was based on the presumption that all the back- 
bone amines of the chelates were deprotonated above pH 
4, due to their involvement in metal binding. For both 
polychelates, the two methods were in good agreement. 

HPLC analyses of the polychelates, using methods devel- 
oped to detect [Gd(DTPA)] and [Gd(DOTA)], consis- 
tently demonstrated very low levels (<1%) of mono- 
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meric chelates in these preparations. Impurities in Gd- 
PL-DTPA were detected by post-HPLC column mixing 
of the column effluent with an equal volume of reagent 
containing 0.1 M HNO, and 1 X lo4 M arsenazo 111, pH 
1.4, in a zero dead volume tee and measuring [Gd(arsenazo 
III)] in the resulting mixture (pH 1.5) by its absorbance 
at 658 nm (21). For the impurities in Gd-PL-DOTA, detec- 
tion of chelated Gd was by fluorescence (Ex = 277 nm, 
Em = 311 nm) without acid digestion because of the pro- 
hibitively slow kinetics of decomplexation under the con- 
ditions employed for Gd-PL-DTPA. The polychelates 
were fully retained in the guard column and were not 
detected. 

Conjugation of the Polychelates to HSA. Conju- 
gation is described in Scheme 111. Human serum albu- 
min (HSA) was chosen as a model protein to demon- 
strate the conjugation of the polychelate to proteins in 
general. According to both amino acid sequence and other 
data (22), HSA contains approximately one sulfhydryl 
per mole when highly purified. Our measurements indi- 
cated the presence of 0.12 sulfhydryl per mole. This native 
residue was blocked prior to introduction of exogenous 
sulfhydryls for conjugation, in order to provide conju- 
gates of well-defined structure. Published methods (23) 
were adapted for this purpose. Established procedures 
were also employed to introduce the sulfhydryls for con- 
jugation (24).  The reaction conditions were adjusted to 
afford one to two sulfhydryls per mole of HSA, on the 
basis of measurements of absorbance at 280 nm vs sulf- 
hydryl measurement by the method of Ellman. The poly- 
chelates (Gd-PL-DTPA and Gd-PL-DOTA) were func- 
tionalized for conjugation by introduction of a maleim- 
ide group by the procedure developed by Yoshitake et 
al. (25). The reaction conditions were adjusted to afford 
one to two maleimide residues per mole of polychelate. 
The polychelate is the most valuable component in the 
present system; however, it  is anticipated that future 
research will focus on systems where the protein is the 
more valuable component. Hence, conjugation condi- 
tions were developed which maximized efficiency of pro- 
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tein use. The activated derivatives of the polychelate 
and HSA were combined with the polychelate in 2-fold 
molar excess. Following suitable workup as described 
above, the conjugation reaction mixture was chromato- 
graphed on Sephacryl S-300 and the eluate was moni- 
tored at  280 nm. DCP-AA analysis of the collected frac- 
tions to monitor gadolinium elution, in conjunction with 
the UV detection, demonstrated that a conjugate con- 
taining from 60-80 mol of Gd/mol of HSA was eluted 
first, followed by excess polychelate and finally residual 
unreacted HSA. The molecular weight of a 1:l HSA- 
polychelate conjugate was approximately 140 000 Da while 
the individual components ranged between 65 000 and 
70 000 Da. 

The molar relaxivity of gadolinium in the conjugates 
was essentially identical with that of the respective poly- 
chelates. The molecular weight had approximately dou- 
bled, a very small change relative to the 120-fold increase 
seen on going from monomeric to polymeric chelates. 
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CONCLUSION 

It has been estimated (7-9) that in excess of 100 para- 
magnetic chelates per targeting protein will be required 
to bring about sufficient reduction in T ,  relaxation time 
to make possible the development of target-specific MRI 
contrast agents. The present system, with an average of 
70 chelates per protein and a molar relaxivity 2.5 times 
higher than that of monomeric chelates, provides the equiv- 
alent of approximately 170 monomeric chelates per pro- 
tein. This is a marked improvement over earlier results, 
and although the theoretical requirements cited may not 
be met, this system is certainly deserving of further exper- 
imental evaluation. Some of the physical and chemical 
properties of the conjugates have been determined. Pre- 
liminary animal biodistribution and imaging studies have 
been conducted and the results of these will be reported 
elsewhere. The extension of this method to other pro- 
teins with interesting biological activity is currently under- 
way, as is the evaluation of the polychelates themselves, 
as potential contrast agents for MRI. It will be interest- 
ing to determine if the mechanical effects of targeting, 
such as immobilization of the agent at  the target site, 
bring about further increases in molar relaxivity through 
effectively increasing the rotational correlation time. The 
polychelate approach described will allow the attach- 
ment of large numbers of chelates to a protein through 
a single covalent bond, with a minimum of functional 
modification of the protein. In addition, the use of DOTA 
as the chelate component provides a t  least some of the 
additional stability that will be required of an agent whose 
in vivo clearance half-life is 1-3 days. Choice of metal is 
also an important consideration in addressing this issue 
and will be based on both stability and toxicity consid- 
erations. For instance, although manganese is expected 
to form a less stable complex with DOTA than does gad- 
olinium, manganese ion is expected to be excreted more 
readily, since it is found naturally in the body (26). The 
applicability of systems of this type to areas other than 
MRI, such as radioimmunotherapy (RIT) and radioim- 
munoscintigraphy (RIS), should not be overlooked. The 
use of such a system to radiolabel antibodies would allow 
significantly smaller amounts of antibody than are cur- 
rently employed to deliver the necessary concentration 
of radionuclide. Combining the described polychelate 
approach with the methodology employed by Meares and 
co-workers (13) is likely to overcome some of the defi- 
ciencies apparent in current attempts to prepare tar- 
geted macromolecular diagnostic agents. 
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Two general methods which exploit t h e  reactivity of sulfhydryl groups toward maleimides are  described 
for t h e  synthesis of oligonucleotide-enzyme conjugates for use as nonradioisotopic hybridization probes. 
I n  the first approach, 6-maleimidohexanoic acid succinimido ester was used t o  couple 5’-thiolated oli- 
gonucleotide t o  calf intestine alkaline phosphatase to provide a 1:l conjugate in  80445% yield. T h e  
second strategy employed N,Nf-1,2-phenylenedimaleimide t o  cross-link thiolated horseradish perox- 
idase or @-galactosidase with a 5’-thiolated oligonucleotide in 58% and 65% yields, respectively. T h e  
oligonucleotide-alkaline phosphatase conjugate was able t o  detect  6 amol of target  DNA in 4 h, while 
the horseradish peroxidase conjugate was found t o  be 40-fold lower in  i ts  sensitivity of detection by 
using dye precipitation assays. 

In recent years, considerable interest  has focused on 
exploiting the  specificity of nucleic acid hybridization reac- 
tions for t h e  diagnosis of genetic disorders and infec- 
tious diseases. T h e  sensitivity of t h e  technology has  ben- 

efited in  great measure from the use of in  vitro nucleic 
acid amplification procedures (1, 2) before detection by 
hybridization. Such target-directed amplification s t ra t -  
egies are  particularly essential for t h e  detection of patho- 
gens such as t h e  HIV-1 virus, which are  often present in 
immeasurably low ti ters in  blood samples. 

Traditionally, radioisotopes, such as 32P, have been uti- 
lized as detection labels for nucleic acid probes in nucleic 
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second strategy employed N,Nf-1,2-phenylenedimaleimide t o cross-link thiolated horseradish perox-
idase or @-galactosidase with a 5’-thiolated oligonucleotide in 58% and 65% yields, respectively. T h e
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In recent years, considerable interest has focused on
exploiting the specificity of nucleic acid hybridization reac-
tions for t h e diagnosis of genetic disorders and infec-
tious diseases. T h e sensitivity of t h e technology has ben-
efited in great measure from the use of in vitro nucleic
acid amplification procedures (1, 2) before detection by
hybridization. Such target-directed amplification strat-
egies are particularly essential for t h e detection of patho-
gens such as t h e HIV-1 virus, which are often present in
immeasurably low titers in blood samples.
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acid hybridization reactions. However, concerns about 
safety, short lifetimes, and cost have prompted the inves- 
tigation of nonisotopic detection alternatives (3). Recently, 
we ( 4 )  and others (5-7) have demonstrated the efficacy 
of using enzymes as reporter groups in oligonucleotide 
probes. The signal amplification afforded by the enzyme 
component in these covalently linked conjugates results 
in sensitivities of detection equivalent to those of ,'P-la- 
beled probes. 

We have been interested in using the unique chemis- 
try of the sulfhydryl group to develop a general method- 
ology for covalently coupling signal-generating enzymes 
to oligonucleotides. Prior to our work, a ligation method 
was described for attaching oligonucleotides to nucleic 
acids, proteins, and peptides (8) based on the propensity 
of sulfhydryl groups to form disulfides. A drawback of 
this approach is the susceptibility of the disulfide bond 
to cleavage by thiols. This problem can be circum- 
vented by using a stable thioether linkage, as exempli- 
fied by the synthesis of oligonucleotide-alkaline phos- 
phatase conjugates using bromoacetyl-sulfhydryl cou- 
pling chemistry (6). This report presents alternate and 
extremely efficient conjugation approaches for the prep- 
aration of oligonucleotide-enzyme hybridization probes 
which utilize the high and rather specific reactivity of 
sulfhydryl groups for maleimides. The oligonucleotide- 
enzyme conjugates are capable of detecting complemen- 
tary DNA sequences with high sensitivities with dye pre- 
cipitation assays. 

Ghosh et al. 

EXPERIMENTAL PROCEDURES 

T4 polynucleotide kinase (EC 2.7.1.78) was obtained 
from New England Biolabs. Calf intestine alkaline phos- 
phatase (EC 3.1.3.1., enzyme immunoassay grade) and 
P-galactosidase (EC 3.2.1.23., enzyme immunoassay grade) 
were purchased from Boehringer Mannheim, and [y- 
32P]ATP was from ICN. Bovine serum albumin frac- 
tion V (BSA),' horseradish peroxidase (Type VII, EC 
1.11.1.7), sodium dodecyl sulfate (SDS), and polyvinylpyr- 
rolidone (PVP) were from Sigma. Bio-Gel P-100 fine and 
acrylamide were obtained from Bio-Rad, and DEAE- 
cellulose (DE-52) came from Whatman. N-(2-hydroxy- 
ethy1)piperazine-N'-ethanesulfonic acid (HEPES), 3-N- 
morpholinopropanesulfonic acid (MOPS), and 1-ethyl-3- 
[3-(dimethylamino)propyl]carbodiimide hydrochloride 
(EDC) were purchased from Calbiochem, and Sephadex 
G-75 was from Pharmacia. 2-Iminothiolane hydrochlo- 
ride was obtained from Pierce and all other chemicals 
were purchased from Aldrich. Collodion bags (MW cut- 
off 25 000) and nitrocellulose filters were obtained from 
Schleicher and Schuell. Centricon-30 microconcentra- 
tors and Centriprep-30 concentrators (MW cutoff 30 000) 
were purchased from Amicon. 

Plasmid pARV7A/2, constructed by inserting a cDNA 
copy of the HIV genome into the EcoRI site of pUC19 
pBR322 (9), was obtained from D. Richman (University 

Abbreviations used are as follows: BSA, bovine serum albu- 
min fraction V; SDS, sodium dodecyl sulfate; PW, polyvinylpyr- 
rolidone; DE-52, DEAE-cellulose; HEPES, N-(2-hydroxyeth- 
y1)piperazine-N'-ethanesulfonic acid; MOPS, 3-N-morpholino- 
propanesulfonic acid; EDC, l-ethyl-3-[3-(dimethylamino)pro- 
pyllcarbodiimide hydrochloride; DAB-NiCl,, 3,3'-diaminoben- 
zidine hydrochloride-nickel chloride; NBT, nitroblue tetra- 
zolium; BCIP, 5-bromo-4-chloro-3-indolyl phosphate; DMF, 
N,N-dimethylformamide; HBsAg, hepatitis B surface antigen; 
EDTA, ethylenediaminetetraacetic acid; MHS, 6-maleimidohex- 
anoic acid succinimido ester; DTT, dithiothreitol. 

of California, San Diego). Oligonucleotide HIV-300 (5'- 
TGGTCCTGTTCCATTGAACGTCTTATTATT-3') is 
complementary to the region coding for the HIV sequence 
in plasmid pARV7A/2. Plasmid pTBO61B was con- 
structed by inserting a 0.9-kb EcoRI fragment contain- 
ing the sequence of the hepatitis B surface antigen (HBsAg) 
into vector pBR322 (IO). Oligonucleotide HBsAg-133 (5'- 
TGGCTCAGTTTACTAGTGCCATTTGTTCAG-3') is 
complementary to the region coding for the hepatitis B 
surface antigen in plasmid pTBO61B. The oligonucle- 
otides were synthesized on an Applied Biosystems 380A 
automated DNA synthesizer and were purified accord- 
ing to the reverse-phase chromatographic conditions 
described by Ghosh et al. (11). The purified oligonucle- 
otides migrated as single bands on a 20% polyacryla- 
mide gel. Enzymatic phosphorylation of the oligonucle- 
otides at the 5'-terminus using T4 polynucleotide kinase 
and cold ATP or [T-~~P]ATP was performed according 
to the protocol of Maniatis et al. (12). 

Preparation of 5'-Cystaminyl Oligonucleotide 
Derivative. Reaction tubes were silanized with a freshly 
prepared 5 % solution of dichlorodimethylsilane in chlo- 
roform to prevent adhesion of the nucleic acids to the 
walls of the tubes. The 5'-cystaminyl derivative was pre- 
pared by the two-step procedure described by Chu et al. 
(13). Alternately, 5'-phosphorylated oligonucleotide (16 
nmol) was treated with 3 mL of 0.1 M imidazole, 0.15 M 
EDC, 0.25 M cystamine, pH 6.00, at 23 "C for 16 h. The 
crude cystaminyl oligonucleotide derivative was isolated 
as a pellet by lithium chloride precipitation from an aque- 
ous ethanol solution and used in the next step without 
further purification. 

Reduction of 5'-Cystaminyl Oligonucleotide De- 
rivative. Reduction of the disulfide linkage of the 5'- 
cystaminyl oligonucleotide derivative (- 16 nmol) was 
effected by treatment with 2.5 mL of a degassed solu- 
tion of 0.1 M DTT, 0.2 M HEPES, 1 mM EDTA, pH 
7.7, for 1 h at  23 "C. The 5'-(mercaptoethy1)phosphora- 
midate oligonucleotide derivative was isolated from excess 
reagent with three consecutive lithium chloride/ethanol 
precipitations and used immediately in the conjugation 
reaction or in its reaction with N,N'-1,2-phenylenedima- 
leimide. It is essential to use degassed buffer in the sub- 
sequent step and keep the solution of the oligonucle- 
otide derivative under an atmosphere of argon to pre- 
vent air oxidation of the terminal thiol group. 

Preparation of Maleimide-Derivatized Oligonu- 
cleotide. 5'-(Mercaptoethy1)phosphoramidate oligonu- 
cleotide derivative (8 nmol) was dissolved in 2 mL of 0.2 
M HEPES and 1 mM EDTA, pH 7.7, and then 0.016 
mL of a 25 mM solution of N,N'-1,2-phenylenedimale- 
imide in CH,CN was added. The reaction mixture was 
kept at 23 "C for 30 min and then ethanol precipitated 
two times. The maleimide-derivatized oligonucleotide was 
used immediately for the subsequent coupling step. 

Derivatization of Calf Intestine Alkaline Phos- 
phatase with 6-Maleimidohexanoic Acid Succinim- 
ido Ester. 6-Maleimidohexanoic acid succinimido ester 
(MHS) was prepared according to a literature procedure 
(14). Calf intestine alkaline phosphatase (11.3 mg, 81 
nmol) in 1.13 mL of 3 M NaCl, 0.1 mM MgCl,, 0.1 mM 
ZnCl,, 30 mM triethanolamine, pH 7.6, was dialyzed 
against 0.1 M NaHCO,, 3 M NaCI, 0.02% NaN, at pH 
8.5 with a collodion bag for a period of 3 h at 4 "C. A 50 
molar excess of MHS (0.125 mL) as a 32 mM solution in 
CH,CN (10% final concentration of CH,CN in the reac- 
tion) was then added, and the reaction was allowed to 
proceed at 23 "C for 30 min. Excess reagent was then 
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removed by dialysis against argon-degassed 50 mM MOPS, 
0.1 M NaCl, pH 7.5, to provide a 1.60-mL solution of 
maleimide-derivatized alkaline phosphatase. 

Preparation of Oligonucleotide-Alkaline Phos- 
phatase Conjugate. A 1.60-mL aliquot of a 50 pM solu- 
tion of maleimide-derivatized calf intestine alkaline phos- 
phatase in 50 mM MOPS, 0.1 M NaC1, pH 7.5, was added 
to 16 nmol of a 5'-(mercaptoethy1)phosphoramidate oli- 
gonucleotide derivative, and the conjugation reaction was 
allowed to proceed at  23 "C for 16 h. Gel filtration in a 
Bio-Rad P-100 column (1.5 X 75 cm) at  4 "C using 0.05 
M Tris, pH 8.5, as an eluant separated unreacted oligo- 
nucleotide from the enzyme-oligonucleotide conjugate and 
excess enzyme. The enzyme fractions were pooled and 
applied to a DEAE-cellulose column (1 X 7.4 cm) equil- 
ibrated with 0.05 M Tris, pH 8.5, a t  23 "C. The column 
was washed with 0.1 M Tris, pH 8.5 (15 mL), and a 40- 
mL salt gradient of 0-0.2 M NaCl in 0.1 M Tris, pH 8.5, 
followed by 40 mL of 0.2 M NaCl, 0.1 M Tris, pH 8.5, to 
elute free alkaline phosphatase. Pure oligonucleotide- 
alkaline phosphatase conjugate was obtained by elution 
with 0.5 M NaCl and 0.1 M Tris, pH 8.5. The conjugate 
fractions were combined, simultaneously dialyzed and con- 
centrated with Centriprep-30 concentrators (Amicon), and 
stored in 0.1 M Tris, 0.1 M NaCl, pH 8.5, at 4 "C. 

Thiolation of Horseradish Peroxidase. The thio- 
lation of horseradish peroxidase was carried out by using 
a modification of a literature-described procedure (15). 
A 0.05-mL aliquot of a 0.12 M solution of 2-iminothio- 
lane hydrochloride (6 wmol) in 25 mM sodium borate, 
pH 9.00, was added to 0.28 mL of a 0.21 mM solution of 
horseradish peroxidase (60 nmol) in the same buffer. The 
reaction mixture was kept at 23 OC for 1 h and then excess 
reagent was removed by dialysis against 25 mM sodium 
borate, pH 9.00, at 4 "C. 

Preparation of Oligonucleotide-Horseradish Per- 
oxidase Conjugate. To -8 nmol of maleimide-deriva- 
tized oligonucleotide in 2 mL of degassed 0.2 M HEPES, 
1 mM EDTA, pH 7.7, was added 0.214 mL of a 0.19 mM 
solution of thiolated horseradish peroxidase (40 nmol) 
in 25 mM sodium borate, pH 9-00. The reaction mix- 
ture was kept under an argon atmosphere, and the con- 
jugation was allowed to proceed for 16 h at 23 "C. A 
Sephadex G-75 column (1.5 X 44 cm) was used to sepa- 
rate unreacted oligonucleotides from the mixture of con- 
jugates and excess thiolated enzyme. The conjugates were 
then purified by DEAE ion-exchange chromatography with 
the conditions described in the previous section. 

Preparation of Oligonucleotide-&Galactosidase 
Conjugate. The conjugation of maleimide-derivatized 
oligonucleotides to @-galactosidase was performed under 
conditions identical with those for thiolated horseradish 
peroxidase. The purification of the conjugate was car- 
ried out following the protocol for the isolation of the 
oligonucleotide-alkaline phosphatase. 

Alkaline Phosphatase Assay. The enzymatic activ- 
ity of alkaline phosphatase and the oligonucleotide-al- 
kaline phosphatase conjugates was assayed at 23 "C by 
following the hydrolysis of 0.1 mM p-nitrophenyl phos- 
phate in 0.1 M Tris, 0.1 M NaCl, 0.01 M MgCl,, pH 9.5, 
a t  410 nm. 

Horseradish Peroxidase Assay. The enzymatic activ- 
ity of horseradish peroxidase and ita conjugate was assayed 
with a 3,3'-diaminobenzidine hydrochloride-nickel chlo- 
ride (DAB-NiC1,) solution (0.5 mg/mL DAB in 0.05 M 
Tris, pH 7.6, containing 0.04% NiC1,). 

&Galactosidase Assay. The enzymatic activity of 0- 
galactosidase and its conjugate was assayed a t  37 "C by 
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following the release of 4-nitrophenolate at 410 nm with 
a solution of 4-nitrophenyl-/3-~-galactoside (1.57 mg/ 
mL) in 50 mM potassium phosphate, 1 mM MgCl,, 0.1 
M 2-mercaptoethanol, pH 7.8. 

Sensitivity of Conjugates for Nitrocellulose-Im- 
mobilized Target DNA: (i) Oligonucleotide-Alka- 
line Phosphatase Conjugate, Varying amounts of plas- 
mid pARV7A/2, 1 pg of Escherichia coli DNA, 100 ng 
of pBR322 and 10 pg of human DNA were denatured 
under alkaline conditions at 65 OC (0.2 M NaOH, 15 min) 
and then neutralized with an equal volume of 2 M ammo- 
nium acetate. The DNA samples were immobilized onto 
a nitrocellulose membrane using a Schleicher and Schuell 
Minifold I1 slot-blot apparatus, and the nucleic acids were 
fixed to the nitrocellulose by UV radiation (16). The fil- 
ter was prehybridized in 5X SSC, 0.5% BSA, 0.5% PVP, 
and 0.1% SDS for 10 min at  50 "C, followed by hybrid- 
ization in the same buffer with 2 pg/mL of oligonucle- 
otide-alkaline phosphatase conjugate for 1 h at  50 "C. 
After three washes with l x  SSC containing 0.1% SDS 
at  23 "C and a stringency wash in the same buffer a t  50 
OC, the filter was rinsed three times with developing buffer 
(0.1 M Tris, 0.1 M NaC1, 0.01 M MgCl,, pH 9.5). Color 
development was allowed to proceed for 4 h with 0.33 
mg/mL nitroblue tetrazolium (NBT) and 0.16 mg/mL 
5-bromo-4-chloro-3-indolyl phosphate (BCIP) in devel- 
oping buffer containing 0.33% v/v DMF. 

(ii) Oligonucleotide-Horseradish Peroxidase Con- 
jugate. The prehybridization and hybridization steps 
were identical with the protocol described above. After 
the stringency wash at 50 "C, the filter was washed with 
0.05 M Tris, pH 7.6. The detection assay was then car- 
ried out with DAB-NiC1, solution. 

RESULTS 

Preparation of Derivatized Oligonucleotides. A 
number of methods (13,17-19) have been reported which 
describe the introduction of sulfhydryl groups at the ter- 
mini of synthetic oligonucleotides. The strategy of Chu 
et al. (13) was used for modification of our oligonucle- 
otide probes, since it conveniently allows 32P labeling of 
the 5'-end of the nucleic acid, thereby enabling us to mon- 
itor the efficiencies of the conjugation reactions. In addi- 
tion, the method has the advantage of permitting the func- 
tionalization of any unprotected oligonucleotide or RNA 
sequence which can be made available by chemical or 
enzymatic syntheses. 

Thus, the 5'-cystaminyl oligonucleotide derivatives were 
obtained through conversion of the 5'-terminal phos- 
phates to the activated phosphorimidazolides, followed 
by nucleophilic displacement of the leaving group with 
cystamine. The same modification was achieved in a sin- 
gle step with cystamine and EDC in imidazole buffer. 
Product analysis by 20 % polyacrylamide gel electrophore- 
sis indicated a 6.570% yield for both procedures (data 
not shown). Reduction of the disulfide linkage with DTT 
resulted in quantitative formation of the 5'-(mercapto- 
ethy1)phosphoramidate oligonucleotide derivatives. 

The thiolated oligonucleotides can be used directly in 
conjugation reactions with maleimide-modified enzymes 
(Figure 1). Alternately, the sulfhydryl groups can be func- 
tionalized with the bifunctional linker N,N'-1,2-phen- 
ylenedimaleimide to provide maleimide-derivatized oli- 
gonucleotides, thereby allowing the converse conjuga- 
tion reaction with thiolated enzymes or enzymes possessing 
free cysteines (Figure 2). The reaction of 5'-(mercapto- 
ethy1)phosphoramidate oligonucleotide derivatives with 
N,"-1,2-phenylenedimaleimide was rapid and was essen- 
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Figure 1. Conjugation of 5’-thiolated oligonucleotides with calf intestine alkaline phosphatase using 6-maleimidohexanoic acid 
succinimido ester. 

Figure 2. Cross-linking of oligonucleotides to enzyme using N,N’-1,2-phenylenedimaleimide. 

tially complete in 30 min as determined by polyacryla- 
mide gel analysis (data  not shown). 

Modification of Reporter Enzymes. Maleimide 
groups were introduced in calf intestine alkaline phos- 
phatase by utilizing a 50-fold excess of the heterobifunc- 
tional linker 6-maleimidohexanoic acid succinimido ester 
(MHS)  (13). T h e  extent of the modification was fol- 
lowed by treatment of the derivatized enzyme with excess 
DTT, followed by titration of the sulfhydryl groups with 
5,5’-dithiobis(2-nitrobenzoic acid) (20). An average of 6.2 
maleimide residues per enzyme molecule was estimated 
by this procedure. 

Thiolation of horseradish peroxidase with 2-iminothi- 
olane (15) was performed by using a modification of a 
literature procedure. The  modified enzyme was found 
t o  possess an average of 1.9 sulfhydryl groups per mole 
of protein. 

Synthesis of Oligonucleotide-Alkaline Phos- 
phatase Conjugate. It is not essential to  purify the 5’- 
(mercaptoethy1)phosphoramidate oligonucleotide deriv- 
ative prior to the conjugation reaction, since unreacted 
phosphorylated oligonucleotides are inert toward male- 
imides. Typically, a &fold molar excess of maleimide- 
modified calf intestine alkaline phosphatase was reacted 
with 5’-(mercaptoethy1)phosphoramidate oligonucle- 
otide derivative (Figure 1). Excess enzyme and conju- 
gate were separated from the unreacted oligonucleotide 
with gel filtration (Figure 3A). The  efficiency of the con- 
jugation can be followed by 32P labeling of the 5’-phos- 
phorus of the oligonucleotide derivative. Since crude, 
thiolated oligonucleotides are used in the reaction, alka- 
line phosphatase hydrolysis of residual 5’-kinased oligo- 
nucleotides occurs in the conjugation step. Thus,  a late- 
eluting, 32P-labeled, inorganic phosphate peak is also 
observed in the cpm elution profile (not shown in Fig- 
ure 3A). This allowed an independent determination of 
the efficiency of 5’-(mercaptoethy1)phosphoramidate oli- 
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Figure 3. Purification of oligonucleotide-alkaline phos- 
phatase conjugates: (A) Gel filtration chromatography of a con- 
jugation reaction mixture on a Bio-Rad P-100 column [1.5 X 75 
cm, 0.88 mL/reaction; (0) cpm; (0 )  absorbance], (B) ion- 
exchange chromatography of pooled reactions from the first peak 
in A on a DEAE-cellulose column (1 X 7.4 cm, 1.1 mL/ 
reaction). 

gonucleotide formation (- 70%), which compares favor- 
ably with the results from the polyacrylamide gel elec- 
trophoresis discussed earlier. In  addition, the distribu- 
tion of radioactivity in t h e  oligonucleotide-enzyme 
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Figure 4. Detection of complementary target plasmid pARV7A/ 
2 on nitrocellulose membranes: (A) Dilutions of the target plas- 
mid and controls were immobilized on the membrane and hybrid- 
ized with an HIV-300-alkaline phosphatase conjugate. Target 
DNA was visualized colorimetrically by using a dye precipita- 
tion assay. (B) the sensitivity of detection of target DNA using 
32P-labeled HIV-300 (4.4 X lo6 cpm/nmol). 

conjugate and unreacted 5’-(mercaptoethy1)phosphora- 
midate oligonucleotide peaks indicated an efficiency of 
85% for the coupling reaction. 

The appropriate protein fractions from the gel filtra- 
tion step were subjected to  DEAE-cellulose ion- 
exchange chromatography for the final purification of oli- 
gonucleotide-alkaline phosphatase conjugate. A combi- 
nation of gradient and isocratic salt elutions successfully 
resolved the conjugate from two enzyme species, which 
presumably differ in their degree of modification with 
maleimide residues (see absorbance profile in Figure 3B). 
The conjugate was determined to have a composition of 
a 1:l molar ratio of oligonucleotide and alkaline phos- 
phatase by using the spectroscopic analysis of Li et al. 
(6). The conjugate was assayed colorimetrically with p -  
nitrophenyl phosphate and was found to retain 80445% 
of the unmodified enzyme’s activity. 

Synthesis of Oligonucleotide-Horseradish Perox- 
idase Conjugate. A 5-fold excess of thiolated horserad- 
ish peroxidase was reacted with crude, 32P-labeled, male- 
imide-derivatized oligonucleotide, and the conjugate was 
isolated by a combination of Sephadex G-75 gel filtra- 
tion and DEAE-cellulose ion-exchange chromatography. 
Based on a 60% yield for the formation of the maleim- 
ide-derivatized oligonucleotide, the efficiency of the con- 
jugation reaction was estimated to be 58% from the cpm 
elution profile of the gel filtration step. A DAB-NiCl, 
assay of the conjugate indicated a 70-75% retention of 
the original enzymatic activity. 

Synthesis of Oligonucleotide-&Galactosidase 
Con jugate. The coupling of @-galactosidase to maleim- 
ide-derivatized oligonucleotide was identical with the pro- 
cedure described for horseradish peroxidase. The con- 
jugate was isolated in 65% yield and was 75% as active 
as the unmodified enzyme. 

Sensitivities of Conjugates in Detecting Comple- 
mentary DNA Sequences. Figure 4A shows the sensi- 
tivity of the HIV-300-alkaline phosphatase conjugate for 
plasmid pARV7A/ 2 immobilized on a nitrocellulose mem- 
brane by using a dye precipitation assay. The conjugate 
detected 100 pg (12 amol) of target DNA in 1 h and was 
capable of detecting 50 pg (6 amol) with 4 h of color devel- 
opment. No cross-hybridization was observed with plas- 
mid pBR322, E. coli DNA, or human genomic DNA, and 
filter background was completely absent. With use of 
the same hybridization conditions, 32P-labeled HIV-300 
detected 100 pg (12 amol) of target DNA after 18 h of 
autoradiography (Figure 4B). 

Horseradish peroxidase was conjugated to oligonucle- 
otide HBsAg-133 and was used as a probe for plasmid 
pTBO61B. The level of sensitivity was found to be 1 ng 

(300 amol) with DAB-NiC1, for color development and 
was 40-fold higher than the limit of detection for the cor- 
responding alkaline phosphatase conjugate. 

We were unsuccessful in our attempts to use the HBsAg- 
133-@-galactosidase conjugate for the detection of nitro- 
cellulose-immobilized target DNA. The conjugate exhib- 
ited a high nonspecific background for the membrane in 
an assay with 5-bromo-4-chloro-3-indolyl-/3-~-galactopy- 
ranoside and nitroblue tetrazolium. 

DISCUSS ION 
An important consideration in our choice of the con- 

jugation chemistry was the ability to manipulate any oli- 
gonucleotide or RNA sequence, synthesized enzymati- 
cally or by solid phase procedure, for subsequent cova- 
lent attachment to the reporter enzymes. The procedure 
of Chu et al. (13) for the introduction of reactive thiol 
functionalities a t  the 5’-terminal phosphates of unpro- 
tected oligonucleotides was therefore well-suited for our 
purpose. In this respect, our previous paper (4) and this 
report differ from the other approaches (5-3, which require 
the use of linker-modified nucleotide analogues to replace 
one of the standard bases in the automated synthesis of 
the oligonucleotides. The linkers are functionalized with 
terminal amine groups, which provide a chemical handle 
for the conjugation chemistry. 

The reaction of maleimides with sulfhydryl groups is 
fairly rapid compared to their reaction with amino and 
hydroxyl groups (21). We have exploited this reactivity 
to develop highly efficient methods for the conjugation 
of reporter enzymes to oligonucleotides. In the first strat- 
egy, calf intestine alkaline phosphatase was functional- 
ized with maleimide groups and the heterobifunctional 
linker MHS and subsequently reacted with a 5‘- 
(mercaptoethy1)phosphoramidate oligonucleotide deriv- 
ative. Our choice of MHS was influenced by the pres- 
ence of a suitable alkyl spacer in the reagent, thereby 
ensuring minimal interference of the reporter moiety in 
the hybridization reaction of the oligonucleotide- 
enzyme conjugate. 

The second approach was designed for thiolated enzymes 
and enzymes with free cysteines and utilized N,W-1,2- 
phenylenedimaleimide to effect the coupling with a 5’- 
(mercaptoethy1)phosphoramidate oligonucleotide deriv- 
ative. Thiolated horseradish peroxidase and  @- 
galactosidase were utilized in these conjugation reactions. 
Lower efficiencies of conjugation were obtained with this 
cross-linker when compared to the MHS-based proce- 
dure. 

The conjugates retain greater than 70% of their orig- 
inal enzymatic activity and are stable indefinitely when 
stored a t  4 “C. The oligonucleotide-alkaline phos- 
phatase conjugate was extremely sensitive in nitrocellu- 
lose-based hybridization reactions, while the oligonucle- 
otide-horseradish peroxidase conjugate was 40-fold less 
sensitive than its corresponding alkaline phosphatase con- 
jugate. This observation is in accordance with our pre- 
vious results using hydrazone-linked oligonucleotide-al- 
kaline phosphatase and oligonucleotidehorseradish per- 
oxidase conjugates (4). 

The high sensitivities afforded by chemiluminescence 
have recently been exploited with acridinium ester labeled 
DNA probes (22), which were shown to detect target nucleic 
acid sequences in the 10-17-10-18 mol range. In contrast 
to the single chemiluminescent molecule per oligonucle- 
otide probe in this system, the efficacy of oligonucleotide- 
enzyme conjugates derives from the signal amplification 
by the reporter group. Hence, even higher sensitivities 
of detection should be attainable with chemilumines- 
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cent substrates. Indeed, oligonucleotide-alkaline phos- 
phatase conjugates have been demonstrated t o  detect 7 
X mol of target DNA when used in conjunction with 
the dioxetane-based chemiluminescent substrate AMPPD 
( 2 3 ) .  Alternatively, the  recently described, dual- 
enzyme, cascade amplification system (24)  can be uti- 
lized as a colorimetric assay for the conjugates. We are 
currently focusing on the application of these sensitive 
methods with our alkaline phosphatase conjugates to the 
detection of target nucleic acids using a sandwich detec- 
tion format. 
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The coupling of ellipticine and CI-921, two antineoplastic pharmaceuticals, to polyaldehyde dextran 
can be carried out under mild reaction conditions with novel acid hydrazides of the parent drugs. 
The resulting acyl hydrazones resist hydrolytic and enzymatic cleavage and offer a method for drug 
loading via dextran conjugates to monoclonal antibodies. 

Numerous examples of the conjugation of antineoplas- 
tic pharmaceuticals to antibodies or to their fragments 
can be found in the burgeoning field of immunochemo- 
therapy (1-3). Often these drug-to-antibody linkages 
involve the amino or carboxy functions on the glycopro- 
tein bridging to counterpart carboxyl (or formyl) and amino 
moieties on the small molecule pharmaceutical (3-5). 

Recently, however, the chemical advantages of utiliz- 
ing hydrazides in the conjugation process have been rec- 
ognized. We have reported the synthesis of a no-carri- 
er-added radioiodinated hydrazide which couples effi- 
ciently to carbonyl moieties (6). Others have noted that 
the very low pK of hydrazides (ca. 2.6) compared to that 
of primary amines (ca. 9-10) means that under mildly 
acidic conditions hydrazides can be linked to aldehydes 
without intervention of potentially competitive amino func- 
tions (7, 8). This chemistry has been exploited to per- 
mit conjugation of hydrazide anticancer agents to CHO 
moieties-often generated by oxidation of carbohydrate 
units on the antibody-with minimal intramolecular cross- 
linking by lysine residues on the glycoprotein (9-11). Fur- 
thermore, the acyl hydrazones thus generated are con- 
siderably more resistant to hydrolysis and do not require 
reduction for stabilization. 

In this laboratory we have been developing the use of 
hydrazide-based pharmaceuticals and radiotracers as well 
as polyaldehyde dextran (PAD) as a macromolecular car- 
rier for these agents (12,13). Not only do drug-dextran 
conjugates offer a facile polymeric spacer for antibody 
attachment but they also offer a more soluble delivery 
form of the parent drug, which may now undergo tumor- 
affinic uptake by an endocytosis mechanism. Drug-to- 
PAD conjugates appear to offer therapeutic advantages 
in several cases (14, 15). In this study we have linked 
the antitumor agents CI-921 (Chart I) and two ellipti- 
cines (9-methoxy and 9-H, Chart 11) as hydrazides onto 
PAD and have studied the stability of the conjugates. 

EXPERIMENTAL PROCEDURES 

Materials. Ellipticine and 9-methoxyellipticine were 
supplied by the Drug Development Branch, National Can- 
cer Institute, NIH, Bethesda, MD. CI-921, also known 
as 9-[ [2-methoxy-4- [ (methylsulfonyl)amino]phenyl]- 
amino]-N,5-dimethylacridine-4-carboxamide, was sup- 
plied by Parke-Davis Pharmaceuticals of Ann Arbor, MI. 
Clinical-grade dextran (40 kDa) was supplied by Phar- 
machem Corp., Bethlehem, PA. All other chemicals and 
solvents were of the highest purity commercial grade. Com- 
bustion analyses were supplied by Robertson Microana- 

Scheme I. Synthesis of (31-921 Carbazate (111) 

R ? 

CH, CONHNHCOC ( W)S 
I 
0 I11 

lytical Laboratory, Madison, NJ. 'H NMR spectra were 
obtained in the indicated solvents on a JEOL FX9OQ 
spectrophotometer. Melting points were obtained on either 
a Thomas-Hoover capillary or a Fisher-Johns melting point 
apparatus and are reported uncorrected. 

Syntheses. tert-Butyl N-[[9-[[2-Methoxy-4- 
[ (methylsulfonyl)amino]phenyl]amino]-&methylac- 
ridin-4-yl]carbonyl]carbazate Hydrochloride (111). 
Intermediates in this pathway proved highly unstable and 
decomposed to red oils from initially isolated solids. The 
synthesis was continued in sequence until stable I11 was 
isolated (Scheme I). 
5-Methyl-9-oxoacridan-4-carboxylic acid (1.51 g, 5.95 

mmol) was dissolved in 20 mL of thionyl chloride con- 
taining one drop of dimethyl formamide and the solu- 
tion was refluxed for 30 min (17). The volume was reduced 
to 5 mL and 15 mL of dry benzene was added. The mix- 
ture was again evaporated to about 5 mL, fresh benzene 
was added, and the flask contents were evaporated to 
dryness. The intermediate, yellow 5-methyl-9-chloroacri- 
dine-4-carbonyl chloride hydrochloride (I) (mp 143-146 
"C) was used directly by immediate dissolution in 70 mL 
of dry methylene chloride. tert-Butyl carbazate (0.78 g, 
5.9 mmol) was added as a single portion to the solution 
of I chilled in an ice-water bath. After 1 min of mixing, 
the methylene chloride was vacuum evaporated a t  room 
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Chart I. Structures of CI-921 and Analogues 
OCH3 
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C-R 
I /  
0 

R = N H C H 3  (CI-921) 

= NHNH-COO-2-bu (111) 

= N H N H 2 . A C L  (IV) 

= @ C H 3  ( V )  

Chart 11. Structures of Ellipticine and Methoxyellip- 
ticine 

R W  / /  

C H3 

R = H Ellipticine 

R = OCH3 9-Methoxyellipticine 

temperature and the labile tert-butyl N'-[ (5-methyl-9- 
chloroacridin-4-yl)carbonyl] carbazate hydrochloride (11) 
was dissolved in 50 mL of anhydrous methanol and 
employed directly in the condensation step with N-(4- 
amino-3-methoxypheny1)methanesulfonamide (16) (1.29 
g, 5.95 mmol) and 100 pL of concentrated hydrochloric 
acid. This slurry was refluxed for 20 min, the condenser 
was removed, and the solvent was evaporated to half- 
volume. Ethyl acetate (50 mL) was added and the result- 
ant slurry was allowed to stand for 5 h prior to filtration. 
The isolated product (1.99 g) was shown by 'H NMR to 
be a mixture of I11 and IV. Pure title product (tert-bu- 
tyl carbazate 111) was obtained as a red-orange solid by 
preparative thick (lo00 pm) layer chromatography employ- 
ing 9:4:1 chloroform-isopropyl alcohol-methanol as the 
moving phase. The product eluted just under the sol- 
vent front (R, -0.8) and all other impurities including 
the hydrazide (R, -0.4) were considerably less migra- 
tory: yield 0.122 g (3.4%) of a red-orange solid; mp 116- 
120 OC; 'H NMR (DMSO-dJ 6 1.45 (s, 9H, t-Bu), 2.61 
(9, 3 H, C-5 CH,), 3.10 (s, 3 H, SO,CH,), 3.59 ( s ,  3 H, 
OCH,), 7.01 (9, 2 H, ArH), 7.48 (m, 4 H, ArH), 7.89 (d, 1 
H, ArH), 8.11 (d, 1 H, ArH), 8.55 (d, 1 H, ArH), 8.70 (d, 
1 H, ArH), 9.28 (s, 1 H, NH), 10.15 (s, 1 H, NH), 11.21 
(s, 1 H, NH). Anal. Calcd for C2,H,,N,O6S~HC1: C, 55.85; 
H, 5.36; N, 11.63. Found: C, 55.73; H, 5.53; N, 11.43. 

9-[ [%-Methoxy-4-[ (methylsulfonyl)amino]phenyl]- 
amino]-bmet hylacridine-4-carboxylic Acid Hydrazide 
Dihydrochloride (IV). This product could be obtained 
as a byproduct in the synthesis of I11 described above 
( R ,  0.40-0.45) but was best obtained by acid-catalyzed 
hydrolysis of purified carbazate I11 (Scheme 11). A sam- 
ple of 0.122 g (0.203 mmol) of I11 was dissolved in 1.0 
mL of methanol and 15 mL of 2.0 M aqueous hydrochlo- 
ric acid. This acidic, methanolic solution was allowed to 
stand a t  ambient temperature for 1 h and was evapo- 
rated in vacuo, and the resulting red solid was purified 
by preparative thick-layer chromatography on 1000-bm 
silica gel plates. The mobile phase was 102:l chloroform- 

Scheme 11. Synthesis of (31-921 Hydrazide (IV) 
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Scheme 111. Synthesis of CI-921 Methyl Ester (V) 
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2-propanol-methanol (v:v:v) and the product was eluted 
as a sharp band at  R, 0.74. It was eluted from the silica 
gel in methanol, filtered, evaporated to dryness, and dried 
under vacuum for 2 h to yield 0.062 g (56%) of red-or- 
ange IV: mp 109.5-111.5 "C; 'NMR (CD,OD) 6 2.81 (s, 3 
H, C-5 CH,), 3.09 (s, 3 H, S02CH,), 3.58 (s, 3 H,OCH,), 
7.05 (m, 3 H, ArH), 7.50 (m, 3 H, ArH), 7.87 (d, 1 H, 
ArH), 8.10 (d, 1 H, ArH), and 8.55 (m, 2 H, ArH) (NH 
signals not visible in this solvent system); MS (FAB) m/ 
e = 465.9 (calcd mle = 465.6 for molecular ion of free 
base). Anal. Calcd for C2,H2,N,O,S~2HC1: C1, 13.16. 
Found: C1, 13.05. 

Methyl 9-[ [ 2-Methoxy-4-[ (methylsulfonyl)amino]- 
phenyllamino1-5-met hyl-4-acridinecarboxylate 
Hydrochloride (V) .  5-Methyl-9-chloroacridine-4- 
carbonyl chloride hydrochloride (11) (prepared in situ by 
chlorination as described above from 1.51 g, 5.95 mmol 
of 5-methylacridone-4-carboxylic acid) was slurried in 50 
mL of dry methanol with 5 mL of triethylamine for 1 h 
at room temperature (Scheme 111). The yellow solid which 
formed, the methyl ester of the acridine, was filtered, 
washed with dry methanol, and suspended in 50 mL of 
dry methanol. N-(4-amino-3-methoxyphenyl)methane- 
sulfonamide (1.29 g, 5.95 mmol) and one drop of concen- 
trated hydrochloric acid were added to this suspension. 
The reaction mixture was distilled to 50% volume and 
50 mL of ethyl acetate was added. The resulting slurry 
was allowed to stand at  room temperature overnight. A 
tangerine solid (V) was filtered and washed with chloro- 
form: yield 0.41 g (14%); mp 232-234 OC dec; 'H NMR 

CH,), 3.50 (s, 3 H, OCH,), 4.02 (s, 3 H, COOCH,), 7.01 
(DMSO-d,) 6 2.61 ( s ,  3 H, C-5 CH,), 3.05 (s, 3 H, SO,- 
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Scheme IV. Synthesis of Ellipticinium Hydrazides VI11 
and IX 
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Scheme V. Conjugation of Hydrazides to Polyaldehyde 
Dextran 

.. 
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(s, 2 H, ArH), 7.19 (m, 4 H, ArH), 7.65 (d, 1 H, ArH), 
7.85 (d, 1 H, ArH), 8.40 (d, 2 H, ArH), and 9.78 (9, 1 H, 
NH) (other NH signals not seen). Anal. Calcd for 
C24H,4C1N305S~1/2H,0: C, 56.41; H, 4.93; N, 8.22. Found: 
C, 56.66; H, 4.82; N, 8.20. 
2-(4-Methoxy-4-oxobutyl)-9-methoxyellipticin- 

ium Bromide (VI). A mixture of 9-methoxyellipticine 
(0.838 g, 3.04 mmol), methyl 5-bromopentanoate (3.41 g, 
17.5 mmol), 2-propanol (48 mL), and dimethylforma- 
mide (16 mL) was refluxed for 72 h, cooled, and the pre- 
cipitate was filtered and washed successively with 2- 
propanol and acetone. Evaporation of the combined 
mother liquors and washings to ca. 25 mL yielded, upon 
cooling, additional orange-brown crystals of 2-(4-meth- 
oxy-4-oxobutyl)-9-methoxyellipticinium bromide (VI) for 
a total of 1.02 g (71%), mp 200-202 "C (from CHC1,). 
Anal. Calcd for C,,H,,BrN,O,: C, 61.15; H, 5.77; N, 5.94. 
Found: C, 60.99; H, 5.56; N, 5.78. 
2-(4-Methoxy-4-oxobutyl)ellipticinium Bromide 

(VII). The above method with ellipticine (3.25 mmol) 
and methyl 5-bromopentanoate (18.2 mmol) gave VI1 
(78%), mp 273-275 "C (from CHC1,). Anal. Calcd for 
C,,H,,BrN,O,: C, 62.59; H, 5.71; N, 6.35. Found C, 62.36; 
H, 5.51; N, 6.28. 

2-( 4-Hydrazino-4-oxobutyl)-9-met hoxyellipticin- 
ium Bromide (VIII). A solution of 0.753 g (1.60 mmol) 
of VI in 80 mL of methanol was treated to the dropwise 
addition over 5 min of 4.5 mL of hydrazine hydrate 
(Scheme IV). The mixture was then stirred at room tem- 
perature for 48 h, concentrated to 15 mL, diluted with 
60 mL of anhydrous benzene, and evaporated repeat- 
edly (3X) in vacuo to 20 mL to remove residual water. 
The solid was taken up in a minimum volume of anhy- 
drous methanol, the solution was chilled in ice, and ethyl 
ether was added dropwise to induce crystallization of 0.635 
g (84%) of salt VIII: mp 174-177 OC; 'H NMR (DMSO- 
d,) 6 1.7-2.3 (m, 6 H, (CHJ3) 2.75 (s, 3 H, CH,), 3.20 (s, 
3 H, CH,), 3.38 (br s, 2 H, NH,), 3.91 (s, 3 H, CH,O), 
4.72 (br t, 2 H, CH2N+), 7.2-8.6 (m, 5 H, ArH), 9.25 (br 
s, 1 H, NH), 10.06 (s, 1 H, C-1 H), and 11.95 (br s, 1 H, 
NH). Anal. Calcd for C,,H,,BrN,O,-H,O: C, 56.44; H, 
5.97; N, 11.44. Found: C, 56.78; H, 5.62; N, 11.03. 
2-(4-Hydrazino-4-oxobutyl)ellipticinium Bro- 

mide (IX). Following the method for the preparation 
of VIII, the title compound was prepared from 0.206 g 
(0.467 mmol) of VI1 and 4.5 mL of hydrazine hydrate, in 
50 mL of methanol. The product (IX) was precipitated 

rtkoj+ 0 0  X 

0 
II 

I+"HCR 

Dextran Aldehyde I 
COR 

R may be f o r  example C I  921 o r  E l l i p t i c i n e  

Table I. Conjugation of Drug to Polyaldehyde Dextran 
molar ratio loading 
(hydrazide/ (mol of hydrazide/ 

CHO) drug solvent mol of glucose) 
0.04/1 IX H,O (H+)" 0.02d 
0.10/1 IX EtOH-H,O (l:l)/H+ " 0.06d 
0.14/1 IX PBS buffer (pH 7.4)" 0.02d 
0.14/1 VIII NaCl solution (H+)" 0.03d 
0.14/1 IX H,O (H+)" 0.04d 
0.14/1 IX EtOH-H 0 (l : l) /H+ " 0.09' 
0.21/1 IX H,O (H+;b 0.08" 
0.21/1 IX H,O (H+)' 0.13' 

0.28/1 IX H,O (H+)b 0.094' 
0.42/1 IX H,O (H+)" insoluble (H,O) 
0.07/1 IV H,O (H+)" 0.04d 
0.10/1 IVf H,O (H+)" 0.05d 
0.12/1 IVf H,O (H+)" 0.08d 
0.14/1 IV H,O (H+)" 0.15' 
" Separation by dialysis. Separation by Bio-gel P-60. Separa- 

tion by ultrafiltration. Dissolved in both water and 0.01 M phos- 
phate buffer (pH 7.35). e Soluble in water but not in 0.01 M phos- 
phate buffer (pH 7.35). Hydrazide IV generated in situ by cleav- 
age of carbazate 111. 

from methanol by the dropwise addition of ether: yield 
0.164 g (80%) of a red-orange solid; mp 203-206 OC (from 
methanol). Anal. Calcd for C2,H,,BrN,0: C, 59.87; H, 
5.72. Found: C, 60.19; H, 6.20. 

Methods. Polyaldehyde dextran with approximately 
0.36 formyl functions per glucose unit was prepared as 
reported from 40 kDa dextran (22). 

Hydrazide Conjugations to Polyaldehyde Dex- 
tran. PAD was dissolved in distilled water and incu- 
bated with the requisite hydrazide IV, VIII, or IX with 
continuous stirring a t  ambient temperature a t  pH 4 (or 
in one case a t  pH 7.4 in PBS buffer) for 48 h (Scheme 
V). Several solvent media were employed (see Table I). 
Conjugates were purified by techniques previously 
described for dextran-drug conjugates (14,22) involving 
either exhaustive dialysis against water, purification on 
a Bio-Gel P-60 column, or membrane ultrafiltration. Frac- 
tions eluted from the Bio-Gel P-60 column were tested 
by the anthrone reagent for carbohydrate and by UV 
absorption at the appropriate A, for the respective drugs. 
The conjugate product fraction was taken as that which 
tested positive in both monitoring methods. The drug- 
PAD conjugate was then lyophilized for analysis and stor- 
age. The degree of substitution of the druglrepeating 
glucose unit was determined by the UV absorbances a t  
447 nm for IV and at 305 nm for VI11 and IX. 

Indirect Hydrazide Conjugation with CI-921 Car- 
bazate on PAD. CI-921 hydrazide (IV) was unstable 
and difficult to obtain in a pure, high-yield form. Thus, 
a convenient method was developed in which its carba- 
zate precursor (111) was deblocked and conjugated in one 

0.21/1 VI11 H,O (H+)' 0.09' 
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Figure 1. Hydrolyses of hydrazide conjugates to PAD (in PBS, 
pH 7.4, at 37 "C). 

pot (see Table I). Carbazate hydrochloride I11 (20.0 mg, 
0.033 mmol) was dissolved in 5 mL of 90% trifluoroace- 
tic acid-10 ?& water, stirred at  ambient temperature for 
20 min, and evaporated to dryness in vacuo. The resi- 
due was dissolved in 40 mL of distilled water, adjusted 
to pH 4, and added to 52.0 mg of PAD. The reaction 
was brought about by stirring/incubation at  room tem- 
perature for 24 h and the conjugate was isolated by exhaus- 
tive dialysis against water (4 days, 2 changes of water/ 
day) with subsequent lyophilization. The UV spectrum 
of the pure conjugate matched that of authentic CI-921 
(16). 

Hydrolytic and Enzymatic Cleavage of the PAD- 
Hydrazide Conjugates. The stability of the conju- 
gates to hydrolysis in PBS (pH 7.4) was determined by 
incubating a selected hydrazide-PAD conjugate in PBS 
a t  37 "C for the indicated times. Studies were per- 
formed on a IV-PAD conjugate with 0.07 drug/glucose 
unit, a VIII-PAD conjugate of 0.03 drug/glucose unit, 
and a IX-PAD conjugate of 0.04 drug/glucose unit at an 
effective concentration of 4 mg of conjugate in 10-mL 
fluid volume. The free-drug and dextran-bound-drug con- 
centrations were determined by UV absorbance after sep- 
aration in a centrifugal microconcentrator (molecular 
weight cutoff = 10 kDa) (Figure 1). 

The stability of drug-PAD conjugates VI11 and IX men- 
tioned above to plasma enzymes was determined by incu- 
bating 5 mL of rat sera (freshly prepared and in one case 
2-days old) and 10 mL of an aqueous solution (pH 7.4) 
of the requisite hydrazide-PAD conjugate containing 0.1 % 
sodium azide at  37 "C. Effective conjugate concentra- 
tions were 4 mg of each in 10 mL of fluid volume. One- 
milliliter aliquots were withdrawn at  the indicated times, 
charged to a centrifuge tube, treated with 0.5 mL of a 
10% solution of trichloroacetic acid, and spun. The super- 
natant from the resulting protein precipitation was trans- 
ferred to a microconcentrator tube (molecular weight cut- 
off 10 kDa) and centrifuged. Free-drug and dextran- 
bound-drug concentrations were determined by UV 
analysis (Figure 2). 

DISCUSSION 
Ellipticine and its N-2-alkylated ellipticinium salts with 

wide structural variations on the isoquinoline ring have 
shown substantial activity against malignant cell lines 
from solid tumors in culture (18). Similar success has 
been reported with amsacrine species like CI-921 (19). 
Nevertheless the in vivo activity of both drug types has 
been marginal at  best, occasioned a t  least in part by their 
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Figure 2. Enzymatic hydrolysis of hydrazide conjugates to PAD 
(in sera, pH 7.4, at 37 "C). 

unfavorable biodistributions into solid tumors (20, 21). 
Coupling of ellipticine and CI-921 to polymeric or immu- 
nologically based carrier systems offers the prospect of 
improved tumor uptake. 

While the syntheses of the ellipticinium hydrazides could 
be effected by directed hydrazinolysis of their correspond- 
ing esters, the synthesis of the CI-921 hydrazide in this 
fashion was impossible. Despite five attempts under vary- 
ing reaction conditions, no clean, direct displacement of 
methyl ester V was capable of producing IV. Heating V 
with 0.5 M hydrazine hydrate in methanol for 24 h or 
even 4 h produced nearly total loss of starting material 
with concomitant conversion to a yellow solid displaying 
more than five spots on TLC. The reaction of CI-921 
with 0.5 M hydrazine hydrate/methanol at  reflux gave a 
similar mixture as did the reaction of CI-921 with tert- 
butyl carbazate and V with 0.5 M hydrazine standing a t  
room temperature for 2 days. Refluxing V with 0.02 M 
hydrazine hydrate in methanol for 2 days or contact of 
V with 0.1 M hydrazine hydrate/methanol for 2 weeks 
at  4 "C resulted in total recovery of the starting mate- 
rial. Other related variations gave either complex mix- 
tures or no evidence of reaction. 

The successful approach to IV involved initial prepa- 
ration of 5-methyl-9-chloroacridine-4-carbonyl chloride 
(I) and its condensation with an equimolar quantity of 
tert-butyl carbazate. This protected hydrazide I1 was 
reacted upon the C-9 position in a subsequent step with 
the pendant anilino moiety to give CI-921 carbazate I11 
and the latter was deprotected to the target IV. 

PAD was prepared by the periodate oxidation of dex- 
tran (22). We have observed, however, that it is essen- 
tial to completely purify the PAD employed for hydrazide 
linking of iodate or periodate contaminants. No dex- 
tran hydrazones were formed when oxidizing impurities 
were present and model studies on the coupling of phe- 
nylacetylhydrazide to PAD contaminated by residual oxi- 
dant gave 1,2-bis(phenylacetyl)hydrazine, an observa- 
tion supported by previous studies (16). Dimers were 
avoided if PAD was freed of iodate by exhaustive dialy- 
sis or by anion exchange. 

Hydrazide conjugation load or degree of substitution 
upon the PAD was sensitive to the reactant ratios, 
expressed as moles of hydrazide employed per formyl 
equivalent on the PAD, as well as to solvent system and 
the purification method utilized. Membrane ultrafiltra- 
tion, the most rapid purification technique studied, appears 
to yield a PAD with the highest loading. Ethanol-water 
reaction solvent at  pH 4 was superior to water at  pH 4, 
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while the higher pH of PBS detracted from loading effi- 
ciency. CI-921 hydrazide (IV) conjugated more effi- 
ciently than either ellipticine hydrazide and, in fact, the 
variation in which IV was produced in situ from I11 in 
the PAD-containing medium proved even more efficient 
and facile. The drug-PAD conjugates were readily sol- 
uble in both water and PBS (pH 7.35) but above a load- 
ing ratio of 0.08 mol of hydrazide/mol of glucose units 
the conjugates lost solubility in buffer. Attempts to pro- 
duce the highest drug load from a 0.42/1 molar ratio of 
the reactants gave a conjugate which lost both water and 
buffer solubility. The degree of drug substitution could 
not be measured. 

All conjugates demonstrated considerable resistance to 
hydrolysis in PBS and, in fact, the PAD conjugate of 
CI-921 hydrazide (IV) was the most resistant. 9-Meth- 
oxyellipticinium hydrazide VI11 was 50% released by 100 
h of incubation while CI-921 hydrazide (IV) was only 25% 
released. Under hydrolytic and enzymatic cleavage con- 
ditions there was a biphasic loss of drug from the conju- 
gates. For example, VI11 and IX (Figure 1) are first 
released with an initial half-life of ca. 1 day with a sub- 
sequent slower release half-life of ca. 15 days. Release 
of IV is slower and decidedly less biphasic. Similar bipha- 
sic scission rates are seen in the enzymatic cleavages (Fig- 
ure 21, where the contrast between the more active enzymes 
in freshly drawn mouse sera and that allowed to stand 
for 48 h is evident. 

An explanation for these biphasic rates may rest in 
the original structure of PAD which, by virtue of the lack 
of selectivity in the periodate oxidation which generates 
it from dextran, can have any paired combination of 
hydroxyls a t  carbons 2,3, or 4 converted to formyl func- 
tions. Furthermore, there is no reason to expect the con- 
densation of the hydrazide to take place upon any one 
of these CHO’s specifically. It is therefore probable that 
hydrolytic and enzymic cleavage kinetics represent a com- 
plex function of loss from multiple sites of widely vary- 
ing steric accessibility (23). I t  is interesting to note that 
this behavior is observed in the two hydrazide conju- 
gates of the agents with extended pentamethylene side 
chains, Le., VI11 and IX, and virtually absent in the con- 
jugate of IV. Clearly the hydrazide in IV at  carbon 4 of 
an acridine, peri to a methyl a t  carbon 5, is a much more 
hindered function which may show greater selectivity in 
which formyl moiety on the PAD it initially attacks. This 
increased steric hindrance may be manifest in a slower 
and nearly monophasic cleavage of IV-PAD conjugates. 
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Brady Cancer Research Fund. 

CONCLUSIONS 

Hydrazides derived from the antineoplastic pharma- 
ceuticals ellipticine and CI-921 form stable, soluble con- 
jugates with formyl functions on polyaldehyde dextran. 
One can regulate the degree of substitution of the phar- 
maceutical on the biopolymer by control of the reaction 
ratios in the conjugation medium. Similarly, the spe- 
cific choice of pharmaceutical can alter the release kinet- 
ics in vitro and in vivo, with the more hindered acridine- 
derived pharmaceutical showing the greater hydrolytic 
stability. Dextran conjugates of these agents and other 
closely related structures are under study, linked to tumor- 
associated monoclonal antibodies, for therapeutic drug 
targeting. 
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The preparation of oligodeoxyribonucleoside methylphosphonates derivatized with 3-[ (2-aminoeth- 
yl)carbamoyl]psoralen [ (ae)CP] is described. These derivatized oligomers are capable of cross-link- 
ing with single-stranded DNA via formation of a photoadduct between the furan side of the psoralen 
ring and a thymidine of the target DNA when the oligomer-target duplex is irradiated with 365-nm 
light. The photoreactions of (ae)CP-derivatized methylphosphonate oligomers with single-stranded 
DNA targets in which the position of the psoralen-linking site is varied are characterized and com- 
pared to results obtained with oligomers derivatized with 4’-[ [N-(aminoethyl)amino]methyl]-4,5’,8- 
trimethylpsoralen [(ae)AMT]. It appears that the psoralen ring can stack on the terminal base pair 
formed between the oligomer and its target DNA or can intercalate between the last two base pairs 
of the oligomer-target duplex. Oligomers derivatized with (ae)CP cross-link efficiently to a thymi- 
dine located in the last base pair (n  position) or 3’ to the last base pair (n  + 1 position) of the target, 
whereas the (ae)AMT-derivatized oligomers cross-link most efficiently to a thymidine located in the 
n + 1 position. The results show that both the extent and kinetics of cross-linking are influenced by 
the location of the psoralen-linking site in the oligomer-target duplex. 

Psoralens, a class of naturally occurring photoreactive 
furocoumarins found in a variety of plants, were used as 
medicinal agents by the ancient Egyptians to treat the 
skin disorder vitiligo (1). In more recent times, these 
compounds have been used clinically in the treatment of 
a number of skin diseases including psoriasis ( I )  and cuta- 
neous T-cell lymphoma (2). 

Psoralens are planar molecules which are able to inter- 
calate into double-stranded regions of DNA and RNA. 
Upon irradiation with long-wavelength ultraviolet light, 
the 3,4 and 4‘,5‘ double bonds of the pyrone or furan 
ring, respectively, can undergo 2+2 cycloadditions with 
the 5,6 double bond of pyrimidine nucleosides to form 
cyclobutane type monoadducts (3). If the psoralen has 
intercalated into a suitable site, the furan-side monoad- 
ducts can undergo a further cycloaddition reaction to form 
a cross-link between the two strands of the double- 
stranded nucleic acid. Thus psoralens have been found 
to be useful in mapping the secondary structure of large 
RNA molecules (4 ) .  

Psoralens, such as 8-methoxypsoralen, show a prefer- 
ence for cross-linking with -TpA- sequences in double- 
stranded DNA (5 ) ;  however, their ability to specifically 
recognize long, unique nucleic acid sequences is limited. 
When conjugated to oligonucleotides or oligonucleotide 
analogues, either by attachment through linker arms or 
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by monoadduct formation with thymine bases of the oli- 
gomer, the psoralens can be targeted to specific sites in 
the nucleic acid (6-10). We have used this approach to 
prepare oligonucleoside methylphosphonates which are 
capable of cross-linking to complementary sequences on 
single-stranded DNA and RNA in a sequence-specific man- 
ner (11-13). The oligomer is conjugated through its 5’- 
phosphoryl group with 4’- [ [N-(aminoethy1)aminolmeth- 
yl]-4,5’,8-trimethylpsoralen [ (ae)AMT] , l  which, upon irra- 
diation at  365 nm, forms a cyclobutane adduct between 
the pyrone ring of the (ae)AMT and a thymine or a cytosine 
base of the targeted nucleic acid. 

The oligonucleoside methylphosphonates themselves 
are nuclease-resistant oligonucleotide analogues which are 

Abbreviations used: (ae)AMT, 4‘- [ [N-(2-aminoethyl)ami- 
no]methyl]-4,5’,8-trimethylpsoralen; (ae)CP, 3-[(2-aminoeth- 
yl)carbamoyl]psoralen; 3-CP, 3-carboxypsoralen; CDI, l-ethyl- 
3- [3- (dimethylamino)propyl]carbodiimide; DEAE, diethylami- 
noethyl; EDA, ethylenediamine; EDTA, ethylene- 
diaminetetraacetic acid; PAGE, polyacrylamide gel 
electrophoresis; Tris-HC1, tris(hydroxymethy1)aminomethane 
hydrochloride; TLC, thin-layer chromatography; HPLC, high- 
performance liquid chromatography; TBE, 0.089 M Tris- 
borate, 0.002 M EDTA (pH 8.0); TEAB, triethylammonium bicar- 
bonate buffer, CPG, control pore glass. 
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The preparation of oligodeoxyribonucleoside methylphosphonates derivatized with 3-[ (2-aminoeth-
yl)carbamoyl]psoralen [ (ae)CP] is described. These derivatized oligomers are capable of cross-link-
ing with single-stranded DNA via formation of a photoadduct between the furan side of the psoralen
ring and a thymidine of the target DNA when the oligomer-target duplex is irradiated with 365-nm
light. The photoreactions of (ae)CP-derivatized methylphosphonate oligomers with single-stranded
DNA targets in which the position of the psoralen-linking site is varied are characterized and com-
pared to results obtained with oligomers derivatized with 4’-[ [N-(aminoethyl)amino]methyl]-4,5’,8-
trimethylpsoralen [(ae)AMT]. It appears that the psoralen ring can stack on the terminal base pair
formed between the oligomer and its target DNA or can intercalate between the last two base pairs
of the oligomer-target duplex. Oligomers derivatized with (ae)CP cross-link efficiently to a thymi-
dine located in the last base pair (n position) or 3’ to the last base pair (n + 1 position) of the target,
whereas the (ae)AMT-derivatized oligomers cross-link most efficiently to a thymidine located in the
n + 1 position. The results show that both the extent and kinetics of cross-linking are influenced by
the location of the psoralen-linking site in the oligomer-target duplex.
Psoralens, a class of naturally occurring photoreactive
furocoumarins found in a variety of plants, were used as
medicinal agents by the ancient Egyptians to treat the
skin disorder vitiligo (1). In more recent times, these
compounds have been used clinically in the treatment of
a number of skin diseases including psoriasis ( I ) and cuta-
neous T-cell lymphoma (2).
Psoralens are planar molecules which are able to inter-
calate into double-stranded regions of DNA and RNA.
Upon irradiation with long-wavelength ultraviolet light,
the 3,4 and 4‘,5‘ double bonds of the pyrone or furan
ring, respectively, can undergo 2+2 cycloadditions with
the 5,6 double bond of pyrimidine nucleosides to form
cyclobutane type monoadducts (3). If the psoralen has
intercalated into a suitable site, the furan-side monoad-
ducts can undergo a further cycloaddition reaction to form
a cross-link between the two strands of the double-
stranded nucleic acid. Thus psoralens have been found
to be useful in mapping the secondary structure of large
RNA molecules ( 4 ) .
Psoralens, such as 8-methoxypsoralen, show a prefer-
ence for cross-linking with -TpA- sequences in double-
stranded DNA ( 5 ) ; however, their ability to specifically
recognize long, unique nucleic acid sequences is limited.
When conjugated to oligonucleotides or oligonucleotide
analogues, either by attachment through linker arms or
by monoadduct formation with thymine bases of the oli-
gomer, the psoralens can be targeted to specific sites in
the nucleic acid (6-10). We have used this approach to
prepare oligonucleoside methylphosphonates which are
capable of cross-linking to complementary sequences on
single-stranded DNA and RNA in a sequence-specific man-
ner (11-13). The oligomer is conjugated through its 5’-
phosphoryl group with 4’- [ [N-(aminoethy1)aminolmeth-
yl]-4,5’,8-trimethylpsoralen [ (ae)AMT] ,l which, upon irra-
diation at 365 nm, forms a cyclobutane adduct between
the pyrone ring of the (ae)AMT and a thymine or a cytosine
base of the targeted nucleic acid.
The oligonucleoside methylphosphonates themselves
are nuclease-resistant oligonucleotide analogues which are
Abbreviations used: (ae)AMT, 4‘- [ [N-(2-aminoethyl)ami-
no]methyl]-4,5’,8-trimethylpsoralen; (ae)CP, 3-[(2-aminoeth-
yl)carbamoyl]psoralen; 3-CP, 3-carboxypsoralen; CDI, l-ethyl-
3- [3- (dimethylamino)propyl]carbodiimide; DEAE, diethylami-
noethyl; EDA, ethylenediamine; EDTA, ethylene-
diaminetetraacetic acid; PAGE, polyacrylamide gel
electrophoresis; Tris-HC1, tris(hydroxymethy1)aminomethane
hydrochloride; TLC, thin-layer chromatography; HPLC, high-
performance liquid chromatography; TBE, 0.089 M Tris-
borate, 0.002 M EDTA (pH 8.0); TEAB, triethylammonium bicar-
bonate buffer, CPG, control pore glass.

Administrator
,

Administrator
82-88



a2 Bioconjugate Chem. 

Syntheses and melanoma avidities of 1-125 derivatives of ellip- 
ticine and m-Amsa. J. Nucl. Med. 27, 1076. 

(22) Bernstein, A., Hurwitz, E., Maron, R., Arnon, R., Sela, 
M., and Wilchek, M. (1978) Higher antitumor efficacy of dauno- 
mycin linked to dextran. J. Natl. Cancer Znst. 60, 379-383. 

(23) A reviewer has suggested another plausible explanation 
for the biphasic cleavage rates. An Amadori rearrangement, 
occurring during the syntheses of the hydrazide conjugates, 
might generate ketone hydrazones or other rearranged prod- 
uct(s) with different hydrolysis kinetics. 

1990, I ,  82-88 

Registry No. I, 124536-15-8; 11,124536-16-9; 111, 124536-17- 

21-6; VIII, 124536-22-7; IX, 124536-23-8; tert-butyl carbazate, 
870-46-2; N-(4-amino-3-methoxyphenyl)methanesulfonamide, 
57165-06-7; 5-methyl-9-oxoacridan-4-carboxylic acid, 24782-66- 
9; 9-methoxyellipticine, 10371-86-5; ellipticine, 519-23-3; methyl 
5-bromopentanoate, 5454-83-1; hydrazine, 302-01-2; 2,3-dialde- 
hydodextran, 37317-99-0; IV dextran dialdehyde derivative, 
124820-50-4; VI11 dextran dialdehyde derivative, 124820-49-1; 
IX dextran dialdehyde derivative, 124820-48-0. 

0; IV, 124536-18-1; V, 124536-19-2; VI, 124536-20-5; VII, 124536- 

Photo - Cross - Linking of Psoralen - Derivatized Oligonucleoside 
Methylphosphonates to Single-Stranded DNA 

Purshotam Bhan and Paul S. Miller’ 

Department of Biochemistry, School of Hygiene and Public Health, The Johns Hopkins University, 615 N. Wolfe 
St., Baltimore, Maryland 21205. Received August 21, 1989 

The preparation of oligodeoxyribonucleoside methylphosphonates derivatized with 3-[ (2-aminoeth- 
yl)carbamoyl]psoralen [ (ae)CP] is described. These derivatized oligomers are capable of cross-link- 
ing with single-stranded DNA via formation of a photoadduct between the furan side of the psoralen 
ring and a thymidine of the target DNA when the oligomer-target duplex is irradiated with 365-nm 
light. The photoreactions of (ae)CP-derivatized methylphosphonate oligomers with single-stranded 
DNA targets in which the position of the psoralen-linking site is varied are characterized and com- 
pared to results obtained with oligomers derivatized with 4’-[ [N-(aminoethyl)amino]methyl]-4,5’,8- 
trimethylpsoralen [(ae)AMT]. It appears that the psoralen ring can stack on the terminal base pair 
formed between the oligomer and its target DNA or can intercalate between the last two base pairs 
of the oligomer-target duplex. Oligomers derivatized with (ae)CP cross-link efficiently to a thymi- 
dine located in the last base pair (n  position) or 3’ to the last base pair (n  + 1 position) of the target, 
whereas the (ae)AMT-derivatized oligomers cross-link most efficiently to a thymidine located in the 
n + 1 position. The results show that both the extent and kinetics of cross-linking are influenced by 
the location of the psoralen-linking site in the oligomer-target duplex. 

Psoralens, a class of naturally occurring photoreactive 
furocoumarins found in a variety of plants, were used as 
medicinal agents by the ancient Egyptians to treat the 
skin disorder vitiligo (1). In more recent times, these 
compounds have been used clinically in the treatment of 
a number of skin diseases including psoriasis ( I )  and cuta- 
neous T-cell lymphoma (2). 

Psoralens are planar molecules which are able to inter- 
calate into double-stranded regions of DNA and RNA. 
Upon irradiation with long-wavelength ultraviolet light, 
the 3,4 and 4‘,5‘ double bonds of the pyrone or furan 
ring, respectively, can undergo 2+2 cycloadditions with 
the 5,6 double bond of pyrimidine nucleosides to form 
cyclobutane type monoadducts (3). If the psoralen has 
intercalated into a suitable site, the furan-side monoad- 
ducts can undergo a further cycloaddition reaction to form 
a cross-link between the two strands of the double- 
stranded nucleic acid. Thus psoralens have been found 
to be useful in mapping the secondary structure of large 
RNA molecules (4 ) .  

Psoralens, such as 8-methoxypsoralen, show a prefer- 
ence for cross-linking with -TpA- sequences in double- 
stranded DNA (5 ) ;  however, their ability to specifically 
recognize long, unique nucleic acid sequences is limited. 
When conjugated to oligonucleotides or oligonucleotide 
analogues, either by attachment through linker arms or 
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by monoadduct formation with thymine bases of the oli- 
gomer, the psoralens can be targeted to specific sites in 
the nucleic acid (6-10). We have used this approach to 
prepare oligonucleoside methylphosphonates which are 
capable of cross-linking to complementary sequences on 
single-stranded DNA and RNA in a sequence-specific man- 
ner (11-13). The oligomer is conjugated through its 5’- 
phosphoryl group with 4’- [ [N-(aminoethy1)aminolmeth- 
yl]-4,5’,8-trimethylpsoralen [ (ae)AMT] , l  which, upon irra- 
diation at  365 nm, forms a cyclobutane adduct between 
the pyrone ring of the (ae)AMT and a thymine or a cytosine 
base of the targeted nucleic acid. 

The oligonucleoside methylphosphonates themselves 
are nuclease-resistant oligonucleotide analogues which are 

Abbreviations used: (ae)AMT, 4‘- [ [N-(2-aminoethyl)ami- 
no]methyl]-4,5’,8-trimethylpsoralen; (ae)CP, 3-[(2-aminoeth- 
yl)carbamoyl]psoralen; 3-CP, 3-carboxypsoralen; CDI, l-ethyl- 
3- [3- (dimethylamino)propyl]carbodiimide; DEAE, diethylami- 
noethyl; EDA, ethylenediamine; EDTA, ethylene- 
diaminetetraacetic acid; PAGE, polyacrylamide gel 
electrophoresis; Tris-HC1, tris(hydroxymethy1)aminomethane 
hydrochloride; TLC, thin-layer chromatography; HPLC, high- 
performance liquid chromatography; TBE, 0.089 M Tris- 
borate, 0.002 M EDTA (pH 8.0); TEAB, triethylammonium bicar- 
bonate buffer, CPG, control pore glass. 
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capable of entering mammalian cells intact and binding 
to complementary nucleic acid sequences (14, 15). It  
appears that psoralen-derivatized oligonucleoside meth- 
ylphosphonates would be useful sequence-specific antisense 
reagents to study gene expression in cell culture. In addi- 
tion, such oligomers could be used to study the mecha- 
nism of action of the antisense oligomers and to deter- 
mine if the oligomers bind exclusively to their targeted 
nucleic acids within the cells. 

In this paper we describe the synthesis and photore- 
actions of novel 3-[ (2-aminoethyl)carbamoyl]psoralen 
[ (ae)CP] derivatized oligonucleoside methylphospho- 
nates. In contrast to (ae)AMT, the (ae)CP derivatives 
react via formation of furan-side photoadducts. The inter- 
actions of these oligomers with single-stranded DNA tar- 
gets in which the position of the psoralen cross-linking 
site is varied are characterized and compared to results 
obtained with (ae)AMT-derivatized oligomers. 

EXPERIMENTAL PROCEDURES 
T-[~’P]ATP was purchased from Amersham Inc. and 

T4 polynucleotide kinase was purchased from United 
States Biochemical Corp. Reagents for the synthesis of 
oligodeoxyribonucleotide methylphosphonates and oli- 
godeoxyribonucleotides were purchased from American 
Bionetics Inc. 1-Ethyl-3- [3-(dimethy1amino)propyllcar- 
bodiimide (CDI) was obtained from Sigma Chemicals and 
4,5’&trimethylpsoralen was purchased from Aldrich Chem- 
icals. SEP-PAK (2-18 reversed-phase cartridges were 
obtained from Waters Associates. Wherever necessary, 
reactions were monitored by TLC on precoated thin layer 
(0.25 mm) silica gel 60 F-254 plates purchased from EM 
Reagents. Polyacrylamide gel electrophoresis was car- 
ried out on 20 cm X 20 cm X 0.75 mm gels containing 
0.089 M Tris, 0.089 M boric acid, 0.2 mM EDTA, and 7 
M urea (16). The gels were autoradiographed at -80 OC 
and the film was scanned on a LKB Ultroscan XL Den- 
sitometer. Analytical and preparative HPLC was car- 
ried out on a Varian 5000 LC instrument a t  254-nm detec- 
tion with a Whatman Partisil ODS3-RAC I1 reversed- 
phase column. The column was eluted for 20 min with 
a linear gradient of 1%-50% acetonitrile in 0.1 M sodium 
phosphate buffer (pH 5.8) at a flow rate of 1.5 mL/min. 
All the reactions involving psoralens were performed in 
subdued light. 

Synthesis of Oligodeoxyribonucleotides. Oligode- 
oxyribonucleotides were synthesized on CPG supports 
using P-cyanoethyl phosphoramidite chemistry (2 7). After 
the cleavage from the support and deprotection, the crude 
oligonucleotides were phosphorylated with [32P]ATP and 
T4 polynucleotide kinase (18). The oligomers were next 
purified by polyacrylamide gel electrophoresis, extracted 
with 1 M TEAB, and desalted on a SEP-PAK cartridge 
(19). These purified 32P-labeled phosphodiester targets 
were used for cross-linking experiments (vide infra). 

Synthesis of Oligodeoxyribonucleoside Methyl- 
phosphonates. The methylphosphonate oligomers were 
synthesized on CPG supports with 5’-(dimethoxytrit- 
y1)nucleoside 3’- [ (N,N-diisopropylamino)methyl] phos- 
phonamidite monomers (20). The oligomers were depro- 
tected, purified, and phosphorylated as previously 
described (18, 22).  

Synthesis of 3-Carboxypsoralen. 3-Carboxypsor- 
alen was synthesized from 2-hydroxy-4-methoxybenzal- 
dehyde in eight steps according to the procedure of Worden 
et al. (22) and was obtained in 14% overall yield as a 
yellow powder: mp 258-261 “C; 300-MHz ‘H NMR 

J = 2.4 Hz, 5’-H), 7.98 (s, 8-H), 9.05 ppm (s, 4-H). 
(CDClJ 6.95 (d, J = 2.4 Hz, 4’-H), 7.63 (s, 5-H), 7.80 (d, 
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Synthesis of 4’-[ [ N-( 2-Aminoet hyl)amino]met h- 
yl]-4,5’,8-trimethylpsoralen Derivatives of Oligode- 
oxyribonucleoside Methylphosphonates. 4,5’,8- 
Trimethylpsoralen was aminomethylated a t  the 4’- 
position (23) and was then converted to (ae)AMT as 
described by Lee et al. (11). The 5’-phosphorylated meth- 
ylphosphonate oligomer (20 OD) was dissolved in 346 pL 
of 0.1 M imidazole buffer (pH 6.0). A solution of 1 M 
CDI (39 pL) was added and the reaction mixture was 
incubated at room temperature for 4 h. The mixture was 
diluted to 5 mL with 25 mM TEAB (pH 9.0) and puri- 
fied with a SEP-PAK C-18 cartridge. The SEP-PAK was 
washed with 20 mL of 25 mM TEAB (pH 9.0) and the 
product was eluted with 50% acetonitrile in 100 mM TEAB 
(pH 9.0). The buffer was removed by evaporation a t  37 
“C and the residue was lyophilized from water. The result- 
ing 5’-imidazolide adduct was dissolved in 408 pL of 0.75 
M lutidine hydrochloride buffer (pH 7.5) and a solution 
containing 51 pL of acetonitrile and 102 pL of 0.05 M 
(ae)AMT was added. The reaction was incubated at 37 
“C for 48 h and after dilution with 5 mL of 50% aque- 
ous acetonitrile was chromatographed on DEAE- 
cellulose. The column was first washed with 50% ace- 
tonitrile (15 mL) and the product was eluted with 50% 
acetonitrile in 330 mM TEAB buffer. The product was 
further purified by preparative HPLC on a ODS 3-RAC 
I1 (4.5 mm X 100 mm) column and was obtained in a 
58% overall yield. 

Synthesis of 3-Carboxypsoralen-Derivatized Oli- 
godeoxyribonucleotide Methylphosphonates. The 5’- 
imidazolide adduct of the methylphosphonate oligomer 
(vide supra) was first converted to its 5’-aminoethyl ami- 
date derivative (24). Typically, the 5’-imidazolide (10 OD) 
was dissolved in 160 FL of 0.75 M lutidine hydrochloride 
buffer and 70 pL of 1 M EDA in 0.4 M lutidine hydro- 
chloride buffer (pH 7.5) was added. The reaction mix- 
ture was incubated at room temperature for 20 h, diluted 
to 5 mL with 25 mM TEAB, and loaded onto a SEP- 
PAK cartridge. The column was washed with 10 mL of 
25 mM TEAB and the derivatized oligomer was eluted 
with 50% acetonitrile in 100 mM TEAB. Evaporation 
followed by lyophilization from water gave the 5’- 
aminoethyl amidate of the methylphosphonate oligo- 
mer. This adduct was dissolved in a mixture of 200 pL 
of 0.4 M lutidine hydrochloride buffer (pH 7.5) and 100 
NL of acetonitrile. A solution containing 2 M CDI and 
0.13 M 3-carboxypsoralen in 300 pL of 0.4 M lutidine 
hydrochloride was added and reaction was incubated a t  
room temperature for 24 h. The mixture was diluted with 
5 mL of 25 mM TEAB and applied to a SEP-PAK. The 
cartridge was washed with 10 mL of 25 mM TEAB and 
two 10-mL portions of 5% acetonitrile in 25 mM TEAB. 
The psoralen-derivatized oligomer was eluted with 3 mL 
of 50% acetonitrile in 100 mM TEAB and lyophilized. 
Final purification was done by polyacrylamide gel elec- 
trophoresis. The residue was dissolved in 10 pL of gel 
loading buffer which contained 80% formamide and 0.2% 
each of bromophenol blue and xylene cyano1 in TBE buffer. 
The mixture was electrophoresed on a 15% polyacryla- 
mide slab gel. The yellow area of the gel corresponding 
to the adduct was excised, crushed, and extracted with 
1 M TEAB (5 x 1 mL) at room temperature. The extract 
was diluted to 20 mL with water and passed through a 
SEP-PAK cartridge. The cartridge was washed with two 
10-mL portions of 25 mM TEAB; the product was eluted 
with 50% acetonitrile in 100 mM TEAB and lyophilized 
from water. 

Cross-Linking of Psoralen-Derivatized Oligode- 
oxyribonucleoside Methylphosphonates with Oli- 
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in either the R or S ,  configuration and thus each oligo- 
mer consists oP2" diastereoisomers, where n is the num- 
ber of methylphosphonate linkages. Previous experi- 
ments with (ae) AMT-derivatized methylphosphonates of 
the type shown in Figure l b  demonstrated that the meth- 
ylphosphonate and phosphoramidate linkages are totally 
resistant to hydrolysis by endonucleases and by nucleases 
found in fetal bovine serum. The phosphodiester link- 
age is also quite resistant to endonuclease hydrolysis and 
has a half-life of approximately 48 h in serum-contain- 
ing medium (12). 

The single-stranded oligodeoxyribonucleotide targets 
and their complementary psoralen-derivatized meth- 
ylphosphonate oligomers are shown a t  the bottom of Fig- 
ure 2. The targets are 21 nucleotides in length and the 
psoralen-derivatized methylphosphonate oligomers are 9 
nucleotides long. The binding site for the oligomer occu- 
pies positions 3-11 of the target. The position of the 
psoralen-linking site, which is a T residue in each target, 
varies for each of the targets. Thus the psoralen-linking 
site is located at n + 1 (nucleotide residue 12 of the tar- 
get), n (nucleotide residue 11 of the target) or n - 1 (nucle- 
otide residue 10 of the target), where n is defined as the 
position of the last base pair formed between the oligo- 
mer and the target. 

The oligodeoxyribonucleotide targets were synthe- 
sized by using standard phosphoramidite chemistry on 
controlled pore glass supports and were end labeled with 
32P with polynucleotide kinase and [32P]ATP. The meth- 
ylphosphonate oligomers were synthesized on controlled 
pore glass supports using protected 5'-0-(dimethoxy- 
trity1)nucleoside 3'-0-[ (N,N-diisopropylamino)methyl]- 
phosphonamidite synthons (20). After deprotection and 
purification (21), the oligomers were phosphorylated with 
polynucleotide kinase and ATP. The 5'-phosphorylated 
oligomers were converted to their imidazolide deriva- 
tives by reaction with l-ethyl-3-[3-(dimethylamino)pro- 
pyllcarbodiimide in imidazole buffer at pH 6 (24). The 
imidazolide, which was obtained in quantitative yield, 
was purified by reversed-phase chromatography on a SEP- 
PAK C-18 cartridge. 

Oligomers derivatized with (ae)CP were prepared by 
first reacting the imidazolide derivative of the 5'-phos- 
phorylated oligomer with ethylenediamine in lutidine 
buffer at pH 7.5 (11). The resulting 5'-(aminoethy1)phos- 
phoramide oligomer was purified by reversed-phase chro- 
matography and then reacted with 3-[ (2-aminoethy1)car- 
bamoyllpsoralen in the  presence of l-ethyl-3-[3- 
(dimethylamino)propyl]carbodiimide. The (ae)CP- 
oligomer was purified by preparative gel electrophoresis 
and was obtained in 25% overall yield. 

Oligomers derivatized with (ae)AMT were prepared by 
reaction of the 5'-imidazolide derivative with 4'-[ [N- 
(aminoethyl)amino]methyl] -4,5',8-trimethylpsoralen in luti- 
dine buffer. The (ae)AMT-oligomers were then puri- 
fied by DEAE-cellulose chromatography and by prepar- 
ative HPLC on a (2-18 reversed-phase column. The overall 
yield of the (ae)AMT-oligomer, based on the amount of 
starting oligonucleoside methylphosphonate, was approx- 
imately 50%. 

Cross-Linking Experiments with Psoralen- 
Derivatized Methylphosphonate Oligomers. A solu- 
tion containing 0.1 pM 32P-labeled target and 10 pM pso- 
ralen-derivatized oligomer was irradiated a t  365 nm and 
the reaction mixture was subjected to polyacrylamide gel 
electrophoresis under denaturing conditions. As shown 
in Figure 3, target DNA cross-linked with oligomer has 
a lower mobility on the gel than the non-cross-linked tar- 
get. Further irradiation of the reaction mixture at 254 
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Figure 1. Structures of oligonucleoside methylphosphonates 
derivatized with (a) 3-[ (2-aminoethyl)carbamoyl]psoralen or (b) 
4'- [ [ N -  (aminoethy 1) amino] methyl] - 4,5',8- t r  imethy lpsor alen . 

godeoxyribonucleotide Targets. A solution of 0.1 pM 
32P-labeled 21-mer target DNA and 10 pM of the psor- 
alen-derivatized oligonucleoside methylphosphonate in 
10 pL of water was preincubated in a borosilicate glass 
tube (Corning) at 4 "C for 10 min. The solution was then 
irradiated at 365 nm for 0-30 min a t  an intensity of 0.83 
J cm-2 min-' in a thermostated water bath using an Ultra- 
Violet Products Inc. long-wavelength ultraviolet lamp. 
The reaction mixture was lyophilized; the residue dis- 
solved in loading buffer and electrophoresed on a 15% 
acrylamide gel containing 7 M urea. The wet gel was 
autoradiographed. The extent of cross-linking was deter- 
mined by scanning densitometry of the autoradiogram. 

RESULTS 
Psoralen-Derivatized Oligonucleoside Methylphos- 

phonates and Their Oligodeoxyribonucleotide Tar- 
gets. The structures of the psoralen-derivatized oligode- 
oxyribonucleoside methylphosphonates are shown in Fig- 
ure 1. The oligomers are derivatized with either 3- 
carbamoylpsoralen (Figure l a )  or (aminomethyl)- 
trimethylpsoralen (Figure lb)  through ethylphosphor- 
amide linker arms. The first internucleotide bond a t  the 
5' end of the oligomer is a phosphodiester linkage whereas 
the remaining internucleotide bonds are methylphospho- 
nate linkages. Each methylphosphonate linkage can occur 
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Figure 2. Kinetics of cross-linking of (ae)CP- or (ae)AMT-derivatized oligonucleoside methylphosphonates a t  4 or 30 "C. The 
sequences of the oligomers and their single-stranded DNA targets are shown below the graphs. The asterisk represents the (ae)CP 
or (ae)AMT group. 

nm results in disappearance of the cross-linked target 
and regeneration of the original target DNA (data not 
shown). The extent of cross-linking was determined from 
the autoradiogram by densitometry. 

The kinetics of cross-linking at 4 "C and 30 "C were 
determined. Figure 2 shows the results when (ae)CP- 
or (ae)AMT-oligomers are irradiated with targets hav- 
ing the psoralen-linking site located at  n + 1 (Figure 2A,B), 
n (Figure 2C,D), or n - 1 (Figure 2E,F). In the case of 
the n + 1 target, the cross-linking reaction is approxi- 
mately linear over the first 10 min and does not increase 
beyond that point. The extent of cross-linking is the same 
at 4 "C for both the (ae)CP- and (ae)AMT-oligomers. 
At 30 "C the extent of cross-linking by d-(ae)- 
AMTpTpTCGTCCTC is approximately 4-fold greater 
than that of d-(ae)CPpTpTCGTCCTC. . -  

Unlike the n + 1 target, cross-linking with the n and 
n - 1 targets increases continuously over the 30-min obser- 
vation period. In the case of the n target, cross-linking 
by (ae)CPpApTCGTCCTC is approximately 2.5-fold 
greater than that of (ae)AMTpApTCGTCCTC. The ex- 
tent of cross-linking by each oligomer is essentially the 
same at  both 4 and 30 "C. For the n - 1 target system, 
(ae)AMTpTpACGTCCTC cross-links about 1.5-fold more 
extensively than d-(ae)CPpTpACGTCCTC. Again the 
extent of cross-linking by both oligomers is essentially 
independent of the temperature of the cross-linking reac- 
tion. 
DISCUSSION 

Previous studies from our laboratory have shown that 
(ae)AMT-derivatized oligonucleoside methylphospho- 
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Figure 3. Cross-linking reactions between the n single- 
stranded DNA target and (ae)CPpApTCGTCCTC or (ae)AMT- 
pApTCGTCCTC after irradiation for 30 min at 30 OC: lane 1, 
32P-labeled target; lane 2, target plus (ae)AMT-oligomer not 
irradiated; lane 3, target plus (ae)AMT-oligomer irradiated for 
30 min; lane 4, target plus (ae)CP-oligomer not irradiated; lane 
5, target plus (ae)CP-oligomer irradiated for 30 min. The reac- 
tion mixtures were electrophoresed on a 15% polyacrylamide 
gel containing 7 M urea and the gel was autoradiographed. The 
top of the gel and the positions of the tracking dyes bromophe- 
nol blue (BPB) and xylene cyano1 (XC) are indicated. 
nates of the type shown in Figure l b  are capable of cross- 
linking with single-stranded DNA and RNA target nucleic 
acids. In this system cross-linking occurs via a photoin- 
duced 2+2 cycloaddition reaction resulting in the forma- 
tion of a cyclobutane adduct between the pyrone ring of 
the (ae)AMT group and a pyrimidine base of the target 
nucleic acid. Because the trimethylpsoralen moiety is 
tethered to the oligomer by the aminoethyl linker, furan 
side adduct formation with the target strand is not ster- 
ically feasible. 

Studies on monoadduct formation between 4’- 
(hydroxyethyl)-4,5’,8-trimethylpsoralen, 4,5’,8-trimeth- 
ylpsoralen, or 8-methoxypsoralen and double-stranded 
DNA have shown that adduct formation occurs mostly 
with the furan ring of the psoralen (25-27). Although 
theoretical calculations suggest that the pyrone double 
bond should be more reactive than the furan double bond 
(28), the preference for furan side adduct formation may 
result in part from unfavorable steric interactions between 
substituents a t  the 3- or 4-position of the pyrone ring 
and the 5-methyl group of thymine (26, 29). Thus it 
seemed possible that oligomers derivatized with a psor- 
den moiety restricted to forming furan monoadduds might 
be capable of efficiently forming cross-links with appro- 
priate target nucleic acids. To test this possibility, we 
have prepared methylphosphonate oligomers deriva- 
tized with 3-carbamoylpsoralen (3-CP). The 3-CP group 
is linked via an aminoethyl linker arm to the 5’ end of 
the oligomer through a phosphoramide linkage as shown 
in Figure la. 

Unlike 8-methoxypsoralen and the trimethylpsor- 
dens, 3-carbethoxypsoralen forms only monoadducts with 
DNA (30). The furan-side adduct has the cis-syn con- 
figuration (31) which is the same configuration as the 
furan-side adducts formed by 8-methoxypsoralen (26). 
It appears that the 3-carbethoxy group sterically hin- 
ders formation of pyrone-side adducts. Thus  3- 
carbethoxypsoralen is not capable of forming inter- 
strand cross-links with DNA. Examination of computer. 

generated molecular models, suggested that the aminoethyl 
linker arm should enable the furan ring of the psoralen 
moiety to form a cis-syn type cyclobutane adduct with 
suitably positioned pyrimidine nucleosides in the target 
strand. 

The cross-linking studies were carried out with single- 
stranded 21-mer DNA targets. The site for adduct for- 
mation between the psoralen and the target, which we 
will call the psoralen-linking site, is a thymidine residue. 
Thymidine was chosen as the linking site because thy- 
midine and uridine nucleosides show approximately 10- 
15-fold greater reactivity toward photoadduct formation 
with 8-methoxypsoralen, 3-carbethoxypsoralen, and oli- 
gomers derivatized with (ae)AMT than does cytosine 
(12,31, 32). 

In addition to exv in ing  the relative reactivities of 
pyrone versus furan adduct forming psoralen deriva- 
tives, we also wished to examine the effect of the posi- 
tion of the psoralen-linking site in the target on the kinet- 
ics and extent of cross-linking. Our previous studies with 
(ae) AMT-derivatized oligomers showed that the cross- 
linking reaction was mainly dependent upon the ability 
of the oligomer to bind to its complementary target 
sequence and upon the fidelity of the binding interac- 
tion (11-13). However, it also appeared that the loca- 
tion of the psoralen-linking site in the target and the 
sequence of the nucleotides surrounding the psoralen- 
linking site were important determinants of the extent 
of the cross-linking reaction. 

In order to further investigate these possibilities, we 
have prepared the DNA target systems shown in Figure 
2. In these systems, the psoralen-linking site is a T res- 
idue which is located a t  the n + 1, n, or n - 1 position of 
the target strand. Each oligomer should form equally 
stable duplexes with the target having five G-C base pairs 
and four A-T base pairs. Therefore any differences in 
the extent of cross-linking should reflect the change in 
the psoralen-linking site and not the stability of the oli- 
gomer-target duplex. 

Cross-linking reactions were conveniently followed using 
polyacrylamide gel electrophoresis under denaturing con- 
ditions by observing the shift in mobility of the 32P-la- 
beled target DNA (see Figure 3). The rates and yields 
of cross-linking of the (ae)CP- and (ae)AMT-oligomers 
after 30 min of irradiation are summarized in Figure 2. 
Both (ae)CP- and (ae)AMT-oligomers undergo exten- 
sive photoadduct formation when bound to their com- 
plementary targets. The highest yields of cross-linking 
for both oligomers are observed to the n + 1 target a t  4 
“C. Thus for these two psoralens, photoadduct forma- 
tion through the pyrone side or the furan side occurs with 
equal facility in this target system. Comparative stud- 
ies with 8-methoxypsoralen, 5-methoxypsoralen, 5- 
methylisopsoralen, and 3-carbethoxypsoralen have shown 
that the extent of photoadduct formation is lowest for 
3-carbethoxypsoralen (33). This low reactivity may result 
from the negligible association constant of the 3-carbe- 
thoxypsoralen with DNA and to the rapid photodegra- 
dation of the compound (31). It appears that these prob- 
lems are overcome when 3-CP is attached to the oligo- 
mer. In this arrangement, formation of a duplex between 
the oligomer and its target brings the psoralen ring into 
close proximity with its binding site, thus enabling the 
psoralen to productively bind and react with a thymi- 
dine residue in the linking site. 

Although the yield of photoadduct formation is high 
a t  4 O C ,  it decreases dramatically for both oligomers when 
the temperature of the reaction is raised to 30 OC. The 
melting temperature of the duplex formed between d- 
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flexibility of the intercalated psoralen ring imposed by 
the rigid carboxamide group of the linker arm of the 
(ae)CP-oligomers. It appears that such restrictions are 
less serious for the (ae)AMT-oligomers, which cross- 
link to the thymidine with equal efficiency in both the n 
and n - 1 targets. Such behavior is consistent with the 
expected greater flexibility of the aminoethyl linker arm 
of the (ae)AMT-oligomers. It is interesting to note that 
the psoralens when attached to the oligomers appear to 
show a preference for 3‘-ApT binding sites in contrast to 
the behavior of free psoralens. 

The extended kinetics of cross-linking observed for both 
the (ae)CP- and (ae)AMT-oligomers in the n and n - 1 
targets is also consistent with the full-intercalation mode 
of psoralen binding. Free-psoralen derivatives undergo 
photodegradation in solution which leads to a loss of their 
ability to form photoadducts (5,23,32). It appears that 
psoralen is protected from such photodegradation when 
it is intercalated with nucleic acid bases (5,23). The abil- 
ity of the oligomers to continue to photocross-link with 
the n and n - 1 targets over a prolonged period of irra- 
diation suggests that the psoralen rings of the oligomer 
are protected from photodegradation as a result of inter- 
calation. On the other hand, partial intercalation of the 
psoralen ring results in less protection from photodegra- 
dation and thus the cross-linking reaction is over after 
10 min of irradiation. Furthermore, the results suggest 
that psoralen-derivatized oligomers, once bound to their 
targets, do not exchange freely with unbound oligomer. 

The results of our experiments show that both (ae)CP- 
and (ae)AMT-oligomers can cross-link efficiently with 
target single-strand DNA and that the extent of cross- 
linking can be controlled by selecting suitable psoralen- 
linking sites. In the case of (ae)CP-oligomers, efficient 
cross-linking occurs when the psoralen-linking site is 
located at either the n or n + 1 position of the target 
DNA. For (ae)AMT-oligomers the most efficient cross- 
linking occurs when the psoralen-linking site is located 
a t  the n + 1 position. Experiments are currently under- 
way with single-stranded oligoribonucleotide targets in 
order to assess the parameters which affect cross-linking 
of psoralen-derivatized methylphosphonate oligomers to 
cellular RNAs. A better understanding of the factors which 
affect the interactions of photoreactive methylphospho- 
nate oligomers with target nucleic acids are essential to 
designing antisense oligomers which can be used to study 
gene expression in mammalian cells. 
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Figure 4. Schematic representation of the partial (upper) and 
full (lower) intercalation modes of the psoralen ring (represent- 
ed by the rectangle) when psoralen-derivatized oligomers inter- 
act with their target DNAs. 
TpTCGTCCTC and the target 21-mer is 33 “C at a total 
strand concentration of 2 pM. A somewhat higher melt- 
ing temperature would be expected for the oligomer- 
target duplex under conditions of the cross-linking exper- 
iments due to the higher concentration of the oligomer 
in the reaction mixtures. Thus this oligomer-target duplex 
would be expected to begin to melt at 30 “C. Examina- 
tion of molecular models suggests that upon oligomer- 
target duplex formation, the psoralen ring can assume 
two different types of intercalated conformations as illus- 
trated schematically in Figure 4. In order for cross- 
linking to occur when the psoralen linking site is in the 
n + 1 position, the psoralen ring must stack on the ter- 
minal base pair and intercalate between this base pair 
and the T residue at the n + 1 position. In this partial 
intercalation mode the alignment of the psoralen ring 
with the T residue would be expected to be sensitive to 
thermal perturbation and the effects of “end fraying” when 
the temperature of the duplex is raised. Under these 
conditions, the increased thermal motions imparted in 
the psoralen ring and the target would lead to reduced 
cross-linking at higher temperatures. The greater reduc- 
tion in cross-linking for d-(ae)CPpTpTCGTCCTC ver- 
sus d-(ae)AMTpTpTCGTCCTC may reflect the steric 
constraints imposed by the amide linkage on partial inter- 
calation by the carbamoylpsoralen group. 

In contrast to cross-linking at the n + 1 position, the 
rates and yields of cross-linking at the n and n - 1 posi- 
tions are essentially the same at both 4 and 30 “C for 
both types of derivatized oligomers. The cross-linking 
reaction for both the n and n - 1 targets continues over 
the 30-min irradiation period. This behavior is in sharp 
contrast to that seen with the n + 1 target. In this case 
photoadduct formation increases linearly for the first 10 
min of irradiation and then stops. 

In the case of the n type target, cross-linking could 
occur when the psoralen is in either the partial-interca- 
lation mode or in the full-intercalation mode, whereas 
cross-linking to the n - 1 target must occur via the full- 
intercalation mode. Duplexes formed when the psor- 
alen is in the full-intercalation conformation would be 
expected to be less subject to thermal “end fraying” due 
to the added stability provided by the intercalated pso- 
ralen. The observation that cross-linking is not affected 
by increases in temperature for either the n and n - 1 
target systems suggests that the psoralen cross-links when 
it is in the full-intercalation mode. 

The greater extent of cross-linking by d-(ae)CP- 
pApTCGTCCTC with the n target versus that of d- 
(ae)CPpTpACGTCCTC with the n - 1 target suggests 
that photoadduct formation occurs more readily to the 
5’-face of the thymine in the n position than from the 
3’-face of thymidine in the n - 1 position. This prefer- 
ence may result from restrictions on the conformational 

LITERATURE CITED 

(1) Ben-Hur, E. (1984) The photochemistry and photobiology 
of furocoumarins (Psoralens). Adv. Radiat. Biol. 11, 132- 
171. 

(2) Edelson, R., Berger, C., Gasparro, F., Jegasothy, B., Heald, 
P., Wintroub, B., Vonderheid, E., Knobler, R., Wolff, K., Plewig, 
G., McKiernan, G., Christiansen, I., Oseter, R. N. M., Honigs- 
mann, H., Wilford, H., Kokoschka, E., Rehle, T., Perez, M., 
Stingl, G., and Laroche, L. (1987) Treatment of cutaneous 
T-cell lymphoma by extracorporeal photochemotherapy: Pre- 
liminary results. N .  Engl. J .  Med.  316, 297-303. 

(3) Hearst, J. E. (1981) Psoralen photochemistry. Annu. Reu. 
Biophys. Bioeng. 10, 69-86. 

(4) Cimino, G. D., Gamper, H. B., Isaacs, S. T., and Hearst, J. 
E. (1985) Psoralens as photoactive probes of nucleic acid struc- 



88 Sioconjugate Chem., Vol. 1, No. 1, 1990 

ture and function: Organic chemistry, photochemistry, and 
biochemistry. Annu. Reu. Biochem. 54, 1151-1193. 

(5) Tessman, J. W., Isaacs, S. T., and Hearst, J. E. (1985) Pho- 
tochemistry of the furan-side 8-methoxypsoralen-thymidine 
monoadduct inside the DNA helix. Conversion to diadduct 
and to pyrone-side monoadduct. Biochemistry 24, 1669- 
1676. 

(6) Houten, B. V., Gamper, H., Hearst, J. E., and Sancar, A. 
(1986) Construction of DNA substrates modified with psor- 
alen a t  a unique site and study of the action mechanism of 
abc exonuclease on these uniformly modified substrates. J .  
Biol. Chem. 261,14135-14141. 

(7) Houten, B. V., Gamper, H., Holbrook, S. R., Hearst, J. E., 
and Sancar, A. (1986) Action mechanism of ABC excision 
nuclease on a DNA substrate containing a psoralen crosslink 
at  a defined position. Proc. Natl. Acad. Sci. U.S.A. 83,8077- 
8081. 

(8 )  Cheng, A., Houten, B. V., Gamper, H. B., Sancar, A,, and 
Hearst, J. E. (1988) Use of psoralen-modified oligonucle- 
otides to trap three-stranded RecA-DNA Complexes and repair 
of these cross-linked complexes by ABC exonuclease. J .  Biol. 
Chem. 263, 15110-15117. 

(9) Pieles, U., and Englisch, U. (1989) Psoralen covalently linked 
to oligodeoxyribonucleotides: Synthesis, sequence specific rec- 
ognition of DNA and Photo-cross-linking to pyrimidine res- 
idues of DNA. Nucleic Acids Res. 17, 285-299. 

(10) Teare, J., and Wollenzien, P. (1989) Specificity of the site 
directed psoralen addition to RNA, Nucleic Acids Res. 17, 
3359-3372. 

(11) Lee, B. L., Murakami, A., Blake, K. R., Lin, S.-B., and 
Miller, P. S. (1988) Interaction of psoralen-derivatized oli- 
godeoxyribonucleoside methylphosphonates with single- 
stranded DNA. Biochemistry 27,3197-3203. 

(12) Kean, J. M., Murakami, A., Blake, K. R., Cushman, C. D., 
and Miller, P. S. (1988) Photochemical cross-linking of pso- 
ralen-derivatized oligonucleoside methylphosphonates to rab- 
bit globin messenger RNA. Biochemistry 27, 9113-9121. 

(13) Lee, B. L., Blake, K. R., and Miller, P. S. (1988) Interac- 
tion of Psoralen-derivatized oligodeoxyribonucleoside meth- 
ylphosphonates with synthetic DNA containing a promoter 
for T7 RNA polymerase. Nucleic Acids Res. 16, 10681- 
10697. 

(14) Miller, P. S. and Ts’o, P. 0. P. (1988) Oligonucleotide inhib- 
itors of gene expression in living cells: New opportunities in 
drug design. Annu. Rep. Med. Chem. 23,295-304. 

(15) Miller, P. S. (1989) Nonionic Antisense Oligonucleotides. 
In Oligonucleotides as Inhibitors of Gene Expression (J. Cohen, 
Ed.) in press, The Macmillan Press Ltd, London. 

(16) Maniatis, T., Fritsch, E. F., and Sambrook, J. (1982) 
Molecular Cloning, A Laboratory Manual pp 188-189, Cold 
Spring Harbor Laboratory: Cold Spring Harbor, NY. 

(17) Sinha, N. D., Biernat, J., McManus, J., and Koster, H. 
(1984) Polymer support oligonucleotide synthesis XVIII: Use 
of P-cyano-ethyl-N,N-dialkylamino-/N-morpholino phosphor- 
amidite of deoxynucleosides for the synthesis of DNA frag- 
ments simplifying deprotection and isolation of the final prod- 
uct. Nucleic Acids Res. 12, 4539-4557. 

(18) Murakami, A., Blake, K. R., and Miller, P. S. (1985) Char- 
acterization of sequence-specific oligodeoxyribonucleoside meth- 
ylphosphonates and their interaction with rabbit globin mRNA. 
Biochemistry 24, 4041-4046. 

(19) Lo, K.-M., Jones, S. S., Hackett, N. R., and Khorana, H. 
G. (1984) Specific amino acid substitution in bacterioopsin: 

Bhan and Miller 

Replacement of a restriction fragment in the structural gene 
by synthetic DNA fragments containing altered codon. 
Proc. Natl. Acad. Sci. U.S.A. 81, 2285-2289. 

(20) Agrawal, S., and Goodchild, J. (1987) Oligodeoxynucleo- 
side methylphosphonates: Synthesis and enzymic degrada- 
tion. Tetrahedron Lett. 28, 3539-3542. 

(21) Miller, P. S., Reddy, M. P., Murakami, A., Blake, K. R., 
Lin, S.-B., and Agris, C. H. (1986) Solid-phase syntheses of 
oligodeoxyribonucleoside methylphosphonates. Biochemis- 
try 25, 5092-5097. 

(22) Worden, L. R., Kaufman, K. D., Weis, J. A., and Schaff, 
T. K. (1969) Synthetic furocoumarins. IX. A new synthetic 
route to psoralen. J .  Org. Chem. 34, 2311-2313. 

(23) Isaacs, S. T., Shen, C.-K. J., Hearst, J. E., and Rapoport, 
H. (1977) Synthesis and characterization of new psoralen deriv- 
ativeswithsuperiorphotoreactivitywithDNAandRNA. Bio- 
chemistry 16, 1058-1064. 

(24) Chu, B. C. F. and Orgel, L. E. (1985) Nonenzymatic sequence- 
specific cleavage of single-stranded DNA. Proc. Natl. Acad. 
Sci. U.S.A. 82, 963-967. 

(25) Straub, K., Kanne, D., Hearst, J. E., and Rapoport, H. 
(1981) Isolation and characterization of pyrimidine- 
psoralen photoadducts from DNA. J.  Am. Chem. SOC. 103, 
2347-2355. 

(26) Kanne, D., Straub, K., Rapoport, H., and Hearst, J. E. 
(1982) Psoralen-deoxyribonucleic acid photoreaction. Char- 
acterization of the monoaddition products from 8-methoxy- 
psoralen and 4,5’&trimethylpsoralen. Biochemistry 21,861- 
871. 

(27) Papadopoulo, D., Averbeck, D., and Moustacchi, E. (1988) 
High levels of 4,5’,8-trimethylpsoralen photoinduced furan- 
side monoadducts can block cross-link removal in normal 
human cells. Photochem. Photobiol. 47, 321-326. 

(28) Song, P.-S., Harter, M. L., Moore, T. A., and Herndon, W. 
C. (1971) Luminescence spectra and photocycloaddition of 
the excited coumarins to DNA bases. Photochem. Photo- 
biol. 14, 521-530. 

(29) Kanne, D., Rapoport, H., and Hearst, J. E. (1984) 8- 
Methoxypsoralen-nucleic acid photoreaction. Effect of methyl 
substitution on pyrone vs furan photoaddition. J. Med. 
Chem. 27, 531-534. 

(30) Gaboriau, F., Vigny, P., Averbeck,D., andBisagni, E. (1981) 
Spectroscopic study of the dark interaction and of the pho- 
toreaction between a new monofunctional psoralen: 3-carb- 
ethoxy psoralen, and DNA. Biochimie 63, 899-905. 

(31) Moysan, A., Gaboriau, F., Vigny, P., Voituriez, L., and Cadet, 
J. (1986) Chemical structure of 3-carbethoxypsoralen-DNA 
photoadducts. Biochimie 68, 787-795. 

(32) Bachellerie, J.-P., Thompson, J. F., Wegnez, M. R., and 
Hearst, J. E. (1981) Identification of the modified nucle- 
otides produced by covalent photoaddition of hydroxymeth- 
yltrimethylpsoralen to RNA. Nucleic Acids Res. 9, 2207- 
2222. 

(33) Isaacs, S. T., Wiesehahn, G., and Hallick, L. M. (1984) In 
vitro characterization of the reaction of four psoralen deriv- 
atives with DNA. Natl. Cancer Znst. Monogr. 66, 21-30. 

Registry No. n + l.(ae)CPpTpTCGTCCTC, 124242-47-3; 
n.(ae)CPpApTCGTCCTC, 124242-49-5; n - l.(ae)CPpTpACG- 
TCCTC, 124266-25-7; n + l.(ae)AMTpTpTCGTCCTC, 124266- 
21-3; n.(ae)AMTpApTCGTCCTC, 124266-23-5; n - l.(ae)AM- 
TpTpACGTCCTC, 124266-27-9. 



Bioconjugate 
Chemistry 
MARCH/APRIL, 1990 
Volume 1, Number 2 

0 Copyright 1990 by the American Chemical Society 

REVIEW 

The Linkage of Cytotoxic Drugs to Monoclonal Antibodies for the 
Treatment of Cancer 

Geoffrey A. Pietersz 

Research Centre for Cancer and Transplantation, Department of Pathology, The University of Melbourne, 
Parkville, Victoria 3052, Australia. Received August 7 ,  1989 

The search for selective chemotherapeutic agents for 
the eradication of infectious agents and cancer is of utmost 
importance. Most chemotherapeutic agents inhibit a crit- 
ical metabolic pathway which is required for the target 
organism to survive (1,2). In the case of bacterial infec- 
tion, chemotherapeutic agents such as cephalosporins and 
antifolates interfere specifically with bacterial cell wall 
synthesis or bacterial dihydrofolate reductase (DHFR),l 
with little or no side effects to the host, while for some 
retroviruses, drugs acting on reverse transcriptase have 
been useful. A great challenge has been the search for a 
selective agent for the treatment of cancer where there 
are few differences between the biochemical pathways 
of cancer cells and normal cells (3) .  Indeed, most anti- 
neoplastic drugs inhibit metabolic pathways shared by 
both cancer and normal cell-the major differentiation 
being in the abnormal growth cycle of the cancer cell. 
Thus, rapidly proliferating cells in the hair follicles, bone 
marrow, and gastrointestinal tract are damaged by the 
antineoplastic agents. Several approaches have been used 
to produce antineoplastic agents with less side effects, 
such as design of analogues by chemical modification of 

* List of abbreviations: DHFR, dihydrofolate reductase; 
MoAb(s), monoclonal antibody(ies); MTX, methotrexate; CBL, 
chlorambucil; N-AcMEL, N-acetylmelphalan; Dm, daunomy- 
cin; Ad, adriamycin; CDI, carbodiimide; NHS, N-hydroxysuc- 
cinimide; Br-Dm, 14-bromodaunomycin; Br-Ida, 14-bromoida- 
rubicin; CEA, carcinoembryonic antigen; HSA, human serum 
albumin; DTT, dithiothreitol; BSA, bovine serum albumin; 
SMPB, N-succinimidyl4-(p-maleimidophenyl)butyrate; SPDP, 
N-succinimidyl3-(2-pyridylthio)propionate; MBS, m-maleimi- 
dobenzoic acid N-hydroxysuccinimide ester; Drug-COOH, drug 
containing a carboxyl group; MoAb-NH,, amino group of mon- 
oclonal antibody; Drug-NH,, drug containing an amino group; 
Dm-NH,, daunomycin amino group; MEL, melphalan. 

1043-1802/90/2901-0089$02.50/0 

the parent drug ( 4 ) ,  genetic engineering of antibiotic pro- 
ducing microorganisms (5) ,  and production of prodrugs 
(6) which are activated in the target tissue. However, of 
the many hundreds of drugs tested for cancer (thou- 
sands a t  the National Cancer Institute) few have reached 
clinical usefulness-mainly because of nonspecific toxic- 
ity; i.e. they have a poor therapeutic index (7). Further- 
more, many of the cytotoxic drugs currently in use are 
of little value in the commonest cancers, i.e. lung, colon, 
breast, and melanoma. There is clearly a major require- 
ment for specific cytotoxic therapy which selectively kills 
tumor cells but spares normal cells. Can monoclonal anti- 
bodies convey such specificity to otherwise broadly cyto- 
toxic drugs, and are such drug-antibody immunoconju- 
gates the cancer treatment of the future? 

With the discovery of tumor-associated antigens and 
their detection by monoclonal antibodies (MoAb), another 
approach for producing selective antineoplastic drugs could 
be used (8,9). By covalently linking antineoplastic agents 
to MoAb reactive with tumor-associated antigens, these 
drugs can be targeted to the tumors (10). This concept 
was first suggested by Paul Ehrlich in the early 1900s 
(11). These drug-MoAb conjugates or immunoconju- 
gates bind the tumor cells and are internalized and 
degraded in the lysosomes to release the drug or drug- 
peptide fragments which then act on the target-a par- 
ticular enzyme, DNA, or RNA (12, 13). A number of 
tumor-associated antigens have now been identified and 
MoAbs have been produced for these (8,9). Several drugs 
(IO), toxins (14), radionuclides (15),  immunomodulators 
(16,17), and enzymes (18) have been attached to MoAbs, 
and their effects in vitro as well as in vivo in mice and 
humans have been studied. This review will concen- 
trate on the various chemical methods utilized to pro- 
duce drug-MoAb conjugates. No attempt will be made 
to describe the biological activity of the various conju- 
gates. 

0 1990 American Chemical Society 
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Table I. Commonly Used Chemical Transformations of 
Functional Groups of Drugs 
functional group reagent new functional group refs 

Table 11. Chemical Modification of Functional Groups of 
MoAb 

ref new grow group reagent 
OH succinic OCOCH,CH,COOH 23, 24 

COOR, hydrazine CONHNH, 25, 26 
COOH CDI/NHS active ester 27, 28 
CH(OH)CH(OH) periodate aldehyde 29 
CH(OH)CH(NHJ periodate aldehyde 30 

SMPB maleimide 31 
iodoacetic acid COCH,I 31 

succinic NHCOCH,CH,COOH 3 2 , 3 3  

anhydride 

NH, 

active ester 

anhydride 
COCH, bromine COCH,Br 34,35  

EARLY STUDIES ON IMMUNOCONJUGATES 
The chemical methods used to couple cytotoxic drugs 

to MoAbs are similar to those used to couple small organic 
molecules to proteins such as bovine serum albumin for 
antibody production for immunoassay (19). In these cases 
vigorous reaction conditions could be used because no 
biological activity of the bovine serum albumin or hap- 
ten needed to be preserved. For immunoconjugate prep- 
aration mild conditions that do not denature the MoAb 
and interfere with the activity are essential. Some of the 
early work on immunoconjugate preparation was that of 
Mathe and colleagues in the mid-l950s, where methotrex- 
ate (MTX) was coupled to polyclonal rabbit antibodies 
raised against mouse leukaemia by diazotization of the 
MTX pterin amino group (20). Subsequently, in 1974 
Davies’ (21) group examined the conjugation of chloram- 
bucil (CBL) to polyclonal antibodies and made the remark- 
able observation that noncovalently linked CBL was active 
in vitro and in vivo as a covalently linked drug! This 
aspect of drug-antibody, interaction should always be 
borne in mind-i.e. that  drugs can associate nonco- 
valently with antibodies and give the appearance of high 
activity and of many molecules of drug being bound to 
antibody in vitro. However, in vivo, such linkages are 
unstable, with the drugs transferring to other proteins 
and having potential toxic side effects. The main point, 
however, is that MoAbs carrying noncovalently bound 
drug may appear to be active in vitro but will not be in 
vivo, so attention has to be paid to the removal of non- 
conjugated drug. In these early studies the exact nature 
of the bonds between drug and antibody was not clear 
and sufficient quality control on conjugates was not appar- 
ent. In more recent studies sophisticated methods have 
been used to prepare drug-monoclonal antibody conju- 
gates. Coupling agents such as glutaraldelyde and car- 
bodiimides are still being used although with caution due 
to the difficulty of reproducing these couplings in other 
laboratories. 

STRUCTURAL CONSIDERATIONS AND FUNCTIONAL 
GROUPS OF CYTOTOXIC DRUGS 

Most cytotoxic agents are natural products or are pro- 
duced by chemical synthesis, and from the biological activ- 
ity of many analogues that have been produced, func- 
tional groups important for drug activity can be identi- 
fied (22 ) .  However, such drugs will not always have 
appropriate functional groups for coupling to MoAbs, and 
the groups available may need to be transformed into 
more suitable functional groups by chemical modifica- 
tion (Table I). For example, hydroxy groups may be eas- 
ily transformed to carboxyl groups by succinylation or 
carboxylic ester groups transformed to hydrazides with 
hydrazine. However, modification of the groups essen- 
tial for biological activity on the drug before or during 

NH, SPDP activated disulfide 37 
MBS maleimide 38 
iminothiolane SH 39 
iodoacetic acid COCH,I 40 

ss DTT SH 41 
carbohydrate periodate CHO 42 

active ester 

the coupling reaction will yield inactive conjugates, unless 
the drug is released when the immunoconjugate is degraded 
by the lysosomal enzymes. Several linkage strategies have 
been developed so that the drug is released after inter- 
nalization and they will be discussed later. The release 
of the free drug may not always be necessary. Immuno- 
conjugates of MTX made by reacting the y-carboxyl active 
ester with MoAb retain the ability to inhibit DHFR, and 
it is therefore likely that any MTX-peptide fragments 
resulting from lysosomal digestion will also inhibit DHFR 
(12, 36). Furthermore, CBL (28) and N-acetylmelpha- 
lan (N-AcMEL) (27) both retain alkylating activity while 
conjugated to MoAb and may not need release of free 
drug. Therefore, the absolute necessity for the drug to 
be released may depend on the mechanism of action of 
the drug. If steric constraints do not effect the binding 
of drug to the target, then drug-peptide fragments released 
by lysosomal degradation will be active. 

FUNCTIONAL GROUPS ON ANTIBODY MOLECULES 
Monoclonal antibodies have a range of reactive groups 

that can be utilized for coupling to drugs. Some of these 
are involved in preserving the tertiary structure and bind- 
ing to antigens. Extensive covalent modification of MoAb 
by drug may lead to loss of solubility and antibody activ- 
ity. The extent of possible modification of MoAb by drug 
will depend on the particular MoAb. Therefore, once a 
suitable coupling procedure has been designed, it is nec- 
essary to measure the antibody activity and protein recov- 
ery after modification of the particular MoAb with dif- 
ferent molar ratios of drug to MoAb, resulting in a dif- 
ferent number of bound-drug residues. Reactive groups 
may be introduced onto MoAb by (a) use of heterobi- 
functional cross-linkers, (b) reaction with sodium perio- 
date to create aldehyde groups by carbohydrate oxida- 
tion, or (c) reaction with dithiotreitol to reduce inherent 
disulfides to expose free sulfhydryl groups (Table 11). 

SELECTED METHODS FOR COUPLING DRUGS TO 
MOABS 

Direct Linkage of Drug to MoAb. Glutaralde- 
hyde. Glutaraldehyde is used to cross-link two amino 
groups. The exact mechanism of this reaction is com- 
plex, but there is evidence to show that an initial Michael 
addition of one amino group is involved followed by Schiff 
base formation with the other amino group and alde- 
hyde (Scheme I) (43).  The major problem associated with 
the use of this reagent is polymerization. Several 
approaches are available to reduce such unwanted side 
reactions by conducting the reactions in two stages- 
first mix glutaraldehyde with one reactant, remove the 
excess glutaraldehyde, and then react with the second 
component. Despite these obvious disadvantages, adri- 
amycin (Ad) (30) and daunomycin (Dm) (44)  have been 
conjugated to MoAbs with the use of glutaraldehyde. The 
Schiff base formed between the aldehyde and amino group 
may be stabilized with sodium borohydride or sodium 
cyanoborohydride. 
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Scheme I.' Mechanism of Coupling of Drug (Drug-NH,) to Monoclonal Antibody (MoAb-NH,) with Glutaraldehyde 

Drug-NHP fi fi PH3 
+ H--C-(CH,), -C-H 4- Drug-NH =CH-(CH,), -CH=NH--MoAb 

MoAb-NHP 
pH 7-8 

t 
CH-N-Drug 

I MoAb-NH CHO 
CH I I  -CH--(CH,),-CCH=C-(CH,),--CH-S- 

I 

CH-C-H 
II v 

Under acidic conditions, Schiff bases are formed between antibody amino groups and aldehyde groups; at neutral or slightly 
basic pH a more complex reaction predominates. 
Scheme 11.' Coupling of Monoclonal Antibody 
(MoAb-NH,) to Active Ester Derivative of Drug 
(Drug-COOH) 

CDI 
0 

MoAb-NH, n 
II 

Drug-C-NH-MoAb 

The N-hydroxysuccinimide active ester reacts selectively 
with the basic amino groups of MoAb. 

Carbodiimide (CDI). This condensing agent reacts 
with amino groups and carboxyl groups to form an amide 
bond, and as with glutaraldehyde, polymerization occurs 
during this reaction (45).  Attempts have been made to 
reduce the polymerization by preforming the activated 
derivative and then reacting with the MoAb (46). A more 
attractive method of coupling carboxyl-containing drugs 
to MoAb is the use of active ester. CDIs have been used 
for coupling adriamycin (30), daunomycin (30), and meth- 
otrexate (36, 47) to MoAbs. 

Active Ester. Esters formed between N-hydroxysuc- 
cinimide (NHS) and carboxylic acids react rapidly with 
amino groups and very slowly with water or hydroxy groups 
and has been the method of choice of coupling carboxy- 
lic acid containing drugs to MoAbs. Reaction of the active 
ester with an amino group gives rise to a stable amide 
linkage (Scheme 11). Methotrexate (36, 48),  chloram- 
bucil (28),  and N-acetylmelphalan (27) have been cou- 
pled by using the active-ester method. Methotrexate and 
aminopterin can be selectively activated a t  the y- 
carboxyl group with equimolar amounts of NHS and CDI 
(36, 48, 49). Recent work by Endo et al. suggested the 
possible reaction of MTX active esters with hydroxy groups 
available on MoAb (50).  The resulting ester linkages can 
be hydrolyzed with hydroxylamine. Hydroxylamine treat- 
ment of these conjugates results in greater selective cyto- 
toxicity between antibody-reactive and nonreactive cells. 
Compounds with primary or secondary hydroxyl groups 
can also be coupled to MoAb by the active-ester method, 
by first reacting with succinic anhydride to form the 
hemisuccinate, followed by reaction with NHS and CDI. 
The solubility of the active esters may be increased by 
using the water-soluble N-hydroxysulfosuccinimide instead 
of NHS. 

Scheme III.* Coupling of Drugs to MoAbs via a 
Dextran Intermediary 
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a Polyaldehyde dextran made by periodate oxidation of dex- 
tran may be sequentially reacted with drug and MoAb (path 
B), reacted with a diamine to introduce amino groups and then 
sequentially reacted with an activated drug and antibody (path 
C), or reacted with a drug hydrazide derivative (path A). 

Hydrazide. Hydrazides can be readily prepared from 
carboxylic acids or esters with hydrazine and the hydrazides 
thus formed react readily with aldehydes under acidic 
conditions to form hydrazones (Scheme 111, path A). 
Immunoglobulins have branched-chain carbohydrate a t  
the hinge region and oxidation of this carbohydrate with 
periodate results in the production of aldehyde groups 
which can be reacted with a hydrazide derivative of the 
drug. Vinblastine (25) and methotrexate (26) have both 
been coupled to MoAb by using this procedure. The 
advantage of this method is the production of more immu- 
noreactive conjugates than the active-ester method, due 
to site specific modification of MoAb. 

Halocarbonyl. a-Halocarbonyl compounds are reac- 
tive with sulfhydryl, amino, and carboxyl groups; for exam- 
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ple, 14-Bromodaunomycin (Br-Dm) (32,34)  and 14-bro- 
moidarubicin (Br-Ida) (35) have been coupled to a vari- 
ety of proteins. In the study where Br-Ida was used, the 
drug was linked via carboxylic groups and amino groups 
(35). The idarubicir. immunoconjugates had excellent in 
vivo activity although Br-Dm coupled via sulfhydryl groups 
resulted in inactive immunoconjugates (32).  The N-io- 
doacetyl derivative of Ad, when coupled to sulfhydryl 
groups of MoAb, resulted in conjugates with similar activ- 
ity to the N-iodoacetyl adriamycin derivative in vitro 
(31). In a recent study by Umemoto et al., a peptide 
derivative of MTX was coupled to MoAb by reaction of 
an iodoacetyl derivative (51). 

Miscellaneous. A number of other coupling proce- 
dures either unique to the particular drug or less widely 
used are available. Trenimon, an aziridinylquinone alky- 
lating agent, was conjugated to a sulfhydryl-containing 
MoAb with retention of alkylating activity (52). Plati- 
num salts have also been coupled to MoAb by simple 
mixing, even though the exact mechanism of coupling is 
not clear (53). The isocyanate derivative of chloram- 
bucil has also been used to couple CBL to an anti-CEA 
MoAb ( 5 4 ) .  

Linkage of Drug to MoAb via an Intermediary. To 
increase the number of drug molecules that can be car- 
ried by the MoAb, inert intermediaries have been used. 
The drug is reacted with the intermediary and the result- 
ing complex is coupled to the MoAb. Several interme- 
diaries have been used, including modified dextrans, poly- 
amino acids, and human serum albumin. 

Dextran. Dextran is a bacterial polysaccharide made 
up of a-D-glucopyranosyl units, and these dextrans can 
be derivatized in a variety of ways to introduce reactive 
groups and thereby be coupled to antibody (55).  Poly- 
aldehyde dextran, made by periodate oxidation, has been 
used as an intermediary for coupling cytosine arabino- 
side (29) ,  bleomycin (56), daunomycin (57), adriamycin 
(58), and chlorin e6 (59) to MoAbs (Scheme 111, path B 
and C). Amino dextran synthesized from polyaldehyde 
dextran has been used to couple methotrexate to MoAb 
(60), resulting in an immunoconjugate with 23 residues 
of MTX per MoAb (Scheme 111, path C). 

Polyamino Acids. The property of poly(L-amino acids) 
such as poly(L-glutamic acid) and poly(L-aspartic acid) 
to be digested by enzymes has been utilized by using it 
as an intermediary for carrying large amounts of drug. 
These polyamino acids have been used extensively in drug 
delivery as a means of increasing the therapeutic index 
of drugs (61). Two approaches have been used to cou- 
ple drugs to MoAbs via a polyamino acid carrier. Firstly, 
polyamino acid may be derivatized with a cross-linking 
agent a t  the a amino group followed by derivatization 
with drug and then linking to MoAb (Scheme IV) (62). 
An alternative procedure is to synthesize the poly(L- 
amino acid) by polymerization of a suitably functional- 
ized monomer. The latter method was used by Kat0 et 
al. to introduce a thiol group onto polyglutamic acid for 
coupling to MoAb in the final step (63). 

Human Serum Albumin. Human serum albumin 
(HSA) has also been used as a intermediary carrier for 
coupling methotrexate (64, 65) and mitomycin C (66) to 
monoclonal antibodies. In the approach by Garnett et 
al. (631, MTX was coupled to HSA with CDI and then 
reduced with DTT to expose the free thiol group on HSA 
and reacted with iodoacetylated MoAb. With this method, 
38 residues of MTX were coupled to MoAb, and the result- 
ing immunoconjugate was more active than free MTX. 
A serious problem in with the use of intermediaries is 
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Scheme IV." Linkage of Daunomycin to MoAb via a 
Poly(L-glutamic acid) Intermediary 
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Poly(L-glutamic acid) is activated at the amino terminal with 
SPDP, and the drug containing an amino group is coupled to 
poly(L-glutamic acid) with CDI. The reduced polymer is then 
reacted with an antibody substituted with a maleimide group. 
Scheme V.a Linkage of Drug (Drug-NH,) to 
Monoclonal Antibody (MoAb-NH,) via a cis-Aconityl 
Linkage 

+ Drug-NH, H m ~ o ~ ~ ~ o w  

0 0 a 
a The basic amino group of the drug reacts with cis-aconitic 

anhydride to give a dicarboxylic acid, which can be selectively 
coupled by the carboxyl group to MoAb. Under acidic condi- 
tions the drug is liberated from the MoAb. 
the possibility of obtaining conjugates with more than 
one carrier molecule per antibody molecule, which results 
in decreased yields. 

Lysosome-Sensitive Linkers. The passage of anti- 
gen antibody complexes to the lysosome by endocytosis 
has led to the design of several linkages that are cleaved 
by either lysosomal enzymes or lower pH (4.5-5) to release 
free drug. Early work by Trouet et al. (67) demon- 
strated that the peptides LeuAlaLeu and AlaLeuAlaLeu 
when used as linkers between drug and BSA released the 
free drug when treated with lysosomal hydrolases. Sev- 
eral other linkers have been synthesized that have simi- 
lar properties-e.g. GlyPheLeuGly (51). MTX has been 
coupled to MoAb with this linker. The use of cis-aco- 
nitic anhydride to link drugs to proteins was demon- 
strated by Shen et al. (68), where the cis-aconityl deriv- 
ative of daunomycin was linked to poly(L-lysine). Expo- 
sure of these conjugates to pH 4.5-5 results in the release 
of drug (Scheme V). Immunoconjugates of daunomycin 
(69) and adriamycin (70) made by using this procedure 
have shown antitumor effects in vitro and in vivo. Sev- 
eral other linkers have been synthesized recently that may 
be utilized for coupling drugs to MoAbs (71). 

Prodrug Approach. Immunoconjugates, once admin- 



Review 

istered to animals, will circulate and eventually be removed 
from the circulation, presumably by the reticuloendot- 
helial system. If the drug is not detoxified a t  this stage, 
drug toxicity will be seen. MTX immunoconjugates are 
more toxic than free MTX in animals, especially if given 
daily (26) ,  presumably due to rapid clearance of MTX 
by the kidney and accumulation of immunoconjugate in 
the reticuloendothelial system. Alternatively, the drug 
may dissociate from the MoAb and harm nontumor tis- 
sue. With these in mind, the use of nontoxic prodrugs 
for immunoconjugation is an attractive concept. These 
prodrugs may be drugs with charged groups to prevent 
free diffusion across the cell membrane, defective by mod- 
ification of groups involved in active transport, or requir- 
ing lysosomal cleavage for activation. This is an area that 
has not been explored even though cis-acotinyl deriva- 
tives and peptide derivatives of drugs may be consid- 
ered as prodrugs. Melphalan was converted to N- 
acetylmelphalan by acetylation of the amino group, and 
this modification resulted in a 100-fold decrease in cyto- 
toxicity due to defective transport (27).  Conjugation of 
N-AcMEL to MoAb resulted in a conjugate 3-fold less 
toxic than melphalan. N -  AcMEL conjugates were not 
toxic to mice at a dose of 16 mg/kg. However, N- 
AcMEL and MEL had an LD, of 115 and 6 mg/kg, respec- 
tively. Another method of utilizing prodrugs for target- 
ing is their use in conjunction with enzyme-MoAb con- 
jugates. Enzymes such as carboxypeptidase (72) or alkaline 
phosphatase (73)  can be coupled to monoclonal antibod- 
ies and targeted to tumors and nontoxic prodrugs may 
be administered (64,65).  The prodrugs are transformed 
to the drug at  the vicinity of the tumor and diffuse into 
the tumor. For enzyme targeting of this type, MoAbs to 
noninternalizing antigens are necessary. Careful consid- 
eration has to be given in choosing enzymes such that 
prodrugs are not activated in normal tissue by endoge- 
nous enzyme; therefore alkaline phosphatase is not an 
ideal choice. Another approach worth considering is the 
linking of photoactivatable moieties such as chlorin e6 
(59)  and hematoporphyrin (74)  to MoAbs. These agents 
are inactive until activated (cf. prodrugs) by light of a 
particular wavelength to emit singlet oxygen. Since sin- 
glet oxygen is a diffusable product, the conjugates do not 
need to be internalized and are capable of killing bystander 
cells lacking tumor antigen. Moreover, the light activa- 
tion can also be directed to the tumor and thereby acti- 
vate the photodrug locally, allowing MoAbs with slight 
cross-reactivity with healthy tissues to be used. 

In Vitro Testing. Coupling of drug to MoAbs may 
lead to partial or complete loss of antibody activity and/ 
or drug activity. Therefore both activities of the immu- 
noconjugate should be carefully monitored at each step. 
Several approaches can be used to test for antibody activ- 
ity and a review of this aspect is found in Pietersz et al. 
(10). The drug activity may be tested by using a cyto- 
toxicity assay measuring the inhibition of DNA, RNA, 
or protein synthesis (10). The colorimetric tetrazolium 
assay (MTT) which utilized a yellow, water-soluble dye 
which is transformed to a blue formazon by live cells can 
also be used. For certain drugs such as alkylating agents 
and dihydrofolate reductase inhibitors, the functional integ- 
rity of the bound drug can be determined by measuring 
the drugs ability to alkylate 4-(4-nitrobenzyl)pyridine 
(28) or inhibit DHFR, respectively (36). The selectivity 
of immunoconjugates may be tested by comparing the 
inhibition of growth of antibody-reactive and nonreac- 
tive cell lines. However, lack of selectivity does not nec- 
essarily imply unsuitable conjugates (35). This point could 
be illustrated with reference to idarubicin-antibody con- 
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jugates, where specific conjugates are 5-10 times more 
active on the target cell line than the nonspecific conju- 
gates. However, in vivo nonspecific conjugates do not 
show any antitumor effects, and no toxic effects due to 
the conjugates are apparent. The exact mechanism by 
which nonspecific conjugates demonstrate cytotoxicity in 
vitro is not known. These problems emphasize the need 
for more appropriate cytotoxicity and specificity assays 
that mimic the in vivo behavior of immunoconjugates. 
Suitability of immunoconjugates as specific antitumor 
agents will only be apparent from efficacy in preclinical 
studies using animal models (10). Despite certain draw- 
backs such as the inability to predict effects due to cross- 
reactivity of MoAb with normal human tissues, animal 
models can be extremely useful for the characterization 
of immunoconjugates. Ideally, preclinical testing should 
include tests for stability in vitro and in vivo, biodistri- 
bution studies using radiolabeled drug, and dose- 
responses studies to compare antitumor efficacy and tox- 
icity. 

CONCLUSION 
This review has concentrated primarily on the chemi- 

cal methods and strategies utilized for immunoconjuga- 
tion of drugs. The techniques for coupling cytotoxic drugs 
to MoAbs have become increasingly more sophisticated, 
with the design of novel linkers and protecting groups 
which confer unique properties, such as stability in serum, 
with sensitivity to lysosomal or hydrolytic enzymes. The 
majority of drugs used in immunoconjugates have been 
limited to those commonly used in the clinic for the treat- 
ment of cancer and are not necessarily the most optimal 
for conjugation to antibodies. The conjugation of very 
cytotoxic, lower molecular weight compounds previously 
discarded due to their toxicity should now be investi- 
gated for immunoconjugation, as binding to antibody 
increases specificity and reduces the toxicity of such drugs. 
Such potent immunoconjugates may result in better anti- 
tumor efficacy by counteracting the low uptake of drug 
to the tumor. The access of immunoconjugates to the 
tumor is still a major problem and is a serious limitation 
for the treatment of larger tumors, but the production 
of small, single chain antibody molecules by genetic engi- 
neering techniques may overcome this. Because of the 
difficulty in delivery of large amounts of antibody to large 
tumours, the final place of immunoconjugate in the treat- 
ment of cancer may be in conjunction with other modes 
of therapy for treating minimum, residual disease in the 
adjuvant setting. However, this remains to be proven. 
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LETTERS 

Synthesis of 1 - ( Aminooxy ) -4 - [ (3 -nitro - 2-pyr idyl) dit hi01 butane and 
1 - (Aminooxy) - 4 4  (3-nitro-2-pyridyl)dithio]but-2-ene, Novel 
Heterobifunctional Cross-Linking Reagents 

l-(Aminooxy)-4- [ (3-nitro-2-pyridyl)dithiolbutane hydrochloride (1) and the related unsaturated com- 
pound 2 are stable alkoxylamino cross-linking reagents which react readily with ketones to give the 
corresponding alkoximes and which couple readily with thiolated proteins in aqueous media to pro- 
vide stable protein conjugates. 

The most commonly employed procedures for attach- 
ing drugs to proteins involve thiolation of the protein 
using heterobifunctional cross-linking reagents such as 
SPDP [N-succinimidyl3-(2-pyridyldithio)propionate] ( I ,  
2) and subsequent coupling with a nucleophilic moiety 
of the drug. In the case of antibodies, procedures have 
been developed which call for periodate oxidation of the 
carbohydrate region of the antibody, subsequent reac- 
tion of the exposed aldehyde moieties with an amine, and 
reduction of the resultant imine with borohydride to yield 
stable alkylamino functionalized proteins (3) .  

As part of a program concerned with targeting of mon- 
oclonal antibody (MAb)-drug combinations for chemo- 
therapeutic applications, we sought alternatives to cur- 
rently employed strategies (2). Toward this end, the alkox- 
ylamino compound l-(aminooxy)-4-[(3-nitro-2- 
pyridy1)dithiolbutane hydrochloride (1, Chart I) was 
prepared (vide supra) and found to react readily with 
the ketone moiety of adriamycin to produce a stable alkox- 
ime ( 4 ) .  This drug-linker combination readily coupled 
with thiolated antibody ( I )  in neutral phosphate buffer 
solution to produce a disulfide-linked drug-antibody con- 
jugate (Scheme I) which was found to be exceptionally 
stable, requiring exposure to strongly acidic media (aque- 
ous phosphoric acid, ca. pH 2) to release the adriamycin 
( 4 ) .  

In addition, 1 was found to react with periodate- 
treated antibodies in aqueous solution (Scheme 11) to pro- 
duce the alkoximino-modified proteins (vide infra) not 
requiring further modification to improve their stability 
(Kaneko, T., and Webb, R., unpublished results). 

The preparation of 1 proceeds as follows. The alkyla- 
tion of the sodium salt of ethyl N-hydroxyacetimidate 
(3; NaH/THF, Chart 11) with l,4-dibromobutane gave 
bromide 4 (5)  after fractional distillation to remove start- 
ing 3. Displacement of bromide 4 with potassium thio- 
acetate in EtOH to give acetylthio compound 5 was fol- 
lowed by removal of the acetate (K,CO,/MeOH) and the 
acetimidate (HCl/EtOH/H,O) to yield 1-(aminooxy)-4- 
mercaptobutane hydrochloride (6). Introduction of the 
(3-nitro-2-pyridy1)dithio group was accomplished by treat- 
ment of 6 in methanol with (methoxycarbony1)sulfenyl 
chloride (6) to give crystalline l-(aminooxy)-4-[(methox- 
ycarbony1)dithiolbutane hydrochloride (7), which was 
stirred in methanol with 3-nitro-2-mercaptopyridine (7) 
to yield the desired alkylamino dithio compound 1. Com- 
pound 1 could be recrystallized from a mixture of meth- 
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anol, ethyl acetate, and ether and was stable when stored 
a t  room temperature for several months. Unsaturated 
compound 2 was prepared in a similar fashion, i.e. by 
alkylation of 3 (NaH/THF) with 1,4-dibromo-(E)-but-2- 
ene to yield bromide 8 (Chart 11); subsequent thioace- 
tate displacement (KSAc/EtOH) giving 9, deprotection 
(K,CO,/MeOH then aqueous HCl/EtOH) to thiol 10 and 
disulfide formation [ (methoxycarbony1)sulfenyl chloride/ 
3-nitro-2-mercaptopyridine/MeOH] yielding 2. Both 1 
and 2 could be reacted directly with carbonyl com- 
pounds or used as their corresponding free bases by first 
stirring with a slight excess of triethylamine in metha- 
nol. 

Experimental Procedures. All solvents and reagents 
were employed as received, with the following excep- 
tions: Aldrich anhydrous-grade tetrahydrofuran and anhy- 
drous-grade hexane were used for reactions employing 
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161.79, 161.67 (CH,C(OEt)=N), 73.09, 72.49 (NOCH,), 
61.93,61.86 (CH,CH,O), 33.41,30.88, 29.59, 27.52,25.51, 
14.27, 13.40; IR (neat) 2980, 2941,1647 (s), 1377 (s), 1306 
(s), 1263, 1252, 1119, 1076, 978 cm-l; MS (DCI/ 
methane) m / e  240 MH+ + 2, 18), 238 (MH', 19), 158 
(MH' - Br, 60); exact mass calcd for C,H,,NO,Br 
237.0364, found 237.0358. Anal. (C,H,,NO,Br) C, H, 
N. 

N-[ [ 4- (Acetylt hio) butylloxy lacetimidate 
(5). A solution of ethyl N-[(4-bromobutyl)oxy]acetimi- 
date (4, 34.00 g, 0.143 mol) in absolute ethanol (300 mL) 
was treated with potassium thioacetate (20.00 g, 0.175 
mol) and the resulting yellow suspension heated a t  reflux 
for 1 h. Thin-layer chromatographic analysis of the reac- 
tion mixture revealed the absence of the starting bro- 
mide (R, 0.6 in A) and the presence of the product thio- 
acetate ( R f  0.5 in A). The mixture was cooled, filtered, 
and concentrated in vacuo, and the slurry was parti- 
tioned between ethyl acetate and water. The combined 
ethyl acetate layers were washed with saturated aqueous 
NaHCO, solution, water, and brine and then dried over 
MgSO,, filtered, and concentrated in vacuo. The oil 
remaining was distilled to yield 30 g (90%) of ethyl-N- 
[ [4-(acetylthio)butyl]oxy]acetimidate ( 5 )  as a clear, yel- 
low, foul-smelling liquid: bp 105-108 "C (2 mmHg); 'H 
NMR (CDCl,) 6 3.90 (9, J = 6 Hz, 2 H, OCH,CH,), 3.79 
(t, J = 6 Hz, 2 H, NOCH,), 2.81 (t, J = 6 Hz, 2 H, CH,SAc), 
2.22 (s, 3 H, CH,COS), 1.81 (s, 3 H,  CH,C(OEt)=N), 
1.58 (br m, 4 H,  CH,CH,), 1.16 (t, J = 6 Hz, 3 H,  
OCH,CH,); 13C NMR (CDC1,) 6 196.45 (SC=O), 162.74 
and 162.66 (CH,C(OEt)=N), 73.55 and 73.05 (CH,O), 
62.35 and 62.32 (CH,CH,O), 30.73, 29.12, 28.81, 28.61, 
28.23, 26.45, 25.74, 14.48, 13.66; IR (neat) 2990,2945,2875, 
1700 (s, C=O), 1650,1380,1305 (s), 630 cm-'; MS (DCI/ 
methane) m / e  (relative abundance) 234 (MH+, 100); exact 
mass calcd for CloHlgNO,S 233.1086, found 233.1084. Anal. 

l-(Aminooxy)-4-mercaptobutane Hydrochloride 
(6) .  A solution of ethyl N-[ [4-(acetylthio)butyl]oxy]ace- 
timidate (5,35.00 g, 0.150 mol) in absolute methanol (100 
mL) was thoroughly degassed with nitrogen and treated 
with anhydrous K,CO, (20.00 g, 0.150 mol), and the result- 
ing yellow suspension was stirred vigorously for 12 h. Thin- 
layer chromatographic analysis of the reaction mixture 
indicated the absence of the starting thioacetate 5 (R,  
0.5 in A) and presence of the product thiol (Rf.0.65 in 
A). The suspension was filtered and concentrated in vacuo 
to a yellow slurry, which was dissolved in ethanol and 
treated with concentrated aqueous HCl(30 mL), and the 
resulting mixture was heated on a steam bath for 1 h. 
The volatiles were removed in vacuo, and the residue was 
azeotroped with 4 successive volumes of absolute etha- 
nol. The volatile amine was isolated as its hydrochlo- 
ride by dissolution of the solid in aqueous NaHCO,, extrac- 
tion with diethyl ether, and treatment of the ether solu- 
tion slowly dropwise with HC1 in diethyl ether (1.0 M) 
until no further solid had formed. The solid was col- 
lected by filtration, washed with hexane, and recrystal- 
lized from ethanol-hexane to  yield 12.0 g (51%) of 1-(ami- 
nooxy)-4-mercaptobutane hydrochloride (6) as a white 
solid: mp 134 "C dec; 'H NMR (CD,OD) 6 5.08 (br s, 6 
H, exch, NH,, SH, HCl), 3.85 (t, J = 6 Hz, 2 H, NOCH,), 
2.30 (t, J = 6 Hz, 2 H, CH,S), 1.54 (m, complex, 2 H,  
OCH,CH,), 1.46 (m, complex, 2 H, CH,CH,S); 13C NMR 
(CD,OD) 6 76.39 (NOCH,),  31.37 (CH,S), 27.70 
(OCH,CH,), 24.99 and 24.85 (CH,CH,S); IR (KBr) 3450 
(br), 2980 (s), 2790, 1502, 1025 cm-l; MS (DCI) m/e  (rel- 
ative abundance) 122 (MH+, 45), 104 (MH+ - NH,, 12), 
75 (MH+ - N,H,O, P); exact mass calcd for C,H,,NOS 

Ethyl 

(C1&1gNO,S) C, H, N, S. 

Chart I1 

HCI H,N-OR 
E t 0  

3 : R = H  6 R = (CHd4SH 

4 : R = (CH,),Br 

5 : R = (CH,),SAc 

7 : R = (CH2)4SSQCH3 

10 : R = CH&H=CHCH,SH 

8 : R = CH,CH=CHCH,Br 

9 : R = CH,CH=CHCHZSAc 

NaH; ethyl N-hydroxyacetimidate was obtained from Ald- 
rich, and distilled from CaH, under nitrogen prior to use; 
(methoxycarbony1)sulfenyl chloride was obtained from 
Fluka or prepared from (chlorocarbony1)sulfenyl chlo- 
ride (obtained from Aldrich) according to the procedure 
of Field and Ravichandran (6) and was distilled under 
argon prior to use; Sigma absolute methanol was employed 
as received after degassing with nitrogen. Thin-layer chro- 
matography was performed on EM Science silica gel 60 
F,,, using the following solvent systems: system A, 3:l 
hexane/ethyl acetate; system B, 2:l hexane/ethyl ace- 
tate; system C: 1:l ethyl acetate/hexane. Proton and 
carbon-13 NMR spectra were obtained on a Varian 300 
spectrometer a t  300 and 75 MHz, respectively. Mass spec- 
tra and exact mass measurements were performed by the 
Analytical Research Department ,  Bristol-Myers- 
Squibb, Wallingford, CT. Elemental analyses were per- 
formed by Oneida Research Services, Whitesboro, NY. 
Values reported were within 0.4% of the theoretical val- 
ues unless otherwise noted. 

Ethyl N-[ (4-Bromobutyl)oxy]acetimidate (4). A 3-L 
three-necked round-bottomed flask equipped with mechan- 
ical stirrer, addition funnel, and gas inlet, was oven- 
dried, flushed with nitrogen, and allowed to cool under 
nitrogen. I t  was then charged with NaH (20.40 g, 0.509 
mol, 60% dispersion in oil). The NaH was washed twice 
with hexane, covered with tetrahydrofuran (1.6 L), and, 
with vigorous stirring, ethyl N-hydroxyacetimidate (3,47.74 
g, 0.463 mol) was added rapidly dropwise. Gas evolu- 
tion was noted upon addition. After the addition was 
complete, the grey suspension was heated a t  reflux for 
18 h. T h e  suspension was then  cooled and  1,4- 
dibromobutane (100.00 g, 0.463 mol) was added rapidly 
dropwise. After the addition was complete, the result- 
ing suspension was refluxed for 2 days under nitrogen. 
Thin-layer chromatographic analysis of the reaction mix- 
ture indicated the presence of the starting acetimidate 
(R, 0.4 in A) and the presence of a less polar product (R, 
0.6 in A). The mixture was cooled and treated with meth- 
anol (50 mL) followed by saturated aqueous NH,C1(200 
mL). The tetrahydrofuran was removed in vacuo, and 
the slurry that remained was partitioned between ethyl 
acetate and water. The combined ethyl acetate layers 
were washed with brine, dried over MgSO,, filtered, and 
concentrated in vacuo to an oil which was distilled under 
vacuum to yield recovered ethyl N-hydroxyacetimidate 
[20 g, 1970, bp 35-40 "C (2 mmHg)], a mixed fraction 
(ca. 1 2  g), and 60 g (52%) of ethyl N-[(4-bromobutyl)oxy- 
lacetimidate (4) as a colorless oil: bp 75-77 "C (2 mmHg); 
'H NMR (CDCl,) 6 3.88 (9, J = 7 Hz, 2 H, OCH,CH,), 
3.80 (t, J = 6 Hz, 2 H,  NOCH,), 3.33 (t, J = 6 Hz, 2 H, 
CH,Br), 1.93 (m, 1 H,  OCH,CH,), 1.84 (m, 1 H, OCH,CH,), 
1.80 (s, 3 H, CH,(EtO)=N), 1.65 (m, 2 H, CH,CH,Br), 
1.15 (t, J = 7 Hz, 3 H,  OCH,CH,); 13C NMR (CDC1,) 6 
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122.0640, found 122.0638. Anal. (C,H,,NOS.HCl) C, H, 
N, S. 

In separate runs,  the  intermediate ethyl N-[(4- 
mercaptobutyl)oxy]acetimidate could be isolated after 
treatment with K,CO, in MeOH by partitioning of the 
residue between ethyl acetate and water. The combined 
ethyl acetate layers were washed with brine, dried over 
K,CO,, and concentrated in vacuo to a light yellow liq- 
uid which was distilled to give ethyl N-[ (4-mercaptobu- 
ty1)oxylacetimidate as a clear, yellow, foul-smelling liq- 
uid: bp 65-67 "C (5 mmHg); 'H NMR (CDCI,) 6 4.00 (9, 
J = 6 Hz, 2 H,  OCH,CH,), 3.90 (t, J = 6 Hz, 2 H,  
OCH,CH,), 2.57 (q, J = 7 Hz, 2 H, CH,S), 1.92 (s, 3 H,  
CH,C(OEt)=N), 1.72 (m, 4 H, OCH,CH,CH,CH,), 1.35 
(t, J = 7 Hz, 1 H,  SH), 1.27 (t, J = 6 Hz, 3 H, OCH,CH,); 
I3C NMR (CDC1,) 6 162.75 (CH,C(OEt)=N), 73.14 
(OCH,CH,), 62.39, 30.93 (CH,SH), 27.86 (CH,CH,SH), 
24.68 (OCH,CH,), 14.51 (OCHJH,), 13.72; MS (DCI/ 
methane) m / e  (relative abundance) 192 (MH+, P). 

1- (Aminooxy )-4-[ (met hoxycarbonyl)dithio]but- 
ane Hydrochloride (7) .  A solution of (methoxycarbon- 
y1)sulfenyl chloride (5 mL, 0.061 mol) in dry, degassed 
MeOH was cooled to 0 "C and treated with 1-(aminooxy)- 
4-mercaptobutane hydrochloride (6,g.O g, 0.045 mol), and 
the resulting yellow solution was stirred a t  0 "C for 1 h 
(HCl gas evolution was noted). The yellow solution was 
then thoroughly degassed with N,, and the solvents were 
removed in vacuo. The white solid obtained was recrys- 
tallized from methanol/CH,Cl,/hexane to yield (in three 
crops) 5.4 g (75% ) of l-(aminooxy)-4-[ (methoxycarbon- 
yl)dithio] butane hydrochloride (7) as sharp-melting, white 
flakes: mp 107-108 "C; 'H NMR (CD,OD) 6 4.6 (br s, 
exch, 6 H, NH,, HCl), 3.82 (t, J = 6 Hz, 2 H, NOCH,), 
3.63 (s, 3 H, OCH,), 2.59 (t, J = 6 Hz, 2 H,  CH,S), 1.57 
(m, 4 H, OCH,CH,CH,CH,S); 13C NMR (CD,OD) 6 172.10 
(SCOOCH,), 76.28 (NOCH,), 56.45 (SCH,), 39.78 
(OCH,CH,), 27.52 (CH,CH,), 25.97 (COOCH,); IR 
(CH,OH) 3433 (br), 1737 (s, C=O), 1195, 1142 (s) cm-'; 
MS (DCI/methane) m/e  (relative abundance) 212 (MH+, 
22),  179 (MH+ - CH,OH, P); exact mass calcd for 
C,H,,NO,S, 211.0337, f o u n d  211.0335. Anal .  

1-(Aminooxy)-4-[ (3-nitro-2-pyridyl)dithiolbutane 
Hydrochloride (1 ) .  A solution of l-(aminooxy)-4- 
[ (methoxycarbonyl)dithio] butane hydrochloride (7, 1.50 
g, 0.00949 mol) in dry, degassed methanol (30 mL) was 
treated with 3-nitro-2-mercaptopyridine (1.48 g, 0.00949 
mol) and the resulting yellow solution was stirred under 
N, a t  room temperature. After 12 h, thin-layer chro- 
matographic analysis of the reaction mixture revealed the 
absence of the starting material 7 (R, 0.5 in B) and pres- 
ence of the product pyridine 1 (R, 0.4 in B). The mix- 
ture was filtered to remove unreacted 3-nitro-2-mercap- 
topyridine, and the product was precipitated by the addi- 
tion of ethyl acetate and finally ether to yield 1.3 g (50%) 
of 1- (aminooxy)-4- [ (3-nitro-2-pyridyl)dithiolbutane hydro- 
chloride ( 1 )  as a yellow solid. An analytical sample was 
obtained by recrystallization from MeOH/ethyl acetate/ 
ether to give 1 as a white, crystalline solid: mp 134-135 
"C; 'H NMR (CD,OD) 6 8.85 (dd, J = 1.5, 4.5 Hz, 1 H, 
ArH), 8.59 (dd, J = 1.5, 8 Hz, 1 H,  ArH), 7.49 (dd, J = 
4.5, 8 Hz, 1 H,  ArH), 4.88 (br s, exch, 6 H), 4.05 (t, J = 6 
Hz, 2 H, CH,ON), 2.91 (t, J = 6 Hz, 2 H, CH,SS), 1.83 
(m, 4 H, OCH,CH,CH,CH,S); 13C NMR (CD,OD) 6 158.25 
(Ar), 155.71 (Ar), 144.96 (Ar), 135.83 (Ar), 123.28 (Ar), 
76.31 (OCH,CH,), 38.91 (CH,SS), 27.78 (CH,CH,SS), 26.20 
(OCH,CH,); IR (KBr) 3434 (br), 2946,1584, 1558,1512, 
1402, 1398 (s), 1342 (s), 744 cm-'; MS (DCI) m/e  (rela- 
tive abundance) 278 (MH+ + 2, lo), 276 (MH+, P); exact 

(C,H13N03S,~HCl) C, H,  N, S, C1. 
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mass calcd for C,Hl,N,03S, 276.0477, found 276.0473. 
Anal. (C,H,,N,O,S,~HCl) C, H, N, S, C1. 

Ethyl N-[(4-Bromo-(E)-but-2-enyl)oxy]acetimi- 
date (8). A 3-L three-necked round-bottomed flask 
equipped with mechanical stirrer, addition funnel, and 
gas inlet was oven dried, flushed with nitrogen, and allowed 
to cool under nitrogen. It was then charged with NaH 
(18.80 g, 0.470 mol, 60% dispersion in oil). The NaH 
was washed twice with hexane and covered with tetrahy- 
drofuran (1 L), and with vigorous stirring, ethyl N-hy- 
droxyacetimidate (3, 43.82 g, 0.420 mol) wad added rap- 
idly dropwise. Gas evolution was noted upon addition. 
After the addition was complete, the grey suspension was 
heated at  reflux for 18 h. The suspension was then cooled 
and 1,4-dibromo-2-butene (100.00 g, 0.470 mol) was added 
rapidly dropwise. After the addition was complete, the 
resulting suspension was refluxed for 2 days under nitro- 
gen. Thin-layer chromatographic analysis of the reac- 
tion mixture indicated the presence of the starting ace- 
timidate (R, 0.4 in A) and the presence of a less polar 
product (Rf  0.7 in A). The mixture was cooled and treated 
with methanol (50 mL) followed by saturated aqueous 
NH,C1 (200 mL). The tetrahydrofuran was removed in 
vacuo, and the slurry that remained was partitioned 
between ethyl acetate and water. The combined ethyl 
acetate layers were washed with brine, dried over MgSO,, 
filtered, and concentrated in vacuo to an oil which was 
distilled under vacuum to yield recovered ethyl N-hy- 
droxyacetimidate (3, 10.0 g, 23%) and 64.5 g (65%) of 
ethyl N- [ (4-bromo-(E)-but-2-enyl)oxy]acetimidate (8) as 
a colorless oil: bp 70-72 "C (2 mmHg); 'H NMR (CDC1,) 
6 5.89 (m, 2 H, OCH,CH=CHCH,), 4.37 (m, 2 H, NOCH,), 
3.97 (9, J = 6 Hz, 2 H, OCH,CH,) overlapping 3.93 (m, 
2 H, CH,Br), 1.90 (s, 3 H, CH,(OEt)=N), 1.23 (t, J = 6 
Hz, 3 H,  OCH,CH,); 13C NMR (CDC1,) 6 163.21 
(CH,C (OE t)=N) , 132.15 (OCH,CH=C H)  , 129.38 
(BrCH,CH=CH), 73.11 (CH,CH,OC(CH,)=N), 62.53 
(OCH,), 32.30 (BrCH,), 14.51 (OCH,CH,), 13.85 
(CH,C(OEt)=N); IR (neat) 2981,1647 (s), 1378 (s), 1307 
(s), 1207, 1119, 1095, 1062, 1027 (s), 969 cm-'; MS (DCI) 
m/e  (relative abundance) 238 (MH+ + 2,75), 236 (MH+, 
80), 156 (MH+ - HBr, P); exact mass calcd for CsH,,- 
N0,Br 235.0208, found 235.0203. Anal. (C,H,,NO,Br) 
C, H, N. 

Ethyl N-[ [ 4-( Acetylthio)-( E)-but-2-enyl]oxy]ace- 
timidate (9). A solution of ethyl N-[(4-bromo-(E)-but- 
2-eny1)oxylacetimidate (8, 32.4 g, 0.137 mol) in absolute 
ethanol (200 mL) was treated with potassium thioace- 
tate (16.0 g, 0.140 mol) and the resulting yellow suspen- 
sion was heated at  reflux for 1 h. Thin-layer chromato- 
graphic analysis of the reaction mixture revealed the 
absence of the starting bromide 8 (R,  0.7 in A) and the 
presence of the more polar product thioacetate 9 (R, 0.5 
in A). The mixture was cooled, filtered, and concen- 
trated in vacuo, and the slurry was partitioned between 
ethyl acetate and water. The combined ethyl acetate lay- 
ers were washed with saturated aqueous NaHCO, solu- 
tion, water, and brine and then dried over MgSO,, fil- 
tered, and concentrated in vacuo. The oil remaining was 
chromatographed over SiO, eluting with 9:l hexane/ 
ethyl acetate to yield 30 g (90%) of ethyl N-[[4-(acetyl- 
thio)-(E)-but-2-enyl]oxy]acetimidate (9) as a clear, yel- 
low, foul-smelling liquid: 'H NMR (CDC1,) 6 5.75 (dt, J 
= 6, 15 Hz, 1 H, CH=CHCH,SAc), 5.61 (dt, J = 7, 15 
Hz, 1 H,  OCH,CH=CH), 2.80 (d, J = 7 Hz, 2 H,  

OC(CH,)=N), 3.47 (d, J = 6 Hz, 2 H, CH,SAc), 2.26 (s, 
3 H,  SCOCH,), 1.85 (s, 3 H,  CH,C(OEt)=N), 1.18 (t, J 
= 7 Hz, 3 H,  OCH,CH,); 13C NMR (CDC1,) 6 194.88 

OCH,CH=CH), 3.93 (9, J = 7 Hz, 2 H, CHSCHZ- 
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was filtered to remove a small amount of precipitate, and 
the filtrate was diluted with ethyl acetate and ether. The 
resulting light yellow solid was filtered, washed with ether, 
and dried in vacuo to yield 1.34 g (56%) of yellow, solid 
material. An analytical sample was obtained by recrys- 
tallization from methanol/ethyl acetate/ether to yield 
1- (aminooxy)-4- [ (3-nitro-2-pyridyl)dithiol- (E)-but-2- 
ene hydrochloride (2) as light yellow flakes: mp 135 OC 
(sharp); 'H NMR (CD,OD) 6 8.62 (dd, J = 1.5, 5 Hz, 1 
H, ArH), 8.36 (dd, J = 1.5, 8.5 Hz, 1 H, ArH), 7.26 (dd, 
J = 5, 8.5 Hz, 1 H, ArH), 5.77 (m, complex (5 lines), 1 H, 
CH=CH), 5.40 (dt, J = 7, 12 Hz, 1 H, CH=CH), 4.19 
(d, J = 6.5 Hz, 2 H, OCH,), 3.32 (d, J = 7 Hz, 2 H, CH,S); 
I3C NMR (CD,OD) 6 160.49 (Ar), 158.23 (Ar), 138.36 (CH= 
CH), 138.21 (Ar), 129.89 (CH=CH), 78.78 (OCH,), 43.11 
(CH,S); IR (KBr) 3433,2942,1585,1558,1521,1396,1342, 
746 cm-'; MS (DCI/methane) m / e  (relative abundance) 
274 (MH+ + 1,95), 241 (MH+ - NH,OH, P); exact mass 
calcd for CgHllN,O,S, 274.0320, found 274.0317. Anal. 
(CgHllN,O,SyHC1) C, H, N, S. 
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(SCOCH,), 162.36 (CH,C(OEt)=N), 129.89 (CH=CH), 
128.03 (CH=CH), 73.23 (CH,CH,OC(CH,)=N), 62.09 
(NOCH,), 30.86 (CH,SCO), 30.35 (CH,COS), 14.30 
(CH,CH,O), 13.56 (CH,C(OEt)=N); IR (neat) 2981,2933, 
2866, 1695 (s, C=O), 1646 (9, C=N), 1378 (s), 1306 (s, 
NOCH,), 1105, 1024, 969, 627 cm-l; MS (DCI) m / e  (rel- 
ative abundance) 234 (MH+ + 2, 8), 232 (MH+, P), 190 
(MH+- COCH,, lo), 156 (MH+- SCOCH,, 12), 129 (MH+ 
- CH,C(OEt)=N, 38); exact mass calcd for Cl,Hl,NO,S 
231.0920, found 231.0928. Anal. (CloHlgNO,S) C, H, N, 
S. 
l-(Aminooxy)-4-mercapto-(E)-but-2-ene Hydrochlo- 

ride (10). A solution of ethyl N - [  [4-(acetylthio)-(E)-but- 
2-enylloxylacetimidate (9, 18.50 g, 0.0799 mol) in abso- 
lute methanol (100 mL) was thoroughly degassed with 
nitrogen and treated with anhydrous K,CO, (20.00 g, 0.144 
mol), and the resulting yellow suspension was stirred vig- 
orously for 2 h. The suspension was filtered and concen- 
trated in vacuo to a yellow slurry which was dissolved in 
ethanol (100 mL) and treated with concentrated aque- 
ous HC1 (10 mL), and the resulting mixture was heated 
on a steam bath for 1 h. The yellow solution was con- 
centrated in vacuo, and the residue was azeotroped with 
4 successive volumes of absolute ethanol. The slurry 
remaining was dissolved in water and washed with ether 
(3 X 50 mL), and the ether layers were discarded. The 
solution was then basified with 2 N NaOH to pH 10 and 
extracted exhaustively with diethyl ether. The com- 
bined ether layers were dried over MgSO,, filtered, and 
treated slowly dropwise with HC1 in diethyl ether (1.0 
M) until no more solid had formed. The solid was col- 
lected by filtration, washed with hexane, dried in vacuo 
and recrystallized from ethanol-hexane to yield 9.0 g (60% ) 
of l-(aminooxy)-4-mercapto-(E)-but-2-ene hydrochlo- 
ride (10) as a white solid: mp 134-136 OC dec; 'H NMR 
(CD,OD) 6 5.77 (m, 5 lines, 1 H, CH=CH), 5.54 (m, 5 
lines, 1 H, CH=CH), 4.63 (br s, 6 H, exch, NH,, SH, 
HCl), 4.31 (d, J = 6 Hz, 2 H, NOCH,), 3.15 (d, J = 6 Hz, 
2 H, CH,S); I3C NMR (CD,OD) 6 136.42 (NOCH,CH= 
CH), 127.02 (CH=CHCH,S), 76.43 (OCH,), 41.35 (CH,S); 
IR (KBr) 2953,2665,1402,970 cm-l; MS (DCI) m / e  (rel- 
ative abundance) 118 (MH+ - 2, P); exact mass calcd for 
C,H, ,NOS 120.0483,  f o u n d  120.0485.  Ana l .  
(C4HllNOS*HC1) C, H, N, C1. 

1-(Aminooxy)-4-[ (3-nitro-2-pyridyl)dithio]-(E)- 
but-2-ene Hydrochloride (2). A solution of 1-(amino- 
oxy)-4-mercapto-(E)-but-2-ene hydrochloride (10,2.00 g, 
0.0088 mol) in dry, degassed (N,) methanol (20 mL) was 
cooled to 0 "C under N, and treated with (methoxycar- 
bony1)sulfenyl chloride (0.72 mL, 0.0088 mol). The result- 
ing light yellow solution was stirred for 15 min and then 
degassed with N, and concentrated in vacuo. The slurry 
remaining was dissolved in methanol (20 mL) and treated 
in one batch with 3-nitro-2-mercaptopyidine (1.40 g, 0.0088 
mol). The resulting suspension was stirred under N, a t  
room temperature for 2 h, a t  which time thin-layer chro- 
matographic analysis of the reaction mixture revealed the 
absence of 3-nitro-2-mercaptopyridine (R ,  0.1 in C) and 
the presence of the product (R ,  0.2 in C). The solution 
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Attachment of Rhodosaminylanthracyclinone-Type Anthracyclines to 
the Hinge Region of Monoclonal Antibodies? 

P. Hermentin,' R. Doenges, P. Gronski, K. Bosslet, H. P. Kraemer, D. Hoffmann, H. Zilg, 
A. Steinstraesser, A. Schwarz, L. Kuhlmann, G. Luben, and F. R. Seiler 

Behringwerke AG, D-3550 Marburg/Lahn, FRG. Received July 10, 1989 

We have found that a maleimidobenzoyl spacer attached to OH-4' of the rhodosamine moiety of rho- 
dosaminylanthracyclinone-type anthracyclines is most suitable for the attachment of these drugs to 
carriers, providing important advantages: The spacer is selectively and most readily introduced into 
the rhodosamine moiety of the drugs, is stable enough for proper handling of the derivatives, and can 
easily be attached to thiol groups of carrier systems such as reduced monoclonal antibodies. The 
anthracyclines can be liberated from the conjugates by mere hydrolysis, requiring neither hydrolytic 
enzymes nor acidic pH. Liberation of the drugs can, moreover, be affected by the presence of the 
appropriate substituents Z on the phenylene ring of the spacer, thus allowing slowed or enhanced lib- 
eration of the cytostatically active drug. The corresponding p-maleimidobenzoyl derivatives of @- 
rhodomycin I, N,N-dimethyldaunorubicin, and rodorubicin have been attached to thiol groups of the 
hinge region of reduced monoclonal antibody BW 494132, directed against a pancreatic cancer asso- 
ciated glycoprotein antigen, resulting in MoAb BW 494132 conjugates, carrying 4.8-6.8 mol of cyto- 
toxic residueslmol of MoAb. Rodorubicin was similarly attached to MoAb BW 575193112, directed 
against a small cell lung cancer associated antigen and to MoAb BW 431126, recognizing an epitope 
detectable on carcinoembryonic antigen. The results provide evidence that the newly developed method 
of coupling of anthracyclines t,o the hinge region of monoclonal antibodies may be of broader use. 

The concept of delivering a toxic moiety by a carrier 
that  binds specifically to foreign tissue in the body but 
not to the host tissue has largely focused on the attach- 
ment of cytotoxic drugs to tumor-localizing monoclonal 
antibodies. 

In this way the concentration of the drug would be 
selectively enhanced in tumor tissue, while the systemic 
concentration would be reduced, thus diminishing the 
toxic side effects of chemotherapy. 

A vast amount of literature has already accumulated, 
dealing with the problems and methods of drug conju- 
gation to carriers, and has been extensively reviewed and 
discussed by Chose and colleagues (1-3). 

For antibody-mediated selective delivery of chemother- 
apeutic agents an ideal conjugation method should (a) 
not interfere with either the agent or antibody activity, 
(b) allow high incorporation of drug, (c) avoid formation 
of homopolymers of antibody or agent, (d) avoid aggre- 
gation of conjugate, and (e) be technically straightfor- 
ward and reproducible (1).  

This paper is dedicated to Prof. Dr. R. U. Lemieux, 
University of Alberta, Edmonton, Alta, Canada, on the 
occasion of his 70th birthday. A preliminary report of 
this subject has been presented a t  the International Sym- 
posium on Immunotoxins, Durham, NC, June 9-11,1988 
(Abstracts  of Papers; pp 60-62). 

The abbreviations used are as follows: MoAb, monoclonal 
antibody; PMBZ, p-maleimidobenzoyl; PBS, phosphate- 
buffered saline; SCLC, small cell lung cancer; CEA, carcinoem- 
bryonic antigen; Ag, antigen; HPLC, high-performance liquid 
chromatography; TLC, thin-layer chromatography; NMR, nuclear 
magnetic resonance; TMS, tetramethylsilane; OD, optical den- 
sity. 

Coupling of drugs to €-amino groups of lysine residues 
or to carboxyl groups of aspartic and glutamic acid resi- 
dues of immunoglobulins appears most attractive from 
a practical point of view. One has to take into account, 
however, that these amino and carboxyl groups are dis- 
tributed across the entire immunoglobulin molecule. As 
a consequence, drugs may be linked to areas where they 
might interfere with antibody specificity, namely the anti- 
body-combining site of the Fab fragments ( 4 , 5 ) .  

Although it is known that antibody specificity may be 
retained as long as drug conjugation does not exceed a 
certain level (6, 7), conjugation of drugs to areas remote 
from the antibody-combining site appears to be an attrac- 
tive alternative ( I ,  2, 4 ,  5). 

The approach we have focused on involves partial reduc- 
tion of the immunoglobulin with mercaptoethanol or 
dithiothreitol (8, 9), which allows attachment of anthra- 
cycline maleimido derivatives to thiol groups of the hinge 
region ( 5 ) .  

In the anthracycline series, to our knowledge, dauno- 
rubicin (la), doxorubicin (lb),  and idarubicin (IC) (Scheme 
I) have thus far been coupled to antibody amino groups 
(a) via the amino group of the sugar (daunosamine) unit, 
(b) via the carbonyl function at  C-13, or (c) via C-14 of 
the aglycon side chain. The methods developed in that 
regard have recently been reviewed (5). 

Here we present a new method for the conjugation of 
rhodosaminylanthracyclinone-type anthracyclines, such 
as @-rhodomycin I (2a), N,N-dimethyldaunorubicin (3a), 
and rodorubicin (4a) (Scheme 11), to monoclonal anti- 
bodies. These drugs, unlike daunorubicin (la),  doxoru- 
bicin ( lb) ,  and idarubicin (IC) (Scheme I), have neither 
a free amino group at  their carbohydrate moiety(ies) nor 
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Scheme I. Daunorubicin and Related Structures 
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la: R' E OCH3, R2 = R3 = H (daunorubicin) 
b: R' = OCH3, R2 = OH, R3 = H (doxorubicin) 
C: R' E R2 = R3 E H (idarubicin) 
d: R' = OCH3, R2 = H, R3= PMBZ 

PMBZ = <e 
a side chain a t  C-9 of their aglycon that could be used to 
conjugate the drug. We have, however, found that the 
OH group of the sugar (rhodosamine) moiety can readily 
and regioselectively be acylated without affecting the OH 
groups of the aglycon (IO), which we have exploited for 
the introduction of a p-maleimidobenzoyl spacer suit- 
able for the attachment of the drug to the hinge region 
of monoclonal antibodies. 

EXPERIMENTAL PROCEDURES 

General Procedures. 'H NMR spectra of chemical 
compounds were recorded a t  90 MHz for the spacers or 
at  300 or 400 MHz for the anthracyclines with a JEOL 
FX 90 Q or a Bruker AC-300 or a Bruker AM-400 NMR 
spectrometer, respectively, using deuterated chloroform 
or deuterated dimethyl sulfoxide or a mixture of both as 
solvent and tetramethylsilane as internal standard. Chem- 
ical reactions were monitored by thin-layer chromatog- 
raphy on silica gel 60 plates F 254 (Merck), and spots 
were determined by their inherent color or by ultravio- 
let light. 

Spacers. 4-Maleimidobenzoic acid, 2-chloro-4-male- 
imidobenzoic acid, and 2-acetoxy-4-maleimidobenzoic acid 
were prepared from 4-aminobenzoic acid, 2-chloro-4- 
aminobenzoic acid, and 2-hydroxy-4-aminobenzoic acid 
(Sigma), respectively, by reaction with maleic anhy- 
dride, similar to the procedure described by Yoshitake 
et  al. (11). Briefly, the 4-aminobenzoic acids (36 mmol) 
were suspended in dry acetone (30 mL) and solubilized 
by the addition of dry methanol (5 mL). Then a solu- 
tion of maleic anhydride (42 mmol) in dry acetone (10 
mL) was added, and the precipitate which was formed 
was filtered off and dried in high vacuo. The precipitate 
(1 g) was treated with acetic anhydride (2 mL), contain- 
ing anhydrous sodium acetate (170 mg), at  50 "C for 2 h. 
The clear solution formed was evaporated to dryness and 
stirred with water (30 mL) at  70 "C for 2 h. The precip- 
itate which was formed was filtered off and dried in high 
vacuo. The 'H NMR data were in agreement with the 
proposed structures. In each case the presence of the 
maleimido group was indicated by a singlet a t  around 7 
ppm, integrating to two protons. 

Activation of the Spacers. 4-Maleimidobenzoic acid, 
2-chloro-4-maleimidobenzoic acid, 2-acetoxy-Cmaleimi- 
dobenzoic acid (each prepared as described above), and 
3-maleimidopropionic acid (Sigma) were reacted with thio- 
nyl chloride in anhydrous toluene at  120 "C for 3 h, as 

Scheme 11. Structures of Compounds and Conjugates 

"0 
I 

2a-c 3a-c 

9 R  

4a, b, c-c" 

a: R = H  

b: R =  40s  
c-c": R = 

C: M O M  = BW 49432 
c': M O M  = BW 575/931/2 
c": MoAb = BW 431/26 

described by Yoshitake et al. ( I I ) ,  to form the correspond- 
ing carboxyl chlorides. The solutions were evaporated 
to dryness, and the residues were dried in high vacuo 
and then kept a t  -30 "C until use. 

Anthracyclines. N,N-Dimethyldaunorubicin (3a; 
Scheme 11) was synthesized from daunorubicin (la; Scheme 
I) (Farmitalia) according t o  Tong e t  al. (12). 0- 
Rhodomycin I (2a; Scheme 11) was prepared from 0- 
rhodomycin I1 by acid hydrolysis (13). 0-Rhodomycin 
I1 (13) and rodorubicin (4a; Scheme 11) (14,15) were kindly 
provided by Dr. H. G. Berscheid, Hoechst AG, Frankfurt/ 
Main, FRG. 

Introduction of Four Different Maleimido Spac- 
ers into @-Rhodomycin I (Scheme 111). All four spac- 
ers, prepared as described above, were introduced into 
0-rhodomycin I (2a) in a two-phase (chloroform/water) 
solvent system in the presence of sodium bicarbonate, 
following a procedure described earlier (IO), yielding 2b 
(R = PMBZ, Z = H), 2b' (R = PMBZ, Z = OCOCH,), 
and 2b" (R = PMBZ, Z = Cl), and 2b"' (R = -CH,CH,-), 
respectively (Scheme 111). The 'H NMR data were in 
agreement with the proposed structures. The com- 
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(superimposed by H-2’), 1.88 (m, 1 H, H-13/3), 1.78 (m, 1 
H,  H-l3a) ,  1.23 (d, 3 H, J5,,6, = 6.4 Hz, H3-6’), 1.13 (t, 3 
H,  H3-14). 

3b: ‘H NMR (400 MHz, CDCl,, TMS) 6 14.01 (s, 1 H, 

phenylene: H-2. H-6), 8.04 (d, 1 H, Jl,2 = 7, 6 Hz, H- l ) ,  

8.3 Hz, phenylene: H-3, H-5), 7.39 (d, 1 H, J2,3 = 8.4 Hz, 
H-3), 6.89 (s, 2 H, maleimido-H), 5.70 (b s, 1 H, H-l’), 
5.53 (b s, 1 H, H-4’), 5.34 (m, 1 H, H-7), 4.27 (9, 1 H, 
J5,,6, = 6.3 Hz, H-5’), 4.09 (s, 3 H, OCH,), 3.25 (d, 1 H, 

OH-l l ) ,  13.28 (s, 1 H, OH-6), 8.21 (d, 2 H, J = 8.3 Hz, 

7.78 (t, 1 H, Jl ,2  = J2,, = 8.0 Hz, H-2), 7.52 (d, 2 H, J = 

H-lob), 2.98 (d, 1 H, H-loa) ,  2.44 (s, 3 H,  H,-14), 2.26 
(s, 6 H, N(CH,)Z), 1.21 (d, 3 H, J5t,y = 6.3 Hz, H3-6’). 

4b: ‘H NMR (400 MHz, CDCl,, TMS) 6 13.77 (b s, 1 

8.17 (d, 2 H, J = 8.7 Hz, phenylene: H-2, H-6), 7.90 (d, 

= 8.7 Hz, phenylene: H-3, H-5), 7.31 (dd, 1 H, J1,, = 1.0 
Hz, J2,, = 8.4 Hz, H-3), 6.88 (s, 2 H, maleimido-H), 5.62 
(b s, 1 H, H-4’ of the spacered rhodosaminyl unit), 2.21 
(b s, 12 H, 2 X N(CH,),), 1.36 (d, 3 H), 1.30 (d, 3 H), 1.22 
(d, 3 H), and 1.17 (d, 3 H) (4 X H3-6’ of four sugar units), 

Introduction of a p-Maleimidobenzoyl Spacer to 
the Amino Group of Daunorubicin. Daunorubicin (la; 
Scheme I) was reacted with p-maleimidobenzoyl chlo- 
ride under the conditions described above, resulting in a 
mixture of the corresponding 0-substituted and N-sub- 
stituted derivatives. Desired 3’-N-(p-maleimidoben- 
zoy1)daunorubicin (Id; Scheme I) was purified by col- 
umn chromatography on silica gel 60 (Merck 0.040- 
0.062 mm), using dichloromethane/methanol (95/5) as 
the solvent system (Rf  0.3). I t  is noteworthy that chro- 
matography on silica gel of the 0-substituted p-maleim- 
idobenzoyl derivatives resulted in hydrolysis of the spac- 
ers (Hermentin et al., unpublished results). 

Id: ‘H NMR (300 MHz, CDCl,, TMS) 6 13.97 (s, 1 H, 

H-1), 7.79 (d, 2 H, J = 8.5 Hz, phenylene: H-2, H-6), 7.76 

Hz, phenylene: H-3, H-5), 7.36 (d, 1 H, J2,3 = 8.7 Hz, 
H-3), 6.84 (s, 2 H, maleimido-H), 6.63 (d, 1 H, JNH,,, = 
8.3 Hz, NH), 5.53 (d, 1 H, Jl,,2, = 3 Hz, H-1’1, 5.23 (m, 1 
H, H-7), 4.51 (s, 1 H, H-4’), 4.28 (4, 1 H, J5,,6, = 6.4 Hz, 
H-5’), 4.03 (s, 3 H, OCH,), 3.22 (d, 1 H, J1Oa,10b = 19 Hz, 
H-lob), 2.87 (d, 1 H, J1Oa,lOb = 19 Hz, H-loa), 2.43 (s, 3 

1 H, J7,8a = 4 Hz, J8a,8b = 15 Hz, H-Ba), 1.31 (d, 3 H, 

Stability of Various 0-Linked Maleimidoacyl Spac- 
ers of /3-Rhodomycin I. Compounds 2b-2b”’ (Scheme 
111) were dissolved in acetonitrile at 1 mg/mL and diluted 
100-fold with PBS, pH 7.2, such that the concentration 
of the anthracyclines was 10 yg/mL, each. The solu- 
tions were incubated in the dark a t  37 “C, and aliquots 
(20 FL, each) were examined by HPLC (Figures 1-3). 
The HPLC system consisted of a Perkin-Elmer ISS 100 
Autosampler, a Gynkothek 300 C pump, a Gynkothek 
250 B gradientformer, a 100 X 4 mm i.d. guard column 
combined with a 250 x 0.4 mm i.d. column, both filled 
with Lichrospher SI 100 RP 18 (100-pm particle size), 
and a Merck-Hitachi F 1000 fluorescence detector with 
the excitation and emission wavelength set a t  495 and 
560 nm, respectively. The sample constituents were eluted 
by using an 30-min linear acetonitrile gradient and a 10- 
min washout. The gradient consisted of a starting con- 
centration of 10% acetonitrile/gO% aqueous trieth- 
ylamine (7% v/v)  adjusted to pH 3.0 with phosphoric 

H, OH-11), 12.86 (b S, 1 H, OH-6), 12.11 (b S, 1 H, OH-4), 

1 H, J = 7.6 Hz, H-1), 7.71 (t, 1 H, H-2), 7.50 (d, 2 H, J 

1.12 (t, 3 H, H3-14). 

OH-11), 13.23 (s, 1 H, OH-6), 8-01 (d, 1 H, J1,2 = 7.7 Hz, 

(t, 1 H, Jl,2 = J2,3 = 8.3 Hz, H-2), 7.40 (d, 2 H, J = 8.5 

H, H3-14), 2.32 (d, 1 H, JBa,Bb = 15 Hz, H-8b), 2.11 (dd, 

J5 , ,6 ,  = 6.4 Hz, H3-6’). 

Scheme 111. Introduction of the Spacers into 8-Rhodo- 
mycin I (2a) 

2a x H9 OH 

2b: R =  

2b‘: R =  

bCOCH3 

2b“: R = e 

pounds were kept a t  -30 “C and were used for the exper- 
iments without further purification. 

Introduction of a p-Maleimidobenzoyl Spacer into 
Drugs 2a, 3a, and 4a (Scheme 11). P-Rhodomycin I 
(2a), N,N-dimethyldaunorubicin (3a), and rodorubicin 
(4a) were each reacted with p-maleimidobenzoyl chlo- 
ride, following the two-phase (chloroform/water) proce- 
dure (10). Briefly, the drugs (0.053 mmol, each) were 
dissolved in chloroform (10 mL) and saturated sodium 
bicarbonate (10 mL). A solution of p-maleimidobenzoyl 
chloride (0.076 mmol) in chloroform (3 mL) was added 
while the stirring was continued. The reaction was kept 
a t  ambient temperature in the dark and followed by TLC. 
After 16 h the organic phase was separated and evapo- 
rated to dryness, yielding the 4‘-O-p-maleimidobenzoyl 
derivatives 2b, 3b, and 4b, respectively, which were kept 
a t  -30 “C and used for the experiments without further 
purification. 

2b: ‘H NMR (400 MHz, CDCl,, TMS) 6 13.61 (b s, 1 

8.32 (d, 2 H, J = 8.8 Hz, phenylene: H-2, H-61, 7.88 (dd, 

= J2,, = 8.0 Hz, H-2), 7.53 (dd, 2 H, J = 8.7 Hz, phe- 
nylene: H-3, H-5), 7.33 (dd, 1 H, J1,3 = 1.0 Hz, J2,3 = 7.4 
Hz, H-3), 6.88 (s, 2 H, maleimido-H), 5.67 (d, 1 H, Jl,,2, 
= 3.3 Hz, H-1’1, 5.57 (s, 1 H, H-4’1, 5.18 (m, 1 H, H-7), 

2.36 (b s, 6 H, N(CH,),), 2.23 (d, 1 H, J8a,8b = 15 Hz, 
H-Bb), 2.13 (dd, 1 H, J7,8a = 3.6 Hz, JBa,8b = 15 Hz, H-8a) 

H, OH-l l ) ,  12.87 (b S, 1 H, OH-6), 12.10 (b S, 1 H, OH-41, 

1 H, Jl,2 = 7.5 Hz, J1,3 = 1.0 Hz, H-11, 7.71 (t, 1 H, J1,2 

4.93 (s, 1 H, H-lo), 4.33 (4, 1 H, J5,,61 = 6.4 Hz, H-5’), 
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Compound ( z )  
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40 ‘d 

=-a-c 
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Time ( h )  

Figure 4. Stability of compound Id in PBS, pH 7.2, 37 “C (in 
presence of 10% acetonitrile): starting compound, 0; carboxy- 
benzamido derivative, 0. 

responding conjugates P-rhodomycin I-BW 494132 (2c), 
N,N-dimethyldaunorubicin-BW 494132 (3c), and rodo- 
rubicin-BW 494132 (4c), respectively. Reaction scales, 
conjugation ratios, and yields are summarized in Table 
I. The conjugation may be generalized as follows. 

A solution of the antibody (15 mg) in physiological saline, 
pH 7.2 (1 mL), was subjected to reduction by dithiothre- 
itol (5 mg) for 30 min a t  ambient temperature. The 
reduced antibody was isolated by gel filtration over Sepha- 
dex G25 in physiological saline, pH 6.0, yielding 5 mL, 
which was diluted with dimethylformamide, pH 6.0 (1 
mL). A solution of the maleimido derivative of the drug 
(0.005 mmol), dissolved in dimethylformamide (0.5 mL), 
was added and incubated in the dark for 1 h. The con- 
jugates were purified by gel filtration over Sephadex G25 
columns equilibrated and eluted with physiological saline, 
pH 7.2. The combined conjugate fractions (8 mL) were 
sterile filtered (filter with pore size 0.2 pM) and kept 
frozen a t  -30 “ C  until use. 

Conjugation of 4”-O-(p-Maleimidobenzoyl)rodor- 
ubicin (4b; Scheme 11) to Monoclonal Antibodies BW 
575193112 and BW 431126. The conjugation was per- 
formed in analogy to the procedure described above, result- 
ing in the corresponding conjugates rodorubicin-BW 5751 
93112 (4c’) and rodorubicin-BW 431126 (4c”) (Scheme 
11). Reaction scales, conjugation ratios, and yields are 
summarized in Table I. 

Determination of DrugJAntibody Molar Ratios. 
DrugJantibody molar ratios of the conjugates were deter- 
mined in physiological saline by measuring their absor- 
bance at 495 and 280 nm. The measurements are sum- 
marized in Table I. The molar extinction coefficients of 
maleimido derivatives 2b, 3b, and 4b (Scheme 11), which 
were used for calculating the conjugation ratios, were deter- 
mined in dimethylformamide at  pH 6-7 and are summa- 
rized in Table 11. Differences in extinction, resulting from 
differences in the solvents or from converting a maleim- 
ido group to a substituted succinimidyl group, as present 
in the conjugates, were neglected. The extinction coef- 
ficients of the antibodies were assumed to correlate with 
the extinction coefficients determined for human IgG 
(Table 11), using the microkjeldahl method to determine 
the concentration of human IgG. 

Specificity of MoAb BW 494132 Conjugates 2c, 3c, 
and 4c (Scheme 11) in Vitro. The three MoAb BW 
494132 conjugates 2c (0-rhodomycin I-BW 494/32), 3c 
(N,N-dimethyldaunorubicin-BW 494/32), and 4c (rodo- 
rubicin-BW 494/32), were tested in Terasaki indirect 
immunofluorescence assays, as described elsewhere (1 7), 
against two Ag+ colon carcinoma cell lines (LoVo and 
DeTa). Rodorubicin-BW 575193112 (4c’), directed against 
a small cell lung cancer cell line, was used as a negative 
control. A small cell lung cancer cell line (GOT), react- 
ing with MoAb BW 575193112, was used as a positive 
control for rodorubicin-BW 575193112 ( 4 4  and as a neg- 

Starting Conpound tz) 
100 i1,* 

0 0 ;  I 

0 1 2 3 4 5 6  

Tim (h)  
Figure 1. Stability of 0-linked maleimidoacyl spacers of 0- 
rhodomycin I (2a) in PBS, pH 7.2, 37 “C (in presence of 1% 
acetonitrile): 2b, O; 2b’, m; 2b”, 0;  2b”’, 0. 

Compound (2) 

[\ 
60 ”\ ”, 

0 1 2 3 4 5 6  24 
Time ( h )  

Figure 2. Hydrolysis of the spacer of compound 2b’ in PBS, 
pH 7.2, 37 “C (in presence of 1% acetonitrile): starting com- 
pound 2b’, 0; intermediate, .; product 2a, 0. 

Compound tz) 

60 

40 + 

0 1 2 3 4 
Time (h )  

Figure 3. Hydrolysis of the spacer of compound 2b”’ in PBS, 
pH 7.2, 37 “C (in presence of 1% acetonitrile): starting com- 
pound 2b”’, U; intermediate, .; product 2a, 0. 

acid to a final concentration of 70% acetonitrile. The 
detector signal was recorded with a Perkin-Elmer LCI- 
100 integrator, and the peak areas of eluting compounds 
were calculated. The concentrations of compounds 2b- 
2b“‘ (Scheme 111) and their observed intermediate and 
hydrolysis products were expressed as a percentage of 
the initial peak area of the nonhydrolized compound (Fig- 
ures 1-3). 

Stability of an N-Linked p-Maleimidobenzoyl 
Spacer of Daunorubicin. Hydrolysis of 3’-N-(p-male- 
imidobenzoy1)daunorubicin (la; Scheme I) was deter- 
mined according to the procedure described above. Due 
to solubility problems of Id in PBS, the experiment was 
performed in the presence of 10% (instead of 1%) ace- 
tonitrile (Figure 4). 

Conjugation of 8-Rhodomycin I (2a), N,N-Dimeth- 
yldaunorubicin (3a), and Rodorubicin (4a) (Scheme 
11) to Monoclonal Antibody BW 494132. MoAb BW 
494132, directed against a pancreatic cancer associated 
glycoprotein antigen (16), was used as carrier system. The 
antibody was reduced by dithiothreitol, following the pro- 
cedure outlined by Linford et al. (a), and maleimidoben- 
zoyl derivatives 2b, 3b, and 4b were attached to uncov- 
ered thiol groups of the hinge region, resulting in the cor- 



104 

Table I. Photometric Evaluation of the Conjugates 
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absorbance of the conjugation amount of protein 
protein content ratio, (mol of 

absorbance of the conjugates of the conjugates: drug/mol of used for isolated after coupling 
conjugate 495 nm 280 nm 280 nm antibody) coupling, mg mL mg % yield 

2c 0.76 2.71 1.74 
3c 0.52 2.74 1.92 
4c 1.03 4.01 2.77 
4c’ 0.47 1.78 1.21 
4c” 0.41 1.80 1.31 

Table 11. Molar Extinction Coefficients of Maleimido 
Derivatives 2b, 3b, and 4b and Conjugates 2c,3c, and 4c-c” 

molar extinction coefficient 
compd A,.,, nm c Cd9R solvent 

2b 269 18 700 14600 DMF 
2c 280 355 000 99 300 saline 
3b 276 20 500 13000 DMF 
3c 280 325 000 62 400 saline 
4b 274 17 800 14800 DMF 
4c 280 331 000 85 800 saline 
4c’ 280 335 000 88800 saline 
4c” 280 313 000 71000 saline 
human IgG 280 228 000 saline 

ative control for the MoAb BW 494/32 conjugates 2c, 
3c, and 4c. All conjugates were shown to retain their 
specificities against the Ag+ cell lines. 

Specificity of Rodorubicin Conjugates 4c, 4c’, and 
412’’ (Scheme 11) in Vitro. The specificity of rodorubi- 
cin conjugates 4c, 4c’, and 4c” was evaluated with a dou- 
ble enzyme amplification ELISA, described by Stanley 
et al. (18). In brief, the antigens bearing the epitopes 
recognized by the respective MoAb were isolated from 
cell culture supernatants by using monoclonal immunoaf- 
finity chromatography. Eluate (50 pL) containing 10 ng 
of purified antigen was coated onto microtiter plates. The 
binding of the respective MoAb to the solid phase attached 
antigen was evaluated with a double enzyme, alcoholde- 
hydrogenase and diaphorase, amplification system. Opti- 
cal density was measured at  492 nm in a Titertek multi- 
scan. OD values exceeding the double standard devia- 
tion of the negative control were considered to be positive. 
The results are summarized in Table 111. 

Homogeneity of Rodorubicin Conjugates 4c, 4c’, 
and 4c” (Scheme 11). Rodorubicin-BW 494/32 (4c), 
rodorubicin-BW 575/931/2 (4129, and rodorubicin-BW 
431/26 (4c”) were analyzed by high-performance gel per- 
meation on a TSK G 3000 SW column with the eluant 
0.07 mol/L sodium phosphate + 0.1 mol/L sodium chlo- 
ride, pH 7.2, and detection at  280 and 490 nm. Eluting 
conjugate species were grouped into monomers, dimers 
+ trimers, and aggregates (greater than trimers). The 
results are summarized in Table IV. 

Liberation of Anthracyclines 2a, 3a, and 4a from 
Conjugates 2c, 3c, and 4c, Respectively (Scheme 11, 
Figure 5). Solutions of MoAb BW 494/32-conjugates 
2c, 3c, and 4c in physiological saline were incubated at  
37 “C for up to 11 days. Aliquots of 140 pL, each, were 
removed at  time zero and on consecutive days and were 
kept frozen a t  -30 “C until analysis. Liberated 0- 
rhodomycin I (2a), N,N-dimethyldaunorubicin (3a), and 
rodorubicin (4a) (Scheme 11) were identified and deter- 
mined by using an HPLC method described elsewhere 
(19). The compounds eluted at  2.8, 11.8, and 8.8 min, 
respectively, under the chromatographic conditions applied. 
The results are summarized in Figure 5. 

Internalization of Rodorubicin-BW 494/32 (412) into 
Cancer Cells in Vitro. Internalization of conjugate 4c 
into colon carcinoma (CoWi) cells in vitro was deter- 
mined as described by Matzku et al. (20), using a mela- 

6.8 35 17 19.5 56 
4.8 30 15 18.9 63 
5.8 42 13 23.6 56 
6.0 15 8.5 6.8 45 
4.8 15 11 9.5 63 

noma cell line (M21) and a rodorubicin-BW 575/931/2 
conjugate (4c’) directed against a small cell lung cancer 
associated antigen as well as MoAb BW 494/32 alone as 
controls (Figure 6). 

Cytotoxicity of Rodorubicin (4a), Rodorubicin- 
BW 494132 (4c), and Rodorubicin-BW 431126 (4c”) 
(Scheme 11) in Vitro. The cytotoxicity was evaluated 
by incubating Ag+ (LoVo) cells and three Ag- cell lines 
(L1210, GOT, and M21) with different concentrations of 
the immunoconjugate as well as of free rodorubicin as 
previously described (21). Short term (1 h) and long term 
(7 days) incubations were performed simultaneously to 
evaluate differences in membrane permeability and mem- 
brane binding. After in vitro growth for 14 days the total 
number of tumor cell colonies was counted with an auto- 
mated image analysis system (FAS 11, Bausch & Lomb) 
(Table V). 

RESULTS 
Evaluation of the Spacers. Hydrolysis of the spac- 

ers in PBS, pH 7.2, a t  37 “C, was clearly apparent by 
HPLC analysis (Figure l), indicating liberation of p- 
rhodomycin I (2a) from maleimido derivatives 2b-2b”’ 
(Scheme 111) either directly or via the corresponding car- 
boxybenzamido intermediates which were formed by 
hydrolytic (nucleophilic) attack of the maleimido groups 
(see, e.g., Figure 2 for hydrolysis of 2 b  and Figure 3 for 
hydrolysis of 2b”‘, respectively). An aliphatic 3- 
maleimidopropionyl spacer (in compound 2,”’) proved 
to be the least stable (Figures 1 and 3), providing a half- 
life of 2b”’ of -30 min. With this spacer the formation 
of the carboxybenzamido intermediate was negligible due 
to the much faster liberation of P-rhodomycin I (2a) (Fig- 
ure 3). In contrast, hydrolysis of 3’-N-(pmaleimidoben- 
zoy1)daunorubicin (Id; Scheme I) led to the correspond- 
ing carboxybenzamido derivative as the only product (Fig- 
ure 41, exhibiting a retention time of 24.0 min. The 
retention time of an authentic sample of daunorubicin 
(la; Scheme I) was determined to 19.8 min, with the same 
HPLC conditions. 

Evaluation of the Conjugates in Vitro. For the con- 
jugates the conjugation ratios were calculated to be 4.8- 
6.8 (mol of drug/mol of antibody) (Table I), using the 
molar extinction coefficients summarized in Table 11. The 
specificity of the different conjugates 4c (rodorubicin- 
BW 494/32), 4c’ (rodorubicin-BW 575193112), and 4c” 
(rodorubicin-BW 431/26) (Scheme 11) was completely 
retained (Table 111). All three conjugates consisted of a 
mixture of conjugate monomers (7644%) and dimers + 
trimers (16-24% ; the ratio of dimers/trimers usually was 
in the range of 10/ l), while the presence of higher aggre- 
gates was negligible (Table IV). Half-life of liberation 
of anthracyclines 2a, 3a, and 4a from conjugates 2c, 3c, 
and 4c, respectively, was in the range of 1.5 days, each 
(Scheme 11, Figure 5). As can be seen from Figure 6, the 
rodorubicin-BW 494/32 conjugate (4c) was efficiently 
internalized into CoWi (Ag+) cells in vitro (Figure 6a) 
whereas the nonspecific rodorubicin-BW 575193112 con- 
jugate (4c’) was neither bound nor internalized (Figure 
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Table 111. Specificity of Rodorubicin Conjugates 4c-4c” (Scheme 11), Determined by Double Enzyme Amplification ELISA 
for the Evaluation of MoAb Binding to Solid Phase Attached Purified Antigens 
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purified antigen preparation 
pancreatic carcinoma 

antibody or conjugate cell-line associated mucin SCLC associated mucin carcinoembryonic antigen (CEA) 
BW 494132 ++ ++ + + - - - 
conjugate 4c ++ ++ + + - - - 
BW 515193112 - - -  - - - - - 
conjugate 4c’ - - - - - - - 
BW 431126 
conjugate 4c” 

- - _ - -  - - - 
- - - - -  - - - 

- - ++ + + - -  ++ + + - -  - - -  
- - - - ++ ++ ++ + - 

++ + + + + -  
- - -  - - -  

- - - - - - -  _ - -  

MoAb Concentration, ng/mL 
5000 500 50 5 0.5 5000 

Table IV. Homogeneity of Rodorubicin-BW 494/32 (4c), 
Rodorubicin-BW 575/931/2 (4c’), and Rodorubicin-BW 
431/26 (412”) (Scheme 11) as Determined by Gel Permeation 

frequency, 
conjugate conjugate species % peak area a t  280 nm 

4c monomers 
dimers + trimers 
aggregates 

4c‘ monomers 
dimers + trimers 
aggregates 

4c” monomers 
dimers + trimers 
aggregates 

Concentration (yg/mLI 

16.2 
23.6 
0.2 

83.6 
16.2 
0.2 

81.3 
18.0 
0.7 

I 

0 2 4 6 8 1 0 1 2  
Time (d )  

Figure 5. Liberation of anthracyclines 2a, 3a, and 4a from 
conjugates 2c, 3c, and 4c, respectively (Scheme 11): 0, libera- 
tion of 2a from 2c; +, liberation of 3a from 3c; 0 ,  liberation of 
4a from 4c. 

a :  407 m 
7” I 

/ 20 

0 QL 
B E l B E l  B E I B E I  

b: 40- 407 
I 

0 0- - 
B E l B E l  B E l B E l  

o---.-- 0.- - 
B E I B E I  B E l B E I  

CoUi (colon carcinana) cells nz1 lrrlanonal cell* 

Figure 6. Internalization into cancer cells in vitro: a, rodoru- 
bicin-BW 494132 (4c); b, MoAb BW 494132; c, rodorubicin- 
BW 575193112 (4c’); B = bound, E = eluted, I = internalized; 
4 “C, black bar; 37 O C ,  hatched bar. 

6c). MoAb BW 494132 alone was bound to CoWi cells 
to a lesser extent than conjugate 4c, and its internaliza- 
tion into CoWi cells was also comparably low (Figure 6b). 
Some nonspecific binding of conjugate 4c to M21 (Ag-) 

500 -50 5 0.5 5000 500 50 5 0.5 

melanoma cells was also detectable (Figure 6a), which 
might be attributable to hydrophobic interactions between 
the lipophilic drug and the cell membrane (Hermentin 
et al., unpublished results). 

Conjugates 4c (rodorubicin-BW 494132) and 4c” (rodo- 
rubicin-BW 431126) (Scheme 11) were significantly less 
cytotoxic in vitro than free rodorubicin (4a), based on 
identical amounts of drug, in the 1 h incubation test (Table 
V). The conjugates appeared similarly cytotoxic as the 
free drug after incubation for 7 days, most likely due to 
hydrolytic liberation of cytostatically active rodorubicin 
(4a). There was, however, no indication for preferential 
cytotoxicity of rodorubicin conjugates 4c and 4c” to human 
colon carcinoma (LoVo) cells expressing the appropriate 
antigen. 

DISCUSSION 

We have synthesized anthracycline-monoclonal anti- 
body conjugates (Scheme 11) from which the cytostati- 
cally active drugs can again be released by mere hydrol- 
ysis under physiological conditions (Figure 5), requiring 
neither hydrolytic enzymes nor acidic pH. Our newly 
developed heterobifunctional spacers of choice, 4-male- 
imidobenzoyl chlorides, are regioselectively reacted with 
OH-4’ of the rhodosamine moiety of anthracyclines 
(Schemes I1 and 111). The maleimido derivatives formed 
are stable enough for proper handling and can easily be 
attached to thiol groups of carrier systems such as reduced 
monoclonal antibodies. Liberation of the free anthracy- 
cline from the maleimido derivative can be affected by 
the appropriate substituents Z of the phenylene ring of 
the spacer, thus allowing control of the rate of liberation 
of the cytostatically active drug (Figure 1). 

An aliphatic maleimido spacer, on the other hand, is 
not stable enough for proper handling and in vivo appli- 
cation of corresponding conjugates, and therefore was not 
further developed. 

The higher stability of the maleimidobenzoyl ester deriv- 
atives of 0-rhodomycin I, 2b-2br’, in comparison to their 
aliphatic analogue 2b”‘ (Scheme 1111, may be due to 
reduced polarization of the carbonyl bond as a result of 
the positive mesomeric effect of the neighboring phe- 
nylene group. As can be seen from Figure 1, a 2-chloro 
substituent in the phenylene group somewhat slowed 
hydrolysis of the spacer bond, thus enhancing stability 
of the compound. A 2-acetoxy substituent, on the other 
hand, greatly enhanced susceptibility to hydrolysis, pre- 
sumably as a result of the negative mesomeric and induc- 
tive effects of the acetoxy group on the neighboring car- 
boxyl group, thus facilitating nucleophilic (hydrolytic) 
attack of the ester bond. 

The p-maleimidobenzoyl spacer of compound 2b was 
chosen for further evaluation and was analogously intro- 
duced into other rhodosaminylanthracyclinone-type 
anthracyclines such as N,N-dimethyldaunorubicin (3a) 
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Table V. Cytotoxicity against LoVo (Ag+), L1210 (Ag-), GOT (Ag-), and M21 (Ag-) Cells in Vitro of Conjugates 4c and 4c” 
(Scheme 11) and of Rodorubicin (4a) after Incubation for 1 h or 7 Days, Expressed as 50% Inhibition of Tumor Growth (IC5,,, 
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rg/mL)’ 
LoVo+ L1210- GOT- M21- 

test substance l h  7 day l h  7 day l h  7 day l h  7 day 
rodorubicin-BW 494/32 (4c) >1 0.032 0.26 <0.004 >1 ndb 0.51 nd 
rodorubicin-BW 431/26 (4c”) 0.61 nd 0.19 <0.04 nd nd 0.33 nd 
rodorubicin (4a) 0.2 0.025 0.010 0.003 0.015 nd 0.029 nd 

* LoVo, human colon carcinoma; L1210, mouse leukemia; GOT, human small cell lung cancer; M21, human melanoma. * nd = not deter- 
mined. 

and rodorubicin (4a) (Scheme 11). Attachment of deriv- 
atives 2b, 3b, and 4b to  MoAb BW 494132 was per- 
formed at  pH 6.0 in order to increase the solubility of 
the drugs by protonation of the dimethylamino groups. 
This was especially important for the conjugation of 4”- 
0-(p-methoxybenzoy1)rodorubicin (4b), which exhibited 
the highest lipophilicity as determined by its partition 
coefficient between water and n-octanol (22).  For the 
same reason, the conjugation was performed in presence 
of dimethyl formamide, 20% (v,v), which did not ham- 
per the antibody specificity, but provided conjugation 
ratios of 4.8-6.8 (mol of drug/mol of antibody) (Table 
I). Due to the presence of a hydrolysable spacer, the con- 
jugates were kept frozen a t  -30 “ C  until use. 

In contrast, as expected, the p-maleimidobenzoyl spacer 
proved stable when it was attached to an anthacycline 
by way of an amide linkage instead of an ester linkage. 
As can be seen from Figure 4, the amide linkage of 3’-N- 
(p-maleimidobenzoy1)daunorubicin (Id; Scheme I) could 
not be hydrolyzed and, as a consequence, daunorubicin 
(la) could not be liberated from Id. The observed dis- 
appearance of Id has rather to be attributed to hydro- 
lytic attack of the maleimido function, resulting in the 
corresponding carboxybenzamido derivative. 

In order to evaluate our new method of coupling on a 
broader base, three different anthracyclines, i.e. P- 
rhodomycin I (2a), N,N-dimethyldaunorubicin (3a), and 
rodorubicin (4a) (Scheme 11), were coupled to MoAb BW 
494/32 as our first choice carrier. The half-life of liber- 
ation of these anthracyclines from the corresponding con- 
jugates 2c, 3c, and 4c, respectively (Figure 51, was esti- 
mated at  approximately 1.5 days, under the assumption 
of first-order kinetics, which was regarded as slow enough 
for in vivo use. Rodorubicin (4a), our first choice drug, 
was further coupled to MoAb BW 575193112, directed 
against a small cell lung cancer associated antigen (231, 
and to MoAb BW 431126, recognizing an epitope detect- 
able on carcinoembryonic antigen (24). In every case, 
the conjugation ratio (mol of druglmol of antibody) was 
between 4.8 and 6.8 (Table I; for molar extinction coef- 
ficients, see Table 11) without observing any loss of MoAb 
specificity (Table 111). The homogeneity of the three rodo- 
rubicin conjugates rodorubicin-BW 494132 (4c), rodo- 
rubicin-BW 575/931/2 (4c’), and rodorubicin-BW 4311 
26 (4c”) (Scheme 11) was somewhat impaired by the pres- 
ence of conjugate oligomers (16-2470 ; mostly conjugate 
dimers) (Table IV). Their formation may be attributed 
to  intermolecular recombination of hinge thiol groups to 
disulfide bonds and may be less prevalent if deoxygen- 
ated buffers and EDTA were used. 

Rodorubicin-MoAb BW 494/32 (4c) was selected to 
be investigated in more detail, and the results may be 
summarized as follows. Conjugate 4c was efficiently inter- 
nalized into CoWi tumor cells in vitro (Figure 6). It exhib- 
ited about 26-fold lower cytotoxicity toward L1210 mouse 
leukemic cells during short term (1 h) incubation in vitro 
than the free drug and approximated the cytotoxicity of 
free rodorubicin against L1210 cells after a long term (7 

day) incubation period. As the half-life of hydrolytic lib- 
eration of the cytostatically active anthracyclines from 
the conjugates a t  37 “C  was estimated to be in the range 
of 1.5 days (Figure 5), practically all rodorubicin should 
be liberated from conjugates 4c and 4c” after a 7 day 
incubation period, which could explain the killing of the 
antigen-negative cells (Table V). There was, however, 
no indication for preferential cytotoxicity of either con- 
jugate 4c or 4c” (Scheme 11) toward human colon carci- 
noma (LoVo) cells expressing the appropriate antigen 
(Table V). This may be explained by our finding (Boss- 
let et al., unpublished results) that the number of epitopes 
per cell expressed by LoVo cells in vitro and recognized 
by the corresponding antibody (or conjugate) is approx- 
imately 100 000 for BW 494132 and only about 30 000 
for BW 431126, which probably is too low to mediate 
any specific cytotoxicity in vitro. As the number of rel- 
evant epitopes expressed by LoVo cells in vivo may be 
about 10-fold higher than that found in vitro, based on 
the amounts of antigen isolated from human tumor 
xenografts (Bosslet et al., unpublished results), the con- 
jugates are currently being tested in appropriate in vivo 
models. I t  may, however, be anticipated that an anthra- 
cycline of higher cytotoxicity than rodorubicin and a spacer 
of higher stability than p-maleimidobenzoyl should finally 
be chosen for further evaluation. 
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Porphyrins linked to oligonucleotides produce various types of photodamage on a complementary 
target DNA. The observed reactions include oxidation of guanine bases and cross-linking reactions 
of the oligonucleotide to its target sequence. Guanines located close to the porphyrin macrocycle 
were the most altered as compared to more remote guanines on the target sequence. No specific 
reaction was observed when the complexes were dissociated at  temperatures above the melting tem- 
perature of the oligonucleotide-target hybrid. Both cross-linking and oxidation reactions accounted 
for ca. 60% modification of the target chains in the complex. Our results show that oligonucleotides 
covalently linked to porphyrins are efficient systems for inducing irreversible sequence-specific pho- 
todamage on a target DNA. 

Synthetic oligonucleotides have been successfully used 
to control gene expression in various systems (For reviews 
see refs 1-3). However, in vivo applications of such oli- 
gonucleotides as antimessenger drugs face two main prob- 
lems: (i) their poor penetration into cells and (ii) their 
susceptibility to nuclease degradation. Several strate- 
gies have been devised to cope with these problems. Oli- 
gonucleotides can be synthesized with a modified pho- 
todiester backbone so as to confer upon the whole mol- 
ecule a better ability to cross cell membranes or to be 
protected from hydrolytic enzymes ( 4 , 5 ) .  Another alter- 
native is to synthesize oligonucleotides with the a-ano- 
meric form of the nucleosides instead of the natural p- 
anomer (see ref 6 for a review). 

It was recently demonstrated that complexes of a mes- 
senger RNA and a complementary oligo-P-deoxynucle- 
otide are specifically degraded by RNase H, a specific 
enzyme present in both prokaryotes and eukaryotes (7-10). 
These results constitute a strong basis for the under- 
standing of the molecular mechanism of action of antimes- 
senger oligodeoxynucleotides. Some of the oligonucle- 
otide modifications (methylphosphonates, a-oligomers) 
that make them resistant to nucleases led to a loss of 
RNase H action on the mRNA-oligonucleotide hybrid 
(9, 10). This situation emphasized the need for develop- 
ing oligonucleotides that could resist nuclease attack and 
induce local strand scission or chemical damage in their 
target. Such modified oligonucleotides could block 
enzymes involved in transcription or translation pro- 
cesses. 

For several years our group has been actively engaged 
in designing active oligonucleotides that can specifically 
bind to a nucleic acid sequence and subsequently gener- 
ate, in a controlled process, irreversible damage on the 
target sequence. Specific irreversible damage can be suc- 
cessfully produced on target sequences by using comple- 
mentary oligonucleotides synthesized with the natural (13) 
or synthetic ( a )  anomers of nucleotides and covalently 
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linked to metal complexes of EDTA, phenanthroline, and 
porphyrin derivatives in dark reactions (see refs 1 and 6 
for reviews). Photosensitisers such as proflavin and azido 
derivatives (azidophenacyl and azidoproflavine) attached 
to natural and a-oligonucleotides were also shown to induce 
specific photochemical reactions on complementary 
sequences in single-stranded (11, 12) and double- 
stranded (13, 14) DNA, but the yield of these reactions 
was rather low. 

In this paper we present the results of a study of tar- 
geted photochemical reactions on DNA by complemen- 
tary oligonucleotides linked to porphyrins. The reac- 
tions were found to be sequence-specific and the observed 
damage consisted mainly of cross-linking and oxidation 
reactions occurring predominantly on guanine bases of 
the target DNA. The yield of these reactions was much 
higher than that obtained with other photosensitizers. 

EXPERIMENTAL PROCEDURES 

and whose sequence is 
A 27-mer oligonucleotide containing a stretch of adenines 

was used as a target for a series of porphyrin (P) substi- 
tuted heptathymidylates 

(Tp),T-O-CHz-CO-NH-(CH,),-NH-P 
1 

(Tp),T-O-CH,-CO-NH-(CH,),-NH-P 
2 

(TP),-(CyJrj-NH-P 

P-NH-(CH,),-p(Tp),-(CH,),-Acr 
4 

(where P stands for methylpyrroporphyrin XXI (Ald- 
rich), p for a phosphate group, and Acr for 2-methoxy-6- 
chloro-9-aminoacridine). In all four compounds the car- 
boxylic group of methylpyrroporphyrin XXI was attached 
to various linkers carrying an amine group to form an 
amide bond. In compounds 1 and 2, the linker was 
attached to the 3’-OH group of the 3’-terminal nucleo- 
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Figure 1. Schematic representation of compound 4 in which the porphyrin group is attached to the 5'-phosphate of the oligohep- 
tathymidylate and the acridine derivative to the 3'-phosphate via a pentamethylene linker. For compound 3, the porphyrin was 
linked to the 3'-phosphate while in 1 and 2, it was linked to the 3'-OH of the oligonucleotide. For more details on linker structure, 
see text. 

side, without any intervening phosphate group. In com- 
pounds 3 and 4 the linker was attached to the 3' (3) or 5' 
(4) phosphate group of the terminal nucleotide. The 
detailed structure of compound 4 is shown in Figure 1. 
Synthesis of the oligonucleotides was carried out on either 
an Applied Biosystems or a Pharmacia automatic syn- 
thesizer. The synthesis of oligothymidylate-dye conju- 
gates has been previously described (15, 16). Purifica- 
tion of the oligonucleotides was done either by liquid chro- 
matography or by gel electrophoresis. The 27-mer 
fragment was 5'-end labeled with T, polynucleotide kinase 
and T - [ ~ ~ P ] A T P  (Amersham). 

A standard procedure consisted of successive addi- 
tions in an Eppendorf tube of 5'-labeled 27-mer DNA 
fragment (10 nM), the oligo(dT),-porphyrin derivative 
(10 pM expressed as porphyrin concentration) in a final 
volume of 20 pL containing 10 mM phosphate buffer, 
pH 7.4, and NaCl, usually at  0.25 M final concentration. 
The mixture was kept in the dark at  0 "C for 1 h. The 
DNA solution was then transferred into a small glass tube, 
and irradiation was carried out a t  0 "C with the light of 
a high-pressure mercury lamp (200 W, OSRAM) filtered 
through a Pyrex glass plate (A > 300 nm). The incident 
light intensity a t  the sample holder was measured with 
a Thermopile (Kipp and Zonen) to be approximately 180 
mW/cm2. After irradiation, the sample solution was fro- 
zen and lyophilized. To characterize alkali-labile sites 
produced on the DNA, samples were submitted to pi- 
peridine treatment. The reacted DNA was dissolved with 
50 pL of a 1 M piperidine solution and heated at  90 "C 
for 20 min followed by two cycles of washing with 50 pL 
of water and lyophilization. The reacted product was 
then redissolved in 10 pL of formamide-containing xylene 
cyano1 dye and loaded on a polyacrylamide gel (20% acry- 
lamide containing bisacrylamide, 1:40 (M/M), 7 M urea). 
Autoradiograms were obtained by exposing the gel to Fuji 
(X-ray) films with an intensifying screen a t  -80 "C over- 
night. Quantitative analysis of the reaction was carried 
out by excising the relevant bands from the gel and count- 
ing the corresponding radioactivity. 

RESULTS 

1. Analysis of Photoproducts by Gel Electro- 
phoresis. The autoradiogram presented in Figure 2 shows 
the photoproducts formed after irradiation of the com- 
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Figure 2. Autoradiogram of photoproducts obtained by irra- 
diating the 27-mer fragment (10 nM) in the presence of oligo- 
(dT),-porphyrin (10 pM) in 10 mM sodium phosphate buffer, 
pH 7.4, containing 0.25 M NaCl. The left lane shows the (G + 
A) sequence. Part of the 27-mer sequence is shown on the left. 
Lanes 1 and 2: compound 3, before (lane 2) and after piperi- 
dine treatment (lane 1). Lanes 3 and 4: compound 4, before 
(lane 4) and after piperidine treatment (lane 3). Lane 5: unir- 
radiated 27-mer. 

plex of two oligo(dT),-porphyrins (3, lanes 1 and 2; and 
4, lanes 3 and 4) with the target 27-mer whose (G + A) 
sequence is shown on the left side of the figure. At neu- 
tral pH, irradiation led to the production of new species 
(marked as XL,, XL,, and XL, in Figure 2) that migrated 
more slowly than the starting material (lanes 2 and 4). 
By analogy with what was previously observed with azido 
derivatives (11,12), these species can be ascribed to prod- 
ucts formed by photo-cross-linking of the oligonucle- 
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t i m e  ( m i n )  

Figure 3. Dependence on the irradiation duration of cleavage 
yields at  G(8) (v), G(6) ( + I ,  and G(4) (M) after irradiation fol- 
lowed by piperidine treatment of the 27-mer in the presence of 
3. Experimental conditions are as in Figure 2. The three lower 
curves represent the cleavage yields a t  G(19) (upper), G(21) (mid- 
dle), and G(23) (lower). 

otide to the target matrix. The branched structure is 
expected to retard migration on the gels. 

The irradiated samples were then treated with 1 M 
piperidine at  90 “ C  for 20 min in order to reveal alkali- 
labile sites (Figure 2, lanes 1 and 3). We observed that 
the cross-linked materials almost disappeared and that 
smaller fragments were produced that exhibited the same 
migration pattern as the fragments cleaved a t  guanine 
bases produced by reaction with dimethyl sulfate in the 
Maxam-Gilbert sequencing reaction. Some cleavage was 
also observed at  adenines and thymines in the vicinity 
of the A, terminus located close to the porphyrin ring, 
assuming that a Watson-Crick double helix is formed. 
Compounds 1 and 2 exhibited the same pattern of pho- 
toproducts but with much lower yield (see below). 

2. Specificity of the Photochemical Reaction. In 
Figure 2, lanes 1 and 2, the porphyrin moiety was attached 
at  the 3’-end of the oligonucleotide and, as expected on 
the basis of an antiparallel orientation of the two strands, 
the main reactions occurred at  G bases located on the 
5’-side of the A, target sequence. The G bases on the 
opposite side (3’4de) were modified to a much lower 
extent. Conversely, when the porphyrin group was linked 
to the 5’-end of the oligonucleotide as in compound 4, 
the reaction occurred mostly a t  G bases of the 3’-side of 
the target (lane 3 of Figure 2). In a separate experiment 
with (dT),Acr we checked that the acridine dye (which 
was attached to the 3’-end of compound 4) was inactive 
under our experimental conditions (results not shown). 

The reaction specificity could be analyzed further by 
comparing the yield of cleavage at  the different gua- 
nines as a function of their distance from the reacting 
porphyrin center. This is illustrated in Figure 3 for com- 
pound 3, where the yields of cleavage after piperidine 
treatment of the two groups of guanines located on either 
side of the target A, sequence are presented as a func- 
tion of irradiation time. The reaction leveled off after 
15 min of irradiation, corresponding to a total incident 
dose of -160 J/cmZ. This is very likely due to photo- 
degradation of the dye at  this irradiation dose. Such a 
photodegradation was observed by following the changes 
in absorption of the porphyrin ring under irradiation (data 
not shown). The much higher yield of cleavage at  the 
5’-guanines demonstrated the specificity reached with this 
system. As expected, the most modified G was G(8), the 
closest guanine to the photoactive group on the sequence. 
The cleavage yield decreased as one moved away from 
the reaction center on the 5’-side. For those guanines 

0 5 10 2 0  30 
t i m e  ( m i n )  

Figure 4. Cleavage yields a t  Gs on the 5‘-side of the target 
oligonucleotide [G(8) + G(6) + G(4)] versus irradiation time 
after piperidine treatment of the reacted 27-mer in the pres- 
ence of 1 (o), 2 (0), and 3 (A). Control experiment (A) con- 
sisted of irradiating the 27-mer in the absence of porphyrin- 
oligonucleotide derivative. All other conditions are as in Fig- 
ure 2. 

located on the 3’-side, the reaction yield was very low, 
2-3% going from G(19) to G(23). It should be noted that 
the cleavage yields a t  the latter Gs were close to back- 
ground figures obtained when the matrix was irradiated 
in the absence of the porphyrin conjugates and subse- 
quently treated by piperidine (1-2%) (see Figure 4). Sim- 
ilar results were observed on a 32-mer DNA fragment 
that did not contain the A, sequence. A nonspecific weak 
cleavage (1-270 per G base) was observed at  all Gs in 
the presence of 3. 

3. Influence of the Linker Length and Structure. 
The dramatic influence of the linker length and/or the 
chemical nature of the linker on the reaction efficiency 
is illustrated in Figure 4 for compounds 1-3. In com- 
pounds 1 and 2, the linker is directly attached to the 3’- 
OH of the terminal thymidine while in 3 and 4 it is linked 
to the terminal phosphate group (see the Experimental 
Procedures and Figure 1 for a detailed structure of 4). 
Among the four compounds tested in this study, the most 
reactive compound was compound 3. Two amide bonds 
are present in the linker structure of 1 and 2 instead of 
one as in 3 and 4. The short length of the linker cou- 
pled with restricted flexibility of the amide bonds may 
account for the observed low efficiencies of reactions of 
compounds 1 and 2. Compound 4 exhibited an effi- 
ciency comparable to that of 2. The lower reactivity of 
4 as compared to that of 3 may be due to the site of 
attachment of the porphyrin group on the oligonucle- 
otide (5’-end instead of 3’-end in 3), even though the pres- 
ence of an acridine on the 3‘-side provides a higher sta- 
bility of the complex by intercalation of the acridine moi- 
ety within the duplex structure ( I ) .  

4. Quantitative Analysis of the Photochemical 
Reaction with Compound 3. Irradiation of the com- 
plex under neutral pH conditions yielded three distinct 
cross-linked materials marked as XL,, XL,, and XL, in 
Figure 2. These cross-linked species and the material 
that migrated at  the same position as the starting 27- 
mer fragment were excised from the gel; the reacted DNA 
was extracted and purified by ethanol precipitation. The 
recovered samples were submitted to piperidine treat- 
ment. Results are presented in Table I and Figure 5. 
The values in Table I represent the radioactivity of each 



Sequence-Targeted Photochemical Modifications Bioconjugate Chem., Vol. 1, No. 2, 1990 111 

Table I. Quantitative Analysis of Photoproducts Formed 
after Irradiation (0 “C, 15 min) of the Complex (27-mer (10 
nM)-oligo(dT),-porphyrin 3 (10 pM)) in 10 mM Phosphate 
Buffer, pH 7.4, NaCl 0.25 M, before and after Piperidine 
Treatment 

cross-linked 27-mer 
XLb = 37 

non-cross-linked 27-mer XLI XL, XL, 
63” 3 21 13 

After Piperidine Treatment 

XL,“ 0.17 
XL2 0.3 5.8 

42 0.6 5.5 3.6 27-mer 
(323) 1.8d 0.05 0.3 0.4 
G(21) 0.7 0.04 0.4 0.3 
G(W 0.4 0.07 0.3 0.5 
A(10) to A(17) 1.25 0.17 0.45 0.6 
(38) 6.0 0.4 2.9 1.1 
G(6) 2.9 0.3 1.4 1.1 
(34) 2.4 0.2 0.8 1.1 
C G(5’)/C G(3’)= 3.9 5.6 5.1 2.8 
a All values indicate the percentage of radioactivity in the corre- 

sponding bands extracted from the gel. X L  cross-linked materi- 
als (see Figures 2 and 5). “ Remaining cross-linked material after 
piperidine treatment. Corrected values taking into account cleav- 
age at G and A bases induced by piperidine treatment of the irra- 
diated 27-mer in the absence of the oligonucleotide derivative. e 

G(5’) = G(8) + G(6) + G(4) and G(3’) = G(19) + G(21) + G(23). 

1 2  3 4  

0.4 1.1 3 XL3 
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Figure 5. Autoradiogram of photoreacted 27-mer in the pres- 
ence of 3 under the experimental conditions indicated in Fig- 
ure 2. The material migrating as the 27-mer band (lane 1) and 
the cross-linked products XL, (lane 4), XL, (lane 3), and XL, 
(lane 2) were extracted from the gel and treated with piperi- 
dine before loading on the gel. The radioactivity in each lane 
reflects the yield of each photoproduct as detailed in Table I. 

band as a percentage of the total radioactivity in the lane. 
The non-cross-linked material migrating as intact 27- 
mer yielded cleavage a t  guanines after piperidine treat- 
ment (Figure 5, lane 1, and first column of Table I). The 
data in Table I show that 25% of what migrated as the 
intact 27-mer in fact contained photooxidized guanines 
that were cleaved under alkaline conditions. 

Under our experimental conditions, the yield of cross- 
linked products accounted for 37% of the original 27- 

I . 
0 0.2 5 0.5 1.0 

NaCl ( M )  

Figure 6. Influence of ionic concentration on the photochem- 
ical reaction of 3 with the 27-mer fragment after 15-min irradi- 
ation. Cleavage yield after piperidine treatment of the three 
Gs on the 5’-side (upper curve) and of the three Gs on the 3’- 
side (lower curve). NaCl (v, v), NaClO,) (+, O),  in 10 mM 
sodium phosphate buffer pH 7.4. 

mer. After piperidine treatment, there was about one- 
third of each of the cross-linked product left unmodi- 
fied. The other two-thirds were converted into a product 
migrating as the starting material (27-mer) and shorter 
fragments cleaved predominantly a t  guanines (Figure 5, 
lanes 2-4). This result shows that piperidine treatment 
of the photo-cross-linked material led to cleavage of the 
27-mer a t  photooxidized bases and/or bases involved in 
the cross-linking reactions (mostly guanines) and to cleav- 
age of the covalent bond formed between bases and por- 
phyrin, thereby releasing the cross-linked oligonucle- 
otide from the 27-mer. In the latter case the resulting 
product, which migrates as an intact 27-mer, might con- 
tain altered bases that are not alkali-labile sites. 

The specificity of the photochemical reaction is evi- 
denced by comparing the yields of cleavage of the three 
Gs on the 5’-side to those located on the other side (last 
row of Table I). The results show that the probability 
of photochemical reaction is 3-5 times higher a t  the Gs 
located in the vicinity of the photosensitizer (5’-side) as 
compared to those located on the opposite side of the 
target sequence. When the mixture of 3 and the target 
was irradiated at  a temperature (30 “C) a t  which the com- 
plex was dissociated, the ratio of cleavage yields a t  Gs 
on the 5’- and 3’-side was reduced to about 0.8. Assum- 
ing that cleavage of Gs on the 3’-side [G(19), G(21), and 
G(23)] represent the oxidative reaction due to diffusing 
species (see the Discussion), there results showed that in 
the cross-linked materials (37% of the starting matrix), 
ca. 20% contained oxidized Gs in their structure. 

5. Influence of Ionic Concentration. The stability 
of complementary DNA duplexes is known to increase 
when the ionic concentration increases as a result of a 
reduction in the repulsive interactions between the two 
negatively charged phosphodiester backbones.’ The depen- 
dence of the photosensitized reaction with ionic concen- 
tration is shown in Figure 6. It can be seen that the reac- 
tion yield of G modification on the 5’-side increased when 
salt concentration increased from 0.01 to 0.15 M and then 
remained constant up to 1.0 M NaCl (or NaC10,). The 
yield of cleavage a t  the three Gs located on the 3’-side of 
the matrix remained constant over the whole concentra- 
tion range of Na salts. This result demonstrates that 
the specific photosensitized reaction on the 5’-side is 
strongly dependent on the formation and stability of the 
oligonucleotide-target hybrid and the reactions a t  gua- 
nines on the 3’-side are not due to the formation of a tri- 
ple helix involving two oligo(dT)s bound to the oli- 
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go(dA) sequence of the 27-mer. Such a triple helix would 
have been favored at  high ionic concentration (14). 

6. Influence of the Reaction Temperature. The 
temperature dependence of the photochemical reaction 
was studied with compound 4. In this compound the por- 
phyrin group is attached to the 5'-end of the oligonucle- 
otide and the acridine derivative to the 3'-end. There- 
fore the specific reaction occurs a t  G(19). The reaction 
yield as measured by the cleavage at  G(19) after piperi- 
dine treatment decreased when the temperature increased 
with a half-transition at  -18 "C (results not shown). Photo- 
cross-linking before piperidine treatment was abolished 
at  high temperature and the half-transition also occurred 
at  18 "C.  In contrast, the nonspecific reactions at  Gs on 
the 5'-side increased with temperature. In a previous work 
we studied the cleavage of a poly(dA) matrix in the dark 
by iron complexes of 3 and 4 (15) .  Melting tempera- 
tures of 17 "C and 32 "C were observed for the metal 
complexes of 3 and 4, respectively. These temperatures 
are certainly higher than those expected for the nonmet- 
alated porphyrin due to the increased interaction pro- 
vided by the positive charge brought by the Fe ion and 
more importantly by the effect of cooperative binding 
on the homopolynucleotide matrix. 

DISCUSSION 
This study shows that specific photochemical reac- 

tions can be targeted to specific DNA sequences by irra- 
diating the complex formed by the target sequence with 
a complementary oligonucleotide tethered to a porphy- 
rin group a t  the 3'- or Y-end. These reactions involve 
bound porphyrin-oligonucleotide conjugates as reaction 
only occurred when the two molecules were hybridized, 
Le., a t  high salt concentration and at  temperatures lower 
than the melting temperature of the complex. More- 
over, it was shown that the main reactions occurred on 
the side of the target sequence expected when the sub- 
strate and the porphyrin-oligonucleotide conjugate form 
a double helix with antiparallel orientation of the two 
strands. Both oxidation and cross-linking reactions were 
observed. Quantitative analysis of the photochemical reac- 
tions showed that under our experimental conditions, total 
damage, including oxidation and cross-linked products, 
accounted for ca. 60% of the target DNA for the most 
active derivative 3. 

Porphyrins strongly absorb visible light and the pro- 
duced excited states can react with various substrates 
including nucleic acid bases ( I  7). When a porphyrin group 
is brought in close vicinity of a target DNA two types of 
photochemical events can be envisaged: (i) A direct reac- 
tion of the excited porphyrin (in its singlet or triplet state) 
with the substrate, e.g., an electron-transfer reaction from 
a guanine base yielding a G radical cation. (ii) The por- 
phyrin excited states can react with oxygen, producing 
singlet oxygen '0, or the superoxide anion O,*-. The 
latter has been found to be rather inactive toward nucleic 
acid bases while '0, reacts readily with guanine and to 
a lesser extent with thymine bases (18,19).  The observed 
alkali-labile sites a t  guanine bases in the target sequence 
could result from singlet-oxygen attack but also from 
decomposition of some peroxyl form of the guanine rad- 
ical cation. The fluorescence of some cationic porphy- 
rins has been found to be quenched by polyd(G-C) and 
calf-thymus DNA (20) ,  and this quenching has been 
ascribed to an electron-transfer reaction in the excited 
state. Photoreduction of hematoporphyrin has been 
observed in the presence of reductants such as ascor- 
bate, pyrogallol, and catechol (21).  Berg et al. (22) also 
proposed an electron-transfer reaction between thiopy- 
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ronine and guanine base, resulting in the formation of 
the radical cation Go+. The production of such radicals 
implies a close contact between donor and acceptor mol- 
ecules. The photo-cross-linking reaction could result from 
a very localized reaction between radical species, in con- 
trast to oxidation reactions involving diffusing species 
such as singlet oxygen. A mean diffusion pathway of sin- 
glet oxygen of 250 nm has been calculated from the dif- 
fusion constant (2.5 X lo-' m2 s-') and the lifetime of 
singlet oxygen in water (4 ps at  20 "C). The alkali-in- 
duced cleavage reactions at  guanine residues do not occur 
randomly. This is shown after piperidine treatment of 
the band migrating as the intact 27-mer (Figure 5, lane 
1). Cleavage occurs predominantly on the 5'-side of the 
target sequence, indicating that modified guanines have 
been mostly produced in the immediate vicinity of the 
porphyrin ring. Porphyrins have been shown to pro- 
duce singlet oxygen as a result of energy transfer from 
the triplet state (23, 24). Guanine bases located in the 
immediate vicinity of the porphyrin ring should react rap- 
idly with singlet oxygen. A large excess of oligonucleotide- 
porphyrin conjugate over target DNA was used in most 
experiments. Singlet oxygen produced by unbound mol- 
ecules is expected to react with guanine bases in a non- 
selective way. This is what was observed when the olig- 
onucleotide-target hybrid was dissociated at  tempera- 
tures above the melting temperature. All guanine bases 
were photooxidized both on the 5'- and the 3'4des of 
the A, sequence although the reaction yield was lower 
than with the bound oligonucleotide. In contrast, the 
photo-cross-linking reaction leading to slowly migrating 
species on neutral polyacrylamide gels was abolished when 
the complex was dissociated. In summary, porphyrin- 
linked oligonucleotide lead to three types of reactions. 
Photo-cross-linking of porphyrin with nucleic acid bases 
and local photooxidation of bases by singlet oxygen are 
sequence-specific and occur only when the oligonucle- 
otide is bound to its target sequence. Some further non- 
sequence-specific photooxidation of bases occurs mainly 
at  guanines, due to singlet oxygen produced by unbound 
oligonucleotides and, possibly, by singlet oxygen gener- 
ated from bound oligonucleotide and diffusing away from 
the porphyrin. Literature data indicate that photochem- 
icall modified Gs are effective blocking sites for various 
enzymes. Guanine oxidation mediated by singlet oxy- 
gen appears to generate efficient arrest sites for 
Escherichia coli DNA polymerase I (25, 26). Inhibition 
of DNA-dependent RNA synthesis by porphyrins has also 
been observed (27). Several photosensitizers have been 
shown to produce photodamage similar to those observed 
in our system. In a previous work we have shown that, 
under irradiation, proflavine induced both cross-linking 
and oxidation reactions occurring mainly at  G bases (13).  
Piette and Moore (28) showed that damage photoin- 
duced by proflavine blocked DNA polymerases on the 
reacted matrix. In the phenothiazine series, the geno- 
toxic properties of chlorpromazin have been correlated 
with the ability to add covalently on to guanine bases of 
DNA (29).  In model studies, Ciulla et al. (30) have iso- 
lated a photoadduct resulting from the coupling between 
the C(8) position of the deoxyguanosine and the C(2) posi- 
tion of the phenothiazine ring. The unreacted DNA was 
probed with DNA polymerase and the enzyme was found 
to stop one nucleotide before every guanine residue (29). 
Recently it has been reported that a specific photo-cross- 
linking reaction could be achieved with an oligonucle- 
otide linked to a photoactivatable group, 4'-(aminoalkyl)- 
4,5',8-trimethylpsoralen (31) .  Photoadducts of psor- 
alens with thymine bases have been demonstrated to be 
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efficient arrest sites for various enzymes including E. 
coli and T, DNA polymerases and reverse transcriptases 
(32, 33). 

In conclusion, site-directed photodamage produced by 
porphyrins or other sensitizers coupled to oligonucle- 
otides appears to provide a promising system for the selec- 
tive inhibition of gene expression. Porphyrins can be 
covalently attached to nuclease-resistant oligonucle- 
otides. This should make these oligonucleotides- 
porphyrin conjugates suitable for in vivo applications. 
Work is in progress in our laboratory on selective con- 
trol of gene expression a t  replication, transcription, and 
translation levels using these new photoactive oligonu- 
cleotides. 
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A General Method for Highly Selective Cross-Linking of Unprotected 
Polypeptides via pH-Controlled Modification of N-Terminal a-Amino 
Groups 
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South San Francisco, California 94080. Received November 7 ,  1989 

A method is described for the highly selective modification of the a-amino groups a t  the N-termini of 
unprotected peptides to form stable, modified peptide intermediates which can be covalently cou- 
pled to other molecules or to a solid support. Acylation with iodoacetic anhydride a t  pH 6.0 occurs 
with 90-98% selectivity for the a-amino group, depending on the N-terminal residue (as shown with 
a series of model hexapeptides containing a competing Lys residue). Although Cys residues must be 
protected (reversibly or irreversibly) before the anhydride reaction, there are no detectable side reac- 
tions of the a-amino moiety-of the reagent or of modified peptide-with the side chains of His, Met, 
or Lys. The reaction works well in denaturants, so that inhibitory effects of noncovalent structure 
can be minimized. In a second step the iodoacetyl-peptide can be reacted with a thiol group on a 
protein, on a solid chromatography matrix, on a spectroscopic probe, etc. This is illustrated by reac- 
tion of a series of N*-iodoacetyl-peptides with murine interferon-gamma, which contains a C-termi- 
nal Cys residue. Data are presented which suggest that this iodoacetic anhydride scheme is superior 
in selectivity for a-amino groups to conventional chemical approaches to cross-linking such as use of 
2-iminothiolane or N-hydroxysuccinimide-activated carboxylic acid esters. The reaction is ideally 
suited for modifying peptide fragments, as pure species or as mixtures, derived from proteolytic or 
chemical fragmentation of proteins. Furthermore, polypeptides synthesized biosynthetically, for exam- 
ple via recombinant DNA techniques, can be cross-linked in this way. It should also be possible to 
confidently cross-link small amounts of proteinaceous biological factors, and thus develop affinity 
matrixes or make antibodies before the polypeptide of interest has been fully purified or structurally 
characterized. 

Although chemical cross-linking of polypeptides, to 
another molecule or to a matrix, is an important and often- 
used step in the biological and biochemical study of pep- 
tides and proteins, there is no good general method avail- 
able which does not require de novo synthesis of the poly- 
peptide. One commonly used approach, for example, is 
to incorporate into a nonaqueous synthesis of the poly- 
peptide an N- or C-terminal cysteine residue, which can 
subsequently be utilized as a reactive handle for cross- 
linking via a disulfide or thioether linkage (I). Such meth- 
ods suffer from the disadvantage of requiring time and 
expertise to do the synthesis and, not incidentally, demand 
prior knowledge of the structure of the peptide of inter- 
est. Such a synthetic approach will sometimes present 
further problems, due to size or other limitations to chem- 
ical synthesis, such as the presence of a disulfide bond 
in the peptide. Mixtures of peptides, as in a protease 
digest of a protein, require separate synthesis of each pep- 
tide even for uses in which a mixture of cross-linked pep- 
tides might be adequate or desirable. The requirement 
of this conventional technolgoy for de novo synthesis for 
control of the site of attachment is especially unfortu- 
nate in the present age of recombinant DNA based meth- 
ods for polypeptide synthesis. 

An alternative approach to de novo synthesis, in prin- 
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ment, Smith Kline Beecham Pharmaceuticals, 709 Swede- 
land Road, P.O. Box 1539, King of Prussia, PA 19406- 
0939. 
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ciple, would be to utilize bifunctional cross-linking reagents 
to modify unprotected polypeptides in the aqueous phase. 
Although bifunctional cross-linking has been used with 
considerable practical success on proteins, the inherent 
lack of specificity of the available methods limits the con- 
trol and confidence with which they can be used. 

In theory, it should be possible to selectively modify 
the N-terminus of an unprotected peptide in aqueous solu- 
tion by exploiting the differences between the pK, val- 
ues of its a-amino group (about 8.0) and the side chain 
amino groups of Lys (about 10.5) and Arg (about 12) (2, 
3) .  This is particularly attractive since modification of 
the chain terminus should minimize interference of the 
cross-link with the amino acid side chains and their con- 
tent of biological information. Such a modification should 
fulfill two requirements. First, the ratio of reactivities 
of the a-amino group to the amino groups of the side 
chains of Lys and Arg should be as high as possible. Sec- 
ond, the reactivity of the a-amino groups of different pep- 
tides should be independent of peptide sequence and com- 
position, so that reaction conditions don’t have to be cus- 
tomized for each peptide. 

Stark ( 4 )  has shown that the reactivity of cyanate in 
the neutral pH range with a series of amino acids and 
short peptides exhibits a very good correlation with the 
pK, values of their amino groups. This study showed 
that the relative reactivity between the a-amino group 
and the t-amino group of AlaLys was based on both their 
pK, difference and on the relative reaction rates of other 
model compounds. Stark concluded that a-amino groups 

0 1990 American Chemical Society 
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Table I. 
N-Terminal Amino Acids 

SelectivityP*2 of 2-IT for a-Amino Groups of 
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droxysuccinimide (NHS)l activated carboxylic acids and 
2-iminothiolane (2-IT), pH-controlled selectivity’ for a 
peptide’s N-terminus is relatively poor. Furthermore, a t  
least for 2-IT reactions, we show that peptide reactivi- 
ties vary considerably with the nature of the N-terminal 
amino acid. We show that much better results can be 
obtained using a two-step procedure exploiting the high 
selectivity for cy-amino groups of acid anhydrides. This 
simple method can be used to prepare peptides for cross- 
linking, in very good yields, from already existing pep- 
tides, and thus should be a useful general alternative to 
de novo peptide synthesis. In addition, the method may 
have some unique applications in modifying mixtures of 
peptides. 

corrected rate, selectivity 
peptide Adlplmin ratio” 

AlaGly 0.027 4.5 
AspGly 0.036 6 
GluAla 0.066 11 
GlyGly 0.174 29 
HisGly 0.159 27 
IleAsn 0.036 6 
LeuGly 0.024 4 
MetGly 0.063 11 

ProGly 0.029 5 

TyrGly 0.061 10 
ValGly 0.013 2 
AcGlyLysOCH, 0.006 (1) 

PheGly 0.038 6 

SerGly 0.085 14 
TrpGly 0.081 14 

Selectivity ratio is the rate of reaction of the cu-amino group 
divided by the rate of reaction of the c-amino group of lysine, as 
measured using the peptide AcGlyLysOCH,. 

of peptides should react about 100 times faster than the 
c-amino group of Lys side chains when reacted a t  a pH 
a t  least 1 unit below the lower pK,. This study was 
restricted to only three N-terminal amino acids (Thr, Ala, 
and Gly), all of which have relatively small side chains. 

In contrast to this suggestion of uniform reactivity of 
peptide a-amino groups, Hunter and Ludwig (5)  showed 
that, in reaction with methyl benzimidate, Gly reacts about 
7 times faster than Phe at  pH 9.5; taking into account 
their slightly different pK, values, Gly was calculated to 
react about 12 times faster than Phe. The authors sug- 
gested that the different reactivities of the unproto- 
nated forms of these amino acids derived from differ- 
ences in steric access of reagent and/or in nucleophilic- 
ity. The authors also suggested that it was this inherent 
reactivity difference which accounts for observations (5- 
7) that reaction of insulin with amine-directed reagents 
generally leads to modification of the A chain terminus 
(Gly) but not the B chain terminus (Phe). These differ- 
ential reactivities, not noted when insulin is reacted with 
cyanate (8),  had previously been ascribed to inaccessibil- 
ity of the B chain N-terminal Phe in the insulin tertiary 
structure. Thus it appears that  selectivity for the cy- 

amino group in the presence of other amino groups can 
vary both with the reagent and with the nature of the 
side chain on the N-terminal residue. 

Selective modification of a-amino groups by pH con- 
trol has also been reported for other acylating agents, 
such as aryl isothiocyanates (9). Most attempts to selec- 
tively react the N-termini of polypeptides, however, have 
been with acetic anhydride. For example, reaction of the 
peptide hormone glucagon with acetic anhydride a t  pH 
5.5 generates two products, 70% acetylated only on the 
a-amino group of the N-terminal His residue and 30% 
diacetylated a t  the N-terminus plus the €-amino group 
of Lysl2 (10). Reaction of the 28 amino acid peptide 
desacetylthymosin cy1 with acetic anyhydride gives the 
N-terminally acetylated peptide as about 90% of the prod- 
uct, even though the peptide contains four Lys residues 
(11). Larger polypeptides may be more difficult to selec- 
tively modify. Magee et al. (12) found that reaction with 
acetic anhydride exhibited little if any selectivity for the 
N-terminus of trypsinogen; a strategy of reversible pro- 
tection of Lys residues was required to selectively mod- 
ify the N-terminus. 

In this paper we show that for two chemical groups 
widely used in the cross-linking of peptides, N-hy- 

EXPERIMENTAL PROCEDURES 

Materials. A series of 20 test hexapeptides were syn- 
thesized by building the pentapeptide sequence GAKQA 
on a solid phase, dividing the resin into 20 portions, and 
completing the synthesis with different N-terminal amino 
acids. After HF cleavage and deprotection, the peptides 
were purified by high-performance liquid chromatogra- 
phy (HPLC), lyophilized, and resuspended in water. Purity 
was assessed by analytical HPLC in two chromato- 
graphic systems. Identity was confirmed by mass spec- 
trometry. Other peptides were also chemically synthe- 
sized, with the exception of Na-desacetylthymosin a1 
[which was prepared by recombinant DNA methods 
(11)] and its trypsin fragments. Murine interferon- 
gamma (13) was provided by L. E. Burton (Genentech). 

Dipeptides used in this study described in Table I were 
purchased from Sigma, as was 5,5’-dithiobis(2-nitroben- 
zoic acid) (DTNB). NHS, sulfosuccinimidyl acetate, 2- 
IT,  and dicyclohexylcarbodiimide (DCC) were pur- 
chased from Pierce. Iodoacetic anhydride was pur- 
chased from Aldrich. 

Methods. HPLC was performed on a Waters gradi- 
ent system composed of Model 510 pumps and an auto- 
mated gradient controller. Separations were on Vydak 
5-pm (3-18 reverse-phase columns. Two buffer systems 
were used, both employing Milli-Q-purified water as sol- 
vent A and acetonitrile as solvent B. In system I, 0.1% 
trifluoroacetic acid (Pierce) was included in both A and 

Abbreviations: DCC, dicyclohexylcarbodiimide; DTNB, 5,5’- 
dithiobis(2-nitrobenzoic acid); EDTA, ethylenediaminetetraace- 
tic acid; FAB, fast atom bombardment; HPLC, high-perfor- 
mance liquid chromatography; 2-IT, 2-iminothiolane; MES, 2- 
(N-morpho1ino)ethanesulfonic acid; MS, mass spectrometer; 
NaOAc, sodium acetate; NHS, N-hydroxysuccinimide. 

For comparison of reagents we devised a “selectivity” value 
which would allow us to  compare the qualities of reagents such 
as 2-IT, for which kinetic measurements can be made, with 
reagents such as acid anhydrides, where multiple additions of 
reagents are required, reactions are fast, and peptide and sol- 
vent compete for reagent. For the first class, selectivity is the 
ratio of the rate of reaction of the a-amino group to the rate 
for the c-amino group. For the second class, selectivity is the 
ratio of all product molecules containing modified a-amino groups 
to those containing c-amino groups (in each case regardless of 
whether or not they are also modified elsewhere); where unchar- 
acterized side products exist, they are included in the denomi- 
nator. In this latter method the selectivity clearly depends on 
how far the reaction is pushed; values will more closely reflect 
relative reaction rates if they are assessed on reaction mixtures 
containing substantial amounts of unreacted starting material. 
On the other hand, the object of this study is to  devise an effi- 
cient synthetic strategy, so selectivity under practical condi- 
tions is also important. This is why there are two selectivities 
listed in Table 11. 
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B. In system 11, 5 mM heptafluorobutyric acid (Pierce) 
was included in both. System I was useful for initially 
identifying products, but for some peptides it could not 
be used to follow the progress of the reaction because 
iodoacetate coelutes with the peptide starting material. 
System I1 allowed us to follow the disappearance of start- 
ing material, except that with some peptides the disub- 
stituted product co-elutes with starting material and thus 
cannot be quantified. Prep collection of modified pep- 
tides was performed with the TFA system, followed by 
lyophilization and resuspension in water. Iodoacetyl pep- 
tides were stable for a t  least 1 year stored at  -20 "C. 

Mass spectra were obtained with a JEOL HXllOHF/ 
HXllOHF tandem double-focusing mass spectrometer 
(MS), operating with a JEOL DA-5000 data system. Ion- 
ization by fast atom bombardment (FAB) with a 6 keV 
xenon beam produced positive ions that were analyzed 
at 10 keV accelerating voltage, 3000 resolution. Peptide 
products, purified by HPLC, were dried in vacuo and 
redissolved in water to a concentration of about 1 nmol/ 
yL. One microliter of this solution was added to 0.5 yL 
of nitrobenzyl alcohol on the probe tip and loaded into 
the MS. Nitrobenzyl alcohol was preferred as the matrix 
because the haloacetyl peptides did not produce intact 
MH+ ions in glycerol, thioglycerol, or a 5:l ratio of 
dithiothreitol/dithioerythritol. Conventional FAB spec- 
tra were produced by scanning MS-1 and acquiring data 
a t  detector 1. Daughter spectra were produced by select- 
ing the 12C isotope peak of the MH+ ions with MS-1, 
passing it into a collision cell containing a pressure of 
helium sufficient to attenuate the parent ion beam to 
25% of its original intensity, and measuring the MS-2 
the fragmentation resulting from collision-induced dis- 
sociation. 

Relative reaction rates of peptides with 2-IT were deter- 
mined colorimetrically. For the dipeptide study summa- 
rized in Table I, peptides (3 mM) were mixed with 10 
mM DTNB in 0.4 M sodium acetate (NaOAc), 1 mM 
ethylenediaminetetraacetic acid (EDTA), pH 5.4. A fresh 
stock solution of 100 mM 2-IT was prepared in the same 
buffer and held at  0 "C. This stock solution was diluted 
10-fold into the 0 "C reaction mixture to give 10 mM 2- 
IT; the reaction was followed by generation of absor- 
bance at 412 nm. 

A stock solution of iodoacetic acid anhydride was pre- 
pared as follows. A fresh bottle of iodoacetic anhydride 
(Aldrich) was dissolved in its entirety in dry tetrahy- 
drofuran (THF) to a concentration of 300-400 mM and 
stored at  -20 "C as aliquots in 1.5-mL Eppendorf tubes, 
which in turn were stored in 50-mL plastic, screw-top, 
conical tubes containing Drierite and sealed with Parafilm. 
Such tubes were not opened until equilibrated to room 
temperature. Stored in this way, reagents were stable 
for a t  least 9 months. This procedure was deemed nec- 
essary since in our hands iodoacetic anhydride proved 
unstable in its solid form under conditions in which por- 
tions of the stored solid were periodically removed. 

Reaction of peptides with acid anhydrides was per- 
formed as follows. To a solution of the peptide (0.25-1 
mM) in aqueous buffer a t  0 "C in a 1.5-mL polypro- 
pylene Eppendorf tube was added 1/100 volume of an 
approximately 300 mM solution of acid anhydride in dry 
THF. The sample was immediately vortexed. After 3 
min, in which time reagent was depleted by a combina- 
tion of reaction with peptide and hydrolysis, a fresh ali- 
quot of anhydride in THF was added and the mixture 
was vortexed. This procedure was repeated until the reac- 
tion reached the desired level of completion, usually two 
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or three additions. Except where indicated in the text, 
reactions were done a t  pH 6.0 in 0.1 M 2-(N-morpholi- 
no)ethanesulfonic acid (MES). 

Reactions were analyzed by adding a 10-20-pL ali- 
quot of reaction mixture to 180-190 pL of HPLC buffer 
A. After vortexing, the solution was centrifuged (Eppen- 
dorf) and the supernatant was injected or transferred to 
vials for HPLC analysis. 

The NHS ester of iodoacetic acid was prepared as fol- 
lows. To a mixture of 6.4 g (34.4 mmol) of the free acid 
of iodoacetic acid and 3.9 g (33.9 mmol) of NHS in 120 
mL of dried (3A molecular sieves) T H F  at  room temper- 
ature was added, with stirring, a solution of 7.1 g (34.5 
mmol) of DCC in 20 mL of dry THF over a 3-5 min 
period. The reaction mixture was stirred overnight with 
exclusion of light and then filtered and the precipitated 
dicyclohexylurea was washed with 20 mL of dry THF, 
which was added to the filtrate. The filtrate was reduced 
in volume on a rotary evaporator a t  about 40 "C to about 
40 mL, at which point a rapid crystallization occurred. 
After a few hours a t  4 "C the crystals were collected and 
recrystallized from about 70 mL of ethyl acetate/ 
acetone by dissolving a t  50 "C and allowing to cool and 
stand at  room temperature overnight. About 940 mg of 
material was obtained from the crystals obtained and 
another 1 g was obtained from crystallization of the dried 
filtrate of the first crystallization, for a total yield of 20%. 
The twice-crystallized material was characterized by MS 
as the NHS ester of iodoacetic acid. This was stored at  
4 "C over CaC1,. 

Reaction with murine interferon-gamma was accom- 
plished as follows. Five milligrams of the protein in 7 
mL of pH 7.5 buffer was brought to 1 mM EDTA and 1 
mM DTT and incubated for 1 h at  room temperature. 
The resulting solution was dialyzed with two buffer changes 
over a period of 24 h against 100 mL of 10 mM NaOAc, 
0.25 mM EDTA, pH 5.4. Portions (700 pL) of this solu- 
tion were mixed with 80 pL of 1 M tris-HC1,lO mM EDTA, 
pH 8 and with 70 pL of an aqueous stock solution (1-5 
mM) of iodoacetyl peptide and the reaction mixture was 
incubated for 20 h at 37 "C. 

RESULTS 
Table I lists selectivity ratios, indicating the prefer- 

ence for reaction at  the N-terminal a-amino group to reac- 
tion at  a Lys €-amino group, for the reaction of 2-IT with 
a series of dipeptides with varying N-terminal residues. 
These ratios were calculated by dividing the rate of reac- 
tion of the dipeptide, determined colorimetrically as 
described in the methods, by the similarly determined 
rate for the dipeptide AcGlyLysOCH,. When 2-IT reacts 
with an amino group, a sulfhydryl group is generated. 
Absorbance at  412 nm is developed in the assay by reac- 
tion of these released sulfhydryl groups with DTNB. 
Although the reaction of thiols with DTNB, just as the 
reaction of 2-IT with amino groups, is relatively slow at  
pH 5.7, we included a large concentration of DTNB to 
insure that this reporting reaction was fast compared to 
the reaction of amino groups with 2-IT. The table shows 
that in each case reaction at  the a-amino group is favored 
over that of the €-amino group, but that selectivity var- 
ies from a high of 29 for GlyGly to a low of 2 for ValGly, 
with most values falling in the range 4-14. 

Figure 1 shows the result of reaction of the peptide 
FGAKQA with 2-IT at  pH 5.8. Panel A shows the unre- 
acted peptide. Panel B shows that, with approximately 
26% of the peptide as yet unreacted, the reaction prod- 
uct is a mixture containing one major component and 
several minor ones. The main product, eluting at  about 



Selective Cross-Linking of Polypeptides Bioconjugate Chem., Vol. 1, No. 2, 1990 117 

I 
I I I 

0 10 20 30 40 
Fraction Number 

Figure 1. Reaction of FGAKQA with 2-IT. Panel A shows 
unreacted starting peptide (a). Panel B shows the mixture 
obtained after reaction of 0.4 mg/mL (0.62 mM) peptide with 
10 mM 2-IT in 1 M NaOAc, 5 mM EDTA, pH 5.8, for 10 h at 
room temperature. The peak at 18 min is starting peptide (a). 
In the reaction mixture, none of the peaks eluting after 20 min 
are found in a mock reaction without peptide, and thus are 
assumed to be modified peptide. Products were not character- 
ized. It can be seen that the main peptide product (b) has sig- 
nificant absorbance at 280 nm, the trace for which is offset about 
3 min after the 214-nm trace. The chromatographic system is 
the same as that described in the legend to Figure 2. 

22 min, represents 80% of the total reacted peptide (the 
peak a t  14 min is associated with the reagent). This gives 
a selectivity ratio' [(monosubstituted + disubstituted/ 
disubstituted) = (total reacted a t  a-amino/total reacted 
a t  t-amino)] of 100/20 = 5. This ratio is in good agree- 
ment with the value of 6 determined from the reactions 
of the dipeptides PheGly and AcGlyLysOCH, with 2-IT 
(Table I), suggesting that this colorimetric reaction with 
dipeptides can be considered diagnostic of the general 
reactivity of peptides with 2-IT. 

Figure 2 shows the reaction of FGAKQA with two 
reagents which transfer an acetyl moiety. Panel A shows 
the reaction mixture with acetic anhydride (two addi- 
tions of reagent; see the methods) a t  pH 6.0; with only 
13% of the peptide left unreacted, 98% of what has reacted 
is acetylated on the a-amino group (peak b) and 2% is 
acetylated on both the a-amino group and on the t- 

amino group of lysine (peak c; structure confirmed by 
MS analysis). This gives a selectivity ratio of 100/2 = 
50. Panel B shows the reaction with 4 mM sulfosuccin- 
imidyl acetate in 0.1 M MES a t  room temperature for 1 
h; with 15% of the peptide unreacted, 86% of the prod- 
uct mixture is only a-acetylated, while 14% is also reacted 
on the lysine side chain. This gives a selectivity ratio of 
100/14 = 7, which is comparable to the selectivity of 5- 
6 (see above) observed for reactions of N-terminal Phe 
peptides with 2-IT and is a factor of 7 less specific than 
the reaction of FGAKQA with acetic anhydride. Panel 
C shows the result of reacting iodoacetic anhydride with 
FGAKQA in 1.6 M NaOAc, pH 5.8; 43% of the product 
is N"-acetyl-FGAKQA, presumably derived from reac- 
tion with a mixed anhydride generated by rapid inter- 
change of iodoacetic anhydride with the acetate buffer. 

Figure 3 shows selected time points from a typical reac- 
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Figure 2. Formation of Ne-acetyl-FGAKQA by acid anhy- 
dride reactions. FGAKQA (500 pL, 0.4 mg/mL, 0.64 mM) was 
reacted under the following conditions. Panel A: 0.1 M MES 
buffer, pH 6.0, at 0 "C, three additions of 5 pL each of -350 
mM acetic anhydride in THF. The small peak (a) at about 18 
min is unreacted starting material, and the large peak (b) at 
about 22 min is the a-acetylated product. Panel B: 0.1 M MES 
buffer, pH 6.0, at room temperature, addition of sulfosuccin- 
imidyl acetate to 4 mM and reaction for 1 h. The new peak (c) 
at about 25 min is the a,ediacetylated peptide. Panel C: 1 M 
NaOAc, pH 5.8, at 0 "C, three additions of 5 pL each of -350 
mM iodoacetic anhydride in THF. Coinjection with the reac- 
tion mixture from panel A confirms the identity of the 18- and 
22-min peaks as unreacted (a) and a-acetylated (b) peptides. 
The peak (d) at 27 min is the a-iodoacetylated peptide and the 
peak (e) at 34 min is derived from the anhydride reagent. Sam- 
ples were analyzed as described in the Experimental Proce- 
dures with a l%/min gradient of acetonitrile in 0.1% trifluo- 
roacetic acid with detection at 214 nm, full scale = 0.2 AU. 

tion of iodoacetic anhydride with the hexapeptide 
SGAKQA in MES buffer. The figure shows the gradual 
conversion of the peak associated with starting peptide 
(peak b) to a main later-eluting peak (peak c), which was 
determined by MS analysis to be iodoacetylated on the 
N-terminus. After several reagent additions, a second 
product (peak a) appears; this was shown to be the 
diiodoacetylated product from reaction of the main prod- 
uct a t  the Lys €-amino group. Both peaks exhibit absor- 
bance a t  280 nm, in contrast to the starting peptide, con- 
sistent with the addition of the iodoacetyl moiety (Ama 
for iodoacetic acid is 273 nm with log t = 2.66). The 
peaks eluting a t  10 and 43 min were shown to be associ- 
ated with the reagent. 

A series of 20 peptides of sequence X-GAKQA was syn- 
thesized in which X = each of the 20 standard biosyn- 
thetic amino acids, purified by HPLC and confirmed by 
MS analysis. Reaction of each peptide with iodoacetic 
anhydride was monitored by HPLC. Reactions were fol- 
lowed by both gradient systems described in the meth- 
ods. For some peptides, reactions were quantified after 
two reagent additions in order to determine the selectiv- 
ity ratio under favorable circumstances, i.e., with signif- 
icant amounts (about 20%) of unreacted peptide present. 
In addition, all peptides were reacted with three reagent 
additions, conditions more useful synthetically, in which 
>95% of starting material is converted to products. The 
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Table 11. Selectivitya,’ of Iodoacetic Anhydride for 
a-Amino Groups of the Peptide X-GAKQA 
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Figure 3. Progress of the reaction of iodoacetic anhydride with 
the peptide SGAKQA. Conditions are those described in the 
legend to Figure 2A. Before addition of reagent only one peak 
(b), for the starting peptide, is apparent in the A,,, trace of 
HPLC fractionation of the reaction mixture. After one addi- 
tion of reagent this peak is diminished to about 30% of its orig- 
inal height, and a new, earlier-eluting peak (c), corresponding 
to N-a-iodoacetylated peptide, is observed. After three addi- 
tions only a small amount of starting material is left and the 
bulk of the product is monoacylated, but there is a third peak 
(a) eluting after starting material which is the a,€-diacylated 
peptide. After four additions there is no starting peptide remain- 
ing. The Azso trace of the reaction mix after four additions 
shows that both product peaks absorb at  280 nm as expected 
(in this chromatogram, the A ,  trace leads the AZl4 trace by 
about 3 min). The peaks a t  a tout  10 min and about 43 min 
are related to the iodoacetic anhydride reagent. 

results of these measurements are listed in Table 11. Per- 
cent yields of mono- and diacylated products were cal- 
culated as percentages of total product peptide absor- 
bance; where percentages do not sum to 100, it indicates 
the corresponding amount of uncharacterized other peaks 
in the chromatogram. The table shows that, when reac- 
tions are not driven to complete loss of starting mate- 
rial, one obtains a range of selectivity ratios from 9 to 
5 5 ,  with most values a t  18 or above. 

For each of the 20 peptides, a reaction with iodoacetic 
anhydride was also conducted at  pH 9 in sodium borate 
buffer. As expected, this gave a much greater amount 
of peptide product acylated on both the a- and the 6 -  

amino groups and was useful in verifying the elution posi- 
tions of the diacylated product in the pH 6.0 reaction 
mixtures. In some cases (indicated in Table 11) reaction 
products were confirmed by tandem mass spectrometry 
(MS-MS) analysis. In this way it was possible to not 
only verify the molecular weights of the mono- and 
diiodoacetylated products of the Ala peptide but also to 
assign the acylation positions within the peptide prod- 
uct. Using MS-MS, the reaction products for the His 
and Met peptides, which theoretically could be alky- 
lated on their side chains by iodoacetate, were con- 
firmed to be unreacted on the side chains. In addition, 
the acylation position of the Pro peptide, whose a- 
amino group is a secondary amine and therefore of higher 
pK,, was also confirmed by MS analysis to be the N-ter- 
minal a-amino group. 

Ala 87‘ lob 10 
Arg 86 5 18 
Asn 82 6 15 
ASP 81 3 28 
CysSSCH,CH,OH 87 3 30 
Glu 79 7 12 
Gln 81 5 17 18 
GlY 83 5 18 
His 70b 23b 4 16 
Ile 76 10 9 
Leu 81 6 15 
LYS 886 126 8 
Met 97b 3b 33 40 
Phe 77 3 27 33 
Pro 74’ 36 26 37 
Ser 77 13 7 55 
Thr 86 6 15 50 
TrP 80 8 11 23 
TYr 66 21 4 9 
Val 78 11 8 18 

a Selectivity ratio is the sum of the mono- and diiodoacetylated 
peptide divided by the diiodoacetylated, which corresponds to the 
total a-iodoacetyl groups divided by the eiodoacetyl groups. Struc- 
ture verified by mass spectrometry. 

Figure 4 shows the reactions of the peptide FGAKQA 
with reagents which transfer the iodoacetyl moiety, and 
thus is analogous to Figure 2C. Panel A shows the prod- 
uct (peak b), after two reagent additions, with iodoace- 
tic anhydride. In this HPLC system the disubstituted 
product appears as a trailing shoulder on a peak (peak 
c) late in the chromatogram associated with reagent (as 
confirmed by panel B). The relative amounts of mono- 
and disubstituted products can be seen in the A,,, trace. 
Adjusting the peak height of the disubstituted product 
to account for its content of two chromophores (using 
the factor 0.65 derived from analysis of the chromato- 
gram in panel C), the product distribution when 11% of 
the starting material remains unreacted is 97% mono- 
substituted and 3% disubstituted, for a selectivity ratio 
of 33 (this number was confirmed by a similar analysis 
of another reaction mixture analyzed in HPLC system 
11, in which both reaction products can be quantified in 
the A,,, trace). Panel C shows the reaction mixture with 
the NHS ester of iodoacetic acid, and the coinjection exper- 
iment shown in panel D confirms that the main prod- 
ucts of this reaction are identical with the mono- (26 min) 
and disubstituted (33 min; see A,,, trace) products with 
iodoacetic anhydride. The reaction mixture is qualita- 
tively different, however, in the appearance of a new prod- 
uct (not characterized but not associated with reagent) 
a t  23 min, as well as a much greater amount of disubsti- 
tuted product (33 min). Even with the exclusion of the 
unidentified product, the selectivity ratio favoring a- 
substitution in this reaction is only 2, under conditions 
in which the extent of reaction, as judged by the 11% 
remaining unreacted peptide, is identical with the reac- 
tion in panel A. Thus for the iodoacetyl group, one sees 
an improvement in selectivity of a factor of 33/2 = 16.5 
comparing the acid anhydride to the NHS ester, an 
enhancement even better than that seen in the acetyl 
series (Figure 2).  

Figure 5 shows the product of the reaction of a series 
of N“-iodoacetyl-peptides with murine interferon- 
gamma, which contains a Cys residue at  its C-terminus. 
The reaction is incomplete, even after a second cycle of 
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Figure 4. Iodoacetylation of FGAKQA. Panel A shows the 
reaction mixture of the peptide with iodoacetic anhydride under 
the reaction and chromatographic conditions described in the 
legend to Figure 2A, except that reaction was terminated after 
two reagent additions. Peak a is unreacted starting material 
and peak b is the N-terminally acylated product. The A,,, peak 
at about 34 min in panel A is predominantly derived from iodoace- 
tic anhydride, as seen in panel B, a mock reaction mixture with- 
out peptide. However this peak contains a small trailing shoul- 
der (c) which is the a,c-diiodoacetyl-FGAKQA. Quantitation 
of this species is possible since it, but not the iodoacetic acid 
related material, also absorbs at 280 nm. Panel C shows the 
reaction mixture of 4 mM of the NHS ester of iodoacetic acid 
with FGAKQA at 25 "C after 1 h. The peak (a) at about 17 
min is unreacted peptide, the peaks at 26 and 33 min are the 
cy-mono- (b) and cy ,e-diodoacetylated (c) peptides, respectively, 
and the peak (d) at 23 min is unidentified but not seen in a 
mock reaction without peptide and so is presumed to be another 
peptide side product. As compared to iodoacetic anhydride, 
this reagent does not produce the decomposition product migrat- 
ing at around 34 min. Panel D shows a coinjection of the reac- 
tion mixtures used to generate panels A and C. Note that all 
three products exhibit A280. The A214 trace leads the A,, trace 
by 2-3 min. 

reaction with fresh peptide; since precautions were taken 
to assure that the interferon Cys was fully reduced and 
available for reaction (see the Methods) incomplete reac- 
tion suggests that some of the molecules do not contain 
a C-terminal Cys. In fact, some preparations of this pro- 
tein lack C-terminal residues due to a difficult to control 
limited proteolysis. The gel shows that the only prod- 
uct of each reaction is a discrete higher MW protein, whose 
migration retardation correlates with the MW of the react- 
ing peptide. In a control experiment, human interferon- 
gamma, which contains no Cys, was shown to not react 
with N"-iodoacetyl-peptide (data not shown). 

DISCUSSION 
In attempts to devise a general, highly selective cross- 

linking scheme for peptides, we initially investigated the 
use of 2-IT at  a pH of 6 or below. However, as Table I 
and Figure 1 show, the selectivity of this reagent varies 
significantly depending on the N-terminal amino acid and 
for most amino acids is substantially lower than the fac- 
tor of 100 found by Stark for the cyanate reaction (4) .  
Since we had previously observed (11) a high selectivity 
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Figure 5. 12.5% SDS polyacrylamide gel on mixtures of reac- 
tion of a series of Nu-iodoacetyl-peptides with murine interfer- 
on-gamma (see the Methods). Aliquots of reaction mixtures 
were mixed with SDS-gel loading buffer containing 10 mM iodoac- 
etamide, heat-denatured, and loaded onto the gel. The fin- 
ished gel was stained with Coomassie Brilliant Blue. Lane 1 is 
unreacted interferon, and lane 2 shows the reaction product 
with iodoacetic acid. The other lanes show reaction with these 
iodoacetyl-peptides, all prep collected from HPLC before reac- 
tion: GRTQRLQTLTNLF (lane 3), SRVSQRGRLTLNLES- 
GRWR (lane 4), norleucine-FPTIPLSR (lane 5), EVVEEAEN 
(lane 6), SDAAVDTSSEITTK (lane 7), SDAAVDTSSEITT- 
KDLKEKKEVVEEAEN (lane 8). The last peptide is N"- 
desacetylthymosin a,, and the previous two are its main trypsin 
digestion products. 

in the acetylation of the a-amino group of desacetylthy- 
mosin al, a 28 amino acid peptide containing four Lys 
residues, it seemed that acid anhydrides might in gen- 
eral achieve selectivities more like that of cyanate. If 
true, reaction of a peptide with the anhydride of an a- 
haloacetic acid would generate an N-terminally deriva- 
tized intermediate which could subsequently be reacted 
with sulfhydryl groups of other molecules or matrices. 
To demonstrate that this strategy would be useful, we 
set about to address the following questions: (a) What 
are the selectivities for the reaction of iodoacetic anhy- 
dride for peptide a-amino groups and how do they com- 
pare to values for other bifunctional reagents, including 
other means of introducing the a-iodoacetyl moiety? (b) 
Is protection/ deprotection of Cys residues feasible and 
are there any other potential side reactions of the a-io- 
doacetyl moiety with amino acid side chains? (c)  Is the 
a-iodoacetamido moiety on a peptide sufficiently reac- 
tive to modify a sulfhydryl group on a macromolecule or 
solid support? 

Selectivities? Table I1 shows that selectivities for reac- 
tion of iodoacetic anhydride with a series of hexapep- 
tides containing a competing Lys range from 9 to 55, sub- 
stantially better than the 2-IT reaction (Table I and Fig- 
ure 1) in degree of preference for the a-amino group and 
in uniformity with respect to N-terminal amino acids. 
Analysis of the data in Figures 2 and 4 (see the Results) 
suggests that a-amino group selectivities of acid anhy- 
drides can be 10-20-fold higher than those of NHS-acti- 
vated esters of the same acyl groups. Thus, 2-IT and 
NHS esters seem to behave relatively unselectively, while 
acid anhydrides are more highly selective for a-amino 
groups and discriminate less on the basis of N-terminal 
amino acid identity, qualities similar to those of cyanate 
(4) .  

For the acid anhydride reaction, the bulkiness of the 
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side chain of the N-terminal amino acid does not seem 
to greatly influence selectivity. Although the lowest 
observed selectivity of iodoacetic anhydride is for N-ter- 
minal Tyr, the values for the equally bulky Phe and Trp 
are much better. In fact, the low selectivity of Tyr prob- 
ably derives not from its bulk but from its chemical nature. 
Under conditions designed to convert essentially all of 
the starting material (three reagent additions at  pH 61, 
the Tyr and His peptides yield the lowest selectivity for 
the a-amino group (Table 11). In contrast, His in a dipep- 
tide exhibits high selectivity for the a-amino group when 
reacted with 2-IT (Table I). Examination of the course 
of the reactions of iodoacetic anhydride with HGAKQA 
and YGAKQA reveals that the reduced ratio of a-amino 
reactivity to t-amino reactivity is not due to a decreased 
rate of reaction of the a-amino group but rather to  a n  
increased rate of reaction of t he  t-amino group of Lys. 
This suggests that the His and Tyr residues of these pep- 
tides can catalyze the iodoacetylation of the Lys resi- 
dues. This makes sense chemically, since both residues 
would be expected to undergo acylation on their side chains 
to yield unstable intermediate capable of transferring the 
acyl moiety to another group. In fact, a similar intramo- 
lecular interaction between the Tyr and His residues of 
angiotensin I1 has been postulated on the basis of the 
acetylation and deacetylation kinetics of these groups 
(14). This interpretation suggests that Tyr and His res- 
idues at  other positions within a peptide may have sim- 
ilar effects. These catalytic transfers must be occurring 
intramolecularly, since the presence of HGAKQA in a 
mixed peptide reaction mixture does not alter the ale 
product ratio of FGAKQA with iodoacetic anhydride (data 
not shown). The relatively poor selectivity found by Des- 
buguois (10) for the acetylation of glucagon (see above) 
may thus in part be due to the presence of the His resi- 
due at the N-terminus of this peptide. 

The above discussion suggests that selectivities may 
vary with amino acid composition of peptides. How- 
ever, our studies suggest that  with any particular pep- 
tide results will be better with acid anhydrides than with 
many other reagents. Further, reactions with a series of 
peptides containing up to four Lys or five Arg, for alky- 
lation of murine interferon-gamma (Figure 5), gave the 
high selectivities expected from the number and pK, val- 
ues of their basic groups (data not shown), suggesting 
that one can reasonably expect most peptides to behave 
qualitatively as those described here. 

Reactions of Amino Acid Side Chains. Three of 
the 20 amino acids normally used in ribosomal peptide 
synthesis, Cys, Met, and His, might be readily alkylated 
by the a-iodocarboxyl group, while the amino groups of 
Lys and the N-terminus are also reactive but require more 
stringent conditions (3) .  By incubation of our test pep- 
tides XGAKQA containing N-terminal His, Met, and Gly 
with iodoacetate under planned reaction conditions, we 
observed no detectable alkylation (data not shown). Fur- 
thermore, the reaction products of these peptides with 
iodoacetic anhydride were characterized by MS analysis 
and found to be iodoacetylated on the a-amino groups 
but not alkylated by a N*-iodoacetamido moiety or by 
iodoacetate (Table 11). 

Since Cys residues of the peptide would almost cer- 
tainly be alkylated under our reaction conditions, one 
must incorporate a Cys protection step into the proce- 
dure for peptides containing free Cys residues. Prior reac- 
tion of a Cys-containing peptide with a disulfide such as 
oxidized 2-mercaptoethanol or DTNB converts the Cys 
into a mixed disulfide incapable of being alkylated by 
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iodoacetate under reaction conditions (Table II), and the 
free sulfhydryl of the Cys can be regenerated by mild 
reduction after the iodoacetylation and subsequent cross- 
linking are completed (R.H. and R.W., unpublished). 

Reaction with Sulfhydryl Groups. Although we have 
not characterized the reaction of Na-iodoacetyl-peptides 
with thiol compounds in detail, we have conducted reac- 
tions with a number of different mercaptans. For exam- 
ple, reaction of 0.16 mM Ne-iodoacetyl-FGAKQA with 
0.8 mM thiocholine in 0.1 M Tris HC1, 2 mM EDTA, pH 
8.5 at  37 "C, goes to completion within 1 h. Complete 
reactions have also been achieved with cysteine, glu- 
tathione, and 0-mercaptoethanol (data not shown). Finally, 
Figure 5 shows that a series of iodoacetyl-peptides vary- 
ing considerably in size and amino acid composition can 
be efficiently attached to a sulfhydryl group of a macro- 
molecule, in this case the Cys of murine interferon- 
gamma (13). 

Practical Considerations. Acetylation of proteins has 
traditionally been done in NaOAc buffer a t  high concen- 
tration, because this buffer catalyzes the hydrolysis of 
the 0-acetyltyrosine also formed from reaction with ace- 
tic anhydride (15) .  However, we found that these con- 
ditions gave poor results, for two reasons. First, use of 1 
M NaOAc led to a mixture of iodoacetylated and acety- 
lated peptides, presumably due to rapid generation of 
mixed acid anhydrides by reaction of acetate buffer with 
iodoacetic anhydride. Thus, when we reacted peptides 
with iodoacetic anhydride in 1.0 M. NaOAc, pH 6.0, about 
half of the product formed was the peptide N-terminally 
modified with the acetyl, rather than a-iodoacetyl, group 
(Figure 1). Second, we found that high concentrations 
of acetate a t  pH 6 are so weakly buffering that the acid 
generated from hydrolysis of the anhydride reagent quickly 
lowers the pH to a point where no further reaction of 
amino groups with acid anhydride takes place; thus the 
standard acetate buffer is a poor choice even for reac- 
tions with acetic anhydride, since much more anhydride 
must be added to get a reasonable extent of reaction. 

For these reasons we chose as a buffer MES, a sulfo- 
nic acid derivative which buffers well a t  pH 6.0 but is 
presumably too weakly nucleophilic to form significant 
amounts of mixed anhydride. Comparison of Figures 2C 
and 4A shows that MES buffer a t  pH 6 not only avoids 
the formation of acetylated side products in reactions 
with iodoacetic anhydride, but it also promotes the con- 
version of starting material much better than NaOAc a t  
pH 6. Although we have not observed 0-acetylation to 
be a problem in MES buffer, it would be simple to reverse 
this side reaction, were it to occur, by a subsequent incu- 
bation in concentrated acetate or another reagent (15). 

In some cases it may be advantageous to carry out the 
iodoacetylation reaction in the presence of a protein dena- 
turant. Reaction of FGAKQA with iodoacetic anhy- 
dride in 0.1 M MES, pH 6, in the presence of 5 M guani- 
dine hydrochloride or 7 M urea, under conditions in which 
about 10% of the starting peptide is unreacted, gives a 
selectivity ratio of about 20 (data not shown). For the 
urea reaction, this extent of reaction was achieved with 
two reagent additions, each 1% of the reaction volume 
of -350 mM anhydride (Le., the usual conditions). For 
the guanidine hydrochloride reaction, two additions of 
0.5% were required; two additions of 1 % reagent gave a 
reaction mixture entirely depleted in starting material 
and enhanced in diacylated peptide (thus giving lower 
selectivity). Presumably guanidine hydrochloride either 
slightly enhances the acetylation kinetics or inhibits the 
kinetics of hydrolytic breakdown of the reagent. 



Selective Cross-Linking of Polypeptides 

In general, reaction conditions, once optimized, can be 
used with different polypeptides and with some varia- 
tion in other conditions. For best results, however, it is 
suggested that reagent excess, etc., be optimized on a test 
peptide for a given set of conditions. Use of anhydride 
from different sources or use of different buffers, pH con- 
ditions, or other solvent additives (like guanidine hydro- 
chloride) may effect the extent to which a given amount 
of reagent acylates the polypeptide. Although the reac- 
tion conditions are surprisingly tolerant of changes in poly- 
peptide concentration, we have observed increased con- 
version of starting material, and a corresponding decrease 
in the a / €  ratio of products (from 27 to 14), when poly- 
peptide concentration is decreased from 600 to 60 FM in 
the modification of FGAKQA with one 1% (vol) addi- 
tion of reagent in 100 mM N-ethylmorpholine hydrochlo- 
ride, pH 6.9. 

The chemistry described in this paper should give yields 
of final product comparable to yields obtainable by de 
novo solid-phase synthesis of an appropriately deriva- 
tized peptide. I t  was designed primarily with the idea 
that resulting reaction mixtures could be used with no 
purification except elimination of excess iodoacetate, but 
it is also possible to purify the peptide products in the 
same way that peptides synthesized by organic chemis- 
try methods are purified. Iodoacetylated peptides can 
be purified by HPLC and stored for a t  least 1 year in 
aqueous solution at  -20 “C without losing their capacity 
to alkylate sulfhydryl groups (data not shown). The 
reagent iodoacetic anhydride is commercially available, 
and stock solutions are stable when stored over drying 
agent a t  -20 “C. 

Potential Applications. One motivation for devel- 
oping this chemistry is the increasing number of impor- 
tant polypeptides being made available in large amounts 
by recombinant DNA techniques. In addition, the method 
should be applicable to chemical or protease-generated 
fragmentation products of polypeptides; an especially 
attractive set of peptides are those derived from diges- 
tion with proteases with trypsin-like specificities, since 
the fragments will have no more than one Lys per frag- 
ment. There are many potential applications of this chem- 
istry and the iodoacetylated peptides it can produce; among 
them are the following. 

I. Cross-Linking of a Polypeptide to a Carrier Mol- 
ecule, Such as a Protein, for  Use as a n  Immunogen to  
Raise Antibodies to  the  Polypeptide. It is significant 
that  for this and other applications to succeed the struc- 
ture of the polypeptide need not be known, except that 
it must have a free N-terminus. For example one can 
imagine using this chemistry to make antibodies to a newly 
isolated peptide factor even before its structure has been 
assigned. It is also significant that  the chemistry can be 
done effectively on mixtures of peptides. Thus, for exam- 
ple, it should be possible to test various fragmentation 
methods for their ability to generate highly immuno- 
genic fragments of a protein, as might be useful in a search 
for a maximally effective polypeptide vaccine. 

2. Cross-Linking of a Polypeptide to  a Solid Support  
for Use as a n  Affinity Column. Although the acetyl group 
does not contribute much to the peptide as a spacer, it 
is equally possible to add the spacer to the matrix as 
part of the cross-linking chemistry. For example, we have 
reacted Lys-sepharose with 2-IT to  generate a thiol 
sepharose with a spacer composed of both the tetrame- 
thylene arm of Lys and the trimethylene arm of cleaved 
2-IT (R.W., unpublished). Here too there may be spe- 
cial advantages to being able to immobilize peptides of 
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unknown structure or mixtures of peptides. For exam- 
ple, one could immobilize the peptides derived from one 
or more proteolytic digests of a protein in order to make 
an immunoaffinity column specific for “linear epitope” 
antibodies to the protein. 

3. Modify Proteins or Other Molecules in Structure/ 
Function Studies. As shown above, iodoacetylated pep- 
tides can be reacted with Cys residues of proteins. When 
the Cys is not an N- or C-terminal residue, this would 
lead to novel branched polypeptides. Polypeptides mod- 
ified with a-haloacetyl moieties may also prove to be use- 
ful as affinity labeling reagents, in analogy with this use 
of other a-halocarbonyl derivatives (16). Such reagents 
have potential as diagnostic tools for structure/function 
relationships and also as drugs. 

4 .  Tagging of Polypeptides wi th  Reporter Groups fo r  
Biophysical and Other Studies. It should be possible to 
label polypeptides with biotin, fluorescent probes, radio- 
active groups, etc., by using this chemistry. For exam- 
ple, radiolabeled polypeptides with reproducible proper- 
ties could be prepared by synthesis of a stock of iodoacety- 
lated polypeptide, which could be conveniently and safely 
synthesized and purified. When needed, small amounts 
could be reacted with radiolabeled groups such as 
[35S]sodium sulfide or cysteine, the latter of which can 
be obtained a t  600 Ci/mmol. Although selectivity of 
iodoacetic anhydride will probably be considerably lower 
in reactions with globular proteins, because of the like- 
lihood of a large number of Lys residues, this method 
may compare favorably with other methods currently used 
to tag proteins. 

5. Cross-Linking of One Polypeptide to Another. Cross- 
linking of one protein to another, for example, to tag an 
antibody with an enzyme as a reagent for ELISA, nor- 
mally involves highly nonspecific chemistry and can result 
in poorly characterized, cross-linked peptide reagents with 
properties sometimes difficult to reproduce. Iodoacety- 
lation may provide a more selective chemistry for pre- 
paring such reagents. N-Terminally iodoacetylated pep- 
tides can also be cross-linked to each other, for example, 
by reaction with a limiting amount of dithiol. One attrac- 
tive possible application of this chemistry is the “ran- 
dom reassociation” of peptide fragments of a protein, which 
may be capable of generating, in a small percentage of 
the reaction mixture, molecules which contain a molec- 
ular surface which approximates the bioactive surface of 
the parent protein. Isolation and identification of such 
a peptide might rapidly provide leading evidence, for exam- 
ple, to the identity of the receptor binding site of a pro- 
tein hormone. There are several reported examples of 
the reconstruction of antibody-binding sites of a protein 
by linking two discontinuous elements of the polypep- 
tide chain in a single, relatively small peptide molecule 
(17, 18). Also supporting this idea is the work of Oas 
and Kim (19), who have recently shown that covalent 
association of two fragments of BPTI promotes nonco- 
valent interactions to generate a cooperative folding unit 
structurally related to BPTI itself. 

6. S impl i fy  Amino Acid Sequence Analysis o f  Pep-  
tides from M S  Fragmentation Patterns. N-Terminally 
iodoacetylated peptids can be used to prepare products 
containing a quaternary ammonium, charged group on 
the N-terminus; in the MS, such localizations of full pos- 
itive charge generate spectra enriched in signals from frag- 
ments containing the positive charge (20). With a charge 
on the N-terminus derived from reaction of iodoacety- 
lated peptides with thiocholine and other reagents, 
sequences can be read directly from the MS fragmenta- 
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tion pattern (R.H., J.S., and R.W., manuscript in prep- 
aration). In the tandem MS, fragmentation can be directed 
a t  any ion from a mixture of molecular species, so it may 
be possible to derivatize even small amounts of peptide 
and analyze the crude reaction mixture to  obtain a 
sequence by this method. 
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Cleavage of DNA by Electrochemically Activated Mn'" and Fe'" 
Complexes of meso-Tetrakis(N-methyl-4-pyridiniumy1)porphine 
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Electrochemical methods were used to activate Mn"' and Fe"' complexes of meso-tetrakis(N-methyl- 
4-pyridiniumy1)porphine (H,TMPyP) to cause cleavage of pBR322 DNA and to study their interac- 
tion with sonicated calf thymus DNA. Electrochemical reduction of Mn"'TMPyP and Fel"TMPyP 
(at low concentrations) in the presence of 0, was required to activate these complexes. However, 
Fe"'TMPyP at  1 X lo4 M produced DNA strand breakage without being electrochemically reduced. 
A t  low concentrations, Fe"TMPyP was more efficient a t  cleaving DNA than Mn"TMPyP. Reduc- 
tion of 0, at  a platinum electrode also produced some cleavage but to a much smaller extent. The 
oxidized form of Mn"'TMPyP (charge 5 + )  has higher affinity for sonicated calf thymus (CT) DNA 
than the reduced form (charge 4+), as determined by the negative shift in E"' for the voltammetric 
wave in the presence of DNA. Both forms of Fe"'TMPyP (charge 4+) interact with DNA to about 
the same extent. Differential pulse voltammetry was used to determine binding constants ( K )  and 
binding-site sizes (s) of the interaction of these metalloporphyrins with sonicated CT DNA. The data 
were analyzed assuming both mobile and static equilibria. Mn"'TMPyP binds to DNA ( 5  mM Tris, 
50 mM NaC1, pH 7) with K = 5 (h2) X lo6 M-l, s = 3 bp (mobile) or K = 3.6 (h0.3) X lo6 M-l, s = 4 
bp (static). Fe"'TMPyP a t  that ionic strength caused DNA precipitation. At higher ionic strength 
(0.1 M Tris, 0.1 M NaC1, pH 7), Fe"'TMPyP associates to DNA with K = 4.4 (h0.2) X lo4 M-l, s = 5 
bp (mobile) or K = 1.9 (h0.l) X lo4 M-l, s = 6 bp (static). 

INTRODUCTION 
In the present work, we report cleavage of pBR322 

DNA by electrochemical activation of manganese(II1) and 
iron(II1) complexes of meso-tetrakis(N-methyl-4-pyridi- 
niumy1)porphine in presence of molecular oxygen. We 
also describe differential pulse voltammetric studies of 
the interaction of these metalloporphyrins with soni- 
cated calf thymus DNA. 

Several species, including metal ions and metal com- 
plexes, have been attached to DNA-interactive grou s 

EDTA covalently bound to methidium as an intercala- 
tor ( 1 ,  2 ) ,  to oligonucleotides (3-6), and to oligopeptides/ 
proteins (7-9) in the presence of 0, and a reducing agent 
efficiently cleaves DNA. In a similar fashion some Fe"'- 
porphyrins associated with intercalators (10-13) and oli- 
gonucleotides (14, 15) produce DNA cleavage. A num- 
ber of metal ions such as Fe", CUI, CoI", and Mn" are 
cofactors of bleomycin and induce DNA degradation in 
vitro (16-24). The DNA cleaving ability of Cu(phen) + 
and other pol pyridyl complexes of Co"', Ru', Rh", 

35). Some of these metal complexes are activated by pho- 
toirradiation rather than by added chemical agents. 
Nuclease activity has been observed for Cu" attached to 
peptides (36, 37), adriamycin (38),  and camptothecin 
(39) and for various metal ions like Fe'", Mn"', Co"', 
and Cu" complexed to porphyrins (40-44). Similarly acri- 
dine orange, a DNA intercalator, linked to (diaminoeth- 
ane)dichloroplatinum(II) can be photoactivated to nick 
DNA (45).  

Thus the interactions of porphyrins and metallopor- 
phyrins with DNA, especially those of cationic porphy- 
rins, such as meso-tetrakis(N-methyl-4-pyridiniumy1)- 
porphine (H,TMPyP) and its metal complexes (46-58), 
are of interest. Especially important is the observed ten- 

to produce DNA chain scission. For example Fe I: - 

Pt", Fe"', Cr' Y I, and Mn" have also been reported (25- 
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Figure 1. Structure of M"'TMPyP, M = Fe, Mn. 

dency of some porphyrins to accumulate in malignant 
tumors and to cause tumor destruction after light irra- 
diation (59-73). The water-soluble, tetracationic porphy- 
rin H,TMPyP is known to bind to DNA by intercalation 
with GC specificity (46-50) and to damage DNA upon 
photoillumination (44).  

Studies have shown that metal complexes of TMPyP 
(Figure 1) also bind to DNA with binding modes depen- 
dent on the coordination number of the metal atom. The 
Mn'", FeIII, and Co'" complexes of TMPyP bind elec- 
trostatically in the minor groove at  AT base pairs (47, 
48, 54, 55). These metalloderivatives of TMPyP cleave 
DNA in the presence of 0, and reducing and oxidizing 
agents, such as ascorbate, superoxide, and iodosoben- 
zene (40).  However, Fie1 et al. (41) reported that Fe"'- 
TMPyP can nick DNA without any added activating agent. 
Praseuth et al. (44) reported that photoactivation of Co"'- 
TMPyP (but not Mn"'TMPyP) in the presence of 0 
can induce DNA cleavage. They showed that Fe"? 
TMPyP can degrade DNA in a few minutes without light 
irradiation, but that the extent of degradation increased 
with exposure to light. 

0 1990 American Chemical Society 
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The mechanism of the chemically activated cleavage 
process includes the generation of a reduced form of oxy- 
gen produced in a redox reaction between the metal ion 
and oxygen. Several iron and manganese porphyrins in 
the presence of oxygen donor molecules such as iodoben- 
zene, hypochloride, or alkyl hydroperoxides can catalyze 
oxidation of hydrocarbons through a high valent metal- 
oxo intermediate (74-78). The chemical activation of 
Mn"'TMPyP and Fe"'TMPyP has been suggested to occur 
through a similar mechanism. These activated metallo- 
porphyrins are able to cause oxidative cleavage of the 
deoxyribose moiety and of DNA strands at the site of 
binding (40).  Activated Fe'I'TMPyP has been found to 
cause base modification of the dinucleotide dTdA (79).  

It is thus well-established that these and other porphy- 
rins and metalloporphyrins are very useful tools for prob- 
ing nucleic acid structure, studying drug-DNA interac- 
tions, and detecting and destroying tumor and neoplas- 
tic tissue. Mn"'TMPyP has been used in quantitative 
footprinting studies of neptrosin bound to a 139 base pair 
restriction fragment (80, 81) and as a selective magnetic 
resonance contrast agent for human tumors in mice (82). 

In previous reports (83, 84) we showed that electro- 
chemical methods can be used to study the interaction 
of small electroactive molecules with DNA. In those stud- 
ies we used voltammetric data to determine the binding 
constant and binding-site size of tris-1,lO-phenanthro- 
line (phen) and tris-2,2'-bipyridine (bpy) complexes of 
Co"' and Fe" with calf thymus (CT) DNA. In this report 
we show that electrochemical methods can be used to 
activate Mn"'TMPyP and Fe"'TMPyP in the presence 
of 0, to cause DNA breakage. Differential pulse voltam- 
metric data were used to obtain quantitative informa- 
tion about the interaction of these metalloporphyrins with 
sonicated CT DNA. We have chosen these metallopor- 
phyrins for our initial studies, because they are water- 
soluble and easy to synthesize and their electrochemical 
behavior is well-understood (85-92). While this work was 
under way, degradation of oligodeoxynucleotides by elec- 
trochemically reduced Fe"'-bleomycin was reported in 
a brief communication by Van Atta and co-workers (93). 

EXPERIMENTAL PROCEDURES 
Materials. The manganese(II1) and iron(II1) com- 

plexes of H,TMPyP were synthesized according to the 
procedure of Pasternack et al. (47) and their concentra- 
tions were determined spectro hotometrically with t424 

0.92 X lo5 M-' cm-' for Mn"'TMPyP (94). Stock solu- 
tions were prepared with 5 mM Tris-HCl,50 mM NaC1, 
pH 7 (buffer l), or 0.1 M Tris-HC1, 0.1 M NaC1, pH 7 
(buffer 2), and were stored in a refrigerator (4 "C) in the 
dark for no more than 3 days. 

Calf thymus DNA was purchased from Sigma Chemi- 
cal Co. (St. Louis, MO) and used without further purifi- 
cation (95). DNA stock solutions were prepared by dis- 
solution overnight in the buffer. Calf thymus DNA was 
sonicated for 1 h at  0-5 "C with the sonicator on for 1 
min and off for the same amount of time. The average 
size of fragments (600 bp) was obtained by gel electro- 
phoresis using the Hue I11 digest of 4x1 74 RF DNA as 
the standard. DNA concentration per nucleotide phos- 
phate was determined by UV absorbance a t  260 nm with 

= 6600 M-l cm-' (96). Stock solutions were stored 
a t  4 "C and discarded after no more than 3 days. 

pBR322 DNA was isolated from the Escherichia coli 
strain HBlOl and purified according to the procedure of 
Maniatis (97). pBR322 was dissolved in 10 mM Tris- 
HCl, 1 mM EDTA buffer, pH 7.4, and stored at  -20 "C. 

= 1.02 X lo5 M-' cm-' for Fe' P 'TMPyP (55) and t463 = 

Rodriguez et al. 

All other chemicals were of reagent grade and used as 
received. Solutions were prepared with water that was 
purified by passage through a Millipore Milli-Q system. 

Tnstrumentation. Voltammetric [cyclic voltammet- 
ric (CV) and differential pulse voltammetric (DPV)] stud- 
ies and controlled-potential bulk electrolysis (BE) exper- 
iments were done with a Bioanalytical Systems (BAS) 
(West Lafayette, IN) Model BAS-100 electrochemical ana- 
lyzer. DPV experiments were performed under the fol- 
lowing conditions: pulse amplitude (PA), -50 mV; pulse 
width, 50 ms; sweep rate ( u ) ,  4 mV/s; sample width, 17 
ms; and pulse period, 1 s. 

Ultraviolet-visible absorption spectra were obtained on 
a Hewlett-Packard 8451 A diode-array spectrophotome- 
ter. The agarose gels were photographed with a Polaroid 
MP-4 camera and quantified by scanning densitometry. 

CV and DPV Experiments. Voltammetric studies 
were carried out in a one-compartment cell, containing 
a Pt disk (area, 0.023 cm2) working electrode, a Pt flag 
counter electrode, and a saturated calomel electrode (SCE) 
reference electrode. The working electrode surface was 
highly polished with 0.3 pm alumina paste (Buehler, Lake 
Bluff, IL) prior to each experiment. 

Solutions were thoroughly deoxygenated, unless oth- 
erwise indicated, by bubbling with argon that had been 
previously saturated with water. During the data acqui- 
sition, an argon atmosphere was maintained over the solu- 
tion in the cell. Before use, all glassware was silanized 
in 5% trimethylchlorosilane (Petrach Systems, Bristol, 
PA) in toluene. All the measurements were performed 
at  25 "C. 

Bulk Electrolysis. To conserve the DNA it was nec- 
essary to do the bulk electrolysis experiments on a very 
small scale. Thus a microcell assembly (BAS Type MCA), 
consisting of an outer working electrode compartment 
and an inner compartment with a porous Vycor plug con- 
taining the reference and counter electrodes was used to 
electrolyze different amounts of the metalloporphyrins 
with pBR322 levels of 2 pg. The reaction mixture was 
contained in the working electrode compartment and the 
other compartment held supporting electrolyte. The work- 
ing solution compartment volume was 100 pL. 

The electrolysis was carried out in the dark for 12 h 
at  -0.4 V for Mn"'TMPyP and at  -0.3 V for Fe"'- 
TMPyP. During the electrolysis 0, was bubbled into 
the supporting electrolyte. The working electrode was a 
Pt foil (area, 1 cm2), the counter electrode was a Pt wire, 
and the reference was a SCE. 

Gel Electrophoresis. A fraction (20 pL) of the reac- 
tion mixture and 5 pL of the loading buffer (bromophen- 
yl blue dye and sucrose) were loaded into the wells of a 
0.8% horizontal agarose gel containing 1 pg/mL ethid- 
ium bromide. The gel was electrophoresed at  5 V/cm 
for 5 h in 89 mM Tris, 89 mM boric acid, 2 mM EDTA 
buffer, pH 8. Samples containing pBR322 and metallo- 
porphyrin that were not electrolyzed were incubated for 
a period of 2 h. The same results were obtained when 
they were incubated for 1 2  h. After electrophoresis, the 
DNA bands were visualized and photographed under ultra- 
violet light. Scanning densitometry of the photographic 
negatives was used to quantitate the amount of super- 
coiled circular (form I), open circular (form 111, and lin- 
ear (form 111) species. 

RESULTS 
CV of Mn'I'TMPyP and FeI'TMPyP. Figure 2 shows 

typical cyclic voltammograms of 0.50 mM Mn"'TMPyP 
and 0.78 mM Fe'I'TMPyP in the absence and in the pres- 
ence of molecular oxygen. In the absence of 0, (Figure 
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cations. The formal potential (E"'), calculated as the aver- 
age of E,, and Epa, was essentially independent of u, and 
for 50 mV/s I u I 500 mV/s, E"' = -202 (fl) mV for 
Mnl"TMPyP and E"' = -44 (f2) mV for Fe"'TMPyP. 

In the presence of 0, (Figure 2, parts B and D) ipa/i 
< 1, characteristic of an electrochemical catalytic mecl? 
anism (EC') in which the parent molecule M"'TMPyP 
is regenerated by reaction of the M" form with 0, as 
shown by the following formal overall reactions (85-89) 
(the actual species undergoing reaction and their charges 
depend upon the pH and the state of protonation, as dis- 
cussed briefly in the discussion section): 

E step M"'TMPyP + e- M"TMPyP 
C' step 

where M = Mn or Fe. 
For Fe"'TMPyP, the reoxidation of the reduced form 

by oxygen-producing H,O, occurs via an oxygen adduct 
in which the oxygen is bound axially to the metal (87, 
88). 

Fe"TMPyP + O2 - Fe"'TMPyP.(O;) 
This adduct is then further reduced by another reduced 
metalloporphyrin or a t  the electrode. 

Fe"'TMPyP.(O;) + 2H' + 

2M"TMPyP + O2 + 2H' - 2M"'TMPyP + 
HzO2 

Fe"TMPyP e 2Fe"'TMPyP + H202 
or 

Fe"'TMPyP.(O;) + 2H' + e- 2 Fe"'TMPyP + Hz02 
Furthermore, H,O, can be converted to H,O. 

2Fe"TMPyP + H202 + 2H' - 2Fe"'TMPyP + H20 

The final product depends on the electrode material 
as well as on the concentration ratio of the metallopor- 
phyrin to oxygen. At  a glassy carbon electrode, oxygen 
is reduced primarily to H,O,, when the oxygen concen- 
tration is equal or higher than that of the metallopor- 
phyrin (88, 90). 

DPV of Mn"'TMPyP and Fe"'TMPyP in the 
Presence of Sonicated CT DNA. To study the inter- 
action of the porphyrins with DNA, voltammetric stud- 
ies of mixtures of the Fe"' and Mn'" species with differ- 
ent amounts of DNA were undertaken (83,84). To con- 
serve the pBR322 DNA, these studies were carried out 
with CT DNA. However under the solution conditions 
needed for the electrochemical studies, the addition of 
unmodified CT DNA caused precipitation of the porphy- 
rins. Thus sonicated CT DNA, consisting of fragments 
with an average of 600 bp, were used, with low (0.1 mM) 
concentrations of the metal porphyrins. T pica1 differ- 

0.1 mM Fe"'TMPyP in the absence of oxygen with and 
without sonicated CT DNA are shown in Figure 3. The 
average value of the peak potential ( E  '") obtained by 
DPV in absence of CT DNA for 0.1 m h  Mn"'TMPyP 
was -173 (f7) mV and for 0.1 mM Fe"'TMPyP was -108 
(f8) mV, where the values in parentheses represent f 2 a  
for five measurements. 

The DPV peak potential (E,) of a reversible reaction 
can be related to the formal potential (E"') by the fol- 
lowing equation (98): 

(1) 
where PA is the pulse amplitude. The E"' for Mn"'- 

entia1 pulse voltammograms of 0.1 mM Mn" Y TMPyP and 

E"' = E,  + PA12 

E / V vs SCE 

+0.2 T3 
E I V vs SCE 

Figure 2. Cyclic voltammograms of (A, B) 0.50 mM Mn"'- 
TMPyP and of (C, D) 0.78 mM FeII'TMPyP, (A, C )  in the 
absence and (B, D) in the presence of air (oxygen): sweep rate, 
100 mV/s; supporting electrolyte, buffer 1. 

Table I. Cyclic Voltammetric Data of Mn"'TMPyP in the 
Absence of Oxygena 

~~~ 

u,  mV 9-l Epo, mVb Epa, mV AE, mV E O ' ,  mV i,,/i,, 
50 -249 (4) -156 (5) 93 -203 0.9 

100 -247 (5) -159 (3) 88 -203 1.0 
200 -250 (4) -153 (3) 97 -202 1.0 
500 -259(3) -146(2) 113 -203 1.0 

(I [Mn"'TMPyP] = 0.50 mM; supporting electrolyte, buffer 1. 
Numbers in parentheses are standard deviations for three mea- 

surements. 

Table 11. Cyclic Voltammetric Data of Fe"'TMPyP in the 
Absence of Oxveena 
u, mV s-' E,,., mVb E,,, mV AE, mV E"', mV ipa/ipc 

50 -91 (4) 3 (2) 94 -44 0.9 
100 -90 (4) 3 (2) 93 -44 1.0 
200 -92 (2) 2 (4) 94 -45 0.9 
500 -97 (4) 5 (5) 102 -46 0.8 

(I [FeII'TMPyP] = 0.78 mM; supporting electrolyte, buffer 1. * Num- 
bers in parentheses are standard deviations for three measure- 
ments. 
2, parts A and C), reduction of M"' to M" (M = Mn or 
Fe) occurs during the forward scan while the reoxidation 
of M" occurs in the reverse scan. The cathodic and anodic 
peak potentials for the reduction and oxidation pro- 
cesses of Mn"'TMPyP were observed at  E = -245 mV 
and E = -161 mV and of FeII'TMPyP a t  ,kpc = -90 mV 
and cc = 1 mV, respectively. 

Voltammetric data obtained for both metalloporphy- 
rins a t  different scan rates in the absence of oxygen are 
given in Tables I and 11. For both compounds the cathodic 
peak potentials (Epc)  were slightly dependent on scan 
rate ( u )  and the separation of the anodic peak potential 
(Epa)  and E,, (AE) was between 88 and 113 mV, suggest- 
ing quasireversible one-electron transfer reactions. The 
ratio of anodic to cathodic peak current (i / i ,  1) indi- 
cated the absence of following reaction Gnetic compli- 
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+ O . l  0.0 -0.1 -0.2 -0.3 -0.4 

E / V vs SCE 

+ O , l  0.0 -0.1 -0.2 -0.3 

E / V vs SCE 

Figure 3. Differential pulse voltammograms of A B , 0.1 mM Mn'ITMPvP (buffer 11 and of (C. D) 0.1 mM Fen i s )  TMPvP (buff- 
er 2), (A, Cj i n  the absence of DNA'and in the presence of son- 
icated CT DNA with (B) 0.8 mM NP, (D) 4.8 mM NP. Solu- 
tions were deoxygenated. 
TMPyP calculated from this equation is -198 mV and 
for Fe"ITMPyP is -133 mV. The E"' obtained from DPV 
for Mn"'TMPyP is essentially the same as that found 
by CV, however that obtained by DPV for Fe"'TMPyP 
was significantly more negative. To explain this behav- 
ior we have to consider the different characteristic times 
( T )  of CV and DPV experiments. The time scale for a 
CV experiment (at u = 100 mV/s) is T = R T / u F  = 257 
ms [ F  is the faraday constant (96,485 C/eq) and R is the 
molar gas constant (8.314 J/mol-l K-')] while for a DPV 
experiment under the conditions here T = 17 ms. There- 
fore, for a system with heterogeneous electron transfer 
kinetic limitations as is the case for Fe"'TMPyP, more 
reversible behavior might be found with CV than with 
DPV. 

of 0.1 mM Mn"'TMPyP in presence of son- 
icated C$ DNA at  0.8 mM nucleotide phosphate (NP) 
was -177 (f8) mV. At the same supporting electrolyte 
concentration, Fe"'TMPyP caused DNA precipitation. 
To decrease its strong interaction with CT DNA, the salt 
concentration was increased and experiments were done 
in 0.1 M Tris-HC1, 0.1 M NaC1, pH 7, where no precip- 
itation was observed. The EpaV of 0.1 mM Fe"'TMPyP 
in presence of 4.8 mM NP was -100 (f4) mV. The effect 
of R,  defined as [NPI]/[M"'TMPyP], on the DPV peak 
potential (E,) of Mn' 'TMPyP and Fe"'TMPyP is shown 
in Figure 4, parts A and B, respectively. The E av, and 
therefore E0IDPV, of Mn"'TMPyP was practicalfy unaf- 
fected by the addition of sonicated CT DNA for 0 < NP 
I 1 mM, but a t  higher DNA concentration (e.g. [NP] = 
2.1 mM), the E av shifted to more negative values by 25 
mV. This impkes that the interaction of the oxidized 
Mn"' form with CT DNA is stronger than that of the 
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Figure 4. Effect of R ([NP]/[M"'TMPyP]) on the DPV peak 
potential (E  ) of (A) 0.1 mM Mn"'TMPyP (buffer 1) and (B) 
0.1 mM Fe'I'TMPyP (buffer 2). 
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Figure 5. Titration curve of (A) 0.1 mM Mn"'TMPyP (buff- 
er 1) and of (B) 0.1 mM Fe"'TMPyP (buffer 2) with sonicated 
CT DNA. Points represent the experimental data and solid 
curves represent the best f i t  obtained assuming mobile equilib- 
ria. Error bars correspond to f2u  for five measurements. 

reduced Mn" form. The EpaV of Fe"TMPyP in the pres- 
ence of 4.8 mM NP shifted to more positive values by 
only 8 mV. This small shift, however, suggests that the 
reduced Fe" form interacts with CT DNA slightly more 
strongly than the oxidized Fe'" form. 

On the other hand, the peak current (i,) measured for 
both compounds was greatly affected by the presence of 
DNA. For 0.1 mM MnII'TMPyP, the i decreased to 8% 
and for 0.1 mM Fe"'MPyP to 22% of t iat  in the absence 
of DNA (Figure 3, parts B and D). The decrease of the 
currents a t  a given R value is a measure of the strength 
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Table 111. Binding Constants ( K )  and Site Sizes (8) of 0.1 mM Mn"'TMPyPa and 0.1 mM Fe"'TMPyPb with Sonicated CT 
DNA Based on Titration Data 

experimental parametersC best fitd 
metalloporphyrin model 106Df, cm2/s 109D,, cm2/s 106Df, cm2/s 109Db, cm2/s 10-5K, M-l s, bp 

MnIIITMPyP mobile 0.9 (0.3) 0.8 (0.4) 0.9 0.4 50 (20) 3 
static 0.9 (0.3) 0.8 (0.4) 0.9 0.4 36 (3) 4 

FeII'TMPyP mobile 0.30' (0.03) 5 (3) . 0.3 2 0.44 (0.02) 5 
static 0.30" (0.03) 5 (3) 0.3 4 0.19 (0.01) 6 

a Supporting electrolyte, buffer 1. Supporting electrolyte, buffer 2. Numbers in parentheses represent *2a for five measurements. 
Numbers in parentheses represent 95 % of interval confidence of value determined by nonlinear-regression calculations. ' This value dif- 

fers from that found by CV and is probably not the actual free diffusion coefficient (see the text). 

A ' 1 2 3 4 5 6 7  a t  several R values. The interpretation of the changes 

II 
111 

I 

B 1 2  

Figure 6. Electrochemically activated cleavage of pBR322 DNA 
with Mn'I'TMPyP. (A) Electrolysis was carried out a t  -0.4 V 
for samples in lanes 5-7. Lane 1, pBR322 alone; lanes 2,3, and 
4, pBR322 and Mn'I'TMPyP a t  concentrations of 1 X 1 X 
lo-', and 1 X lo* M, respectively; and lanes 5,6, and 7, pBR322 
and Mn"'TMP P (electrochemically reduced) at concentra- 

Lane 1, pBR322 alone; and lane 2, pBR322 control (electro- 
lyzed a t  a Pt cathode in oxygen-saturated solution at -0.4 V 
with no metalloporphyin). 

of interaction of these molecules with DNA. The cur- 
rent decreases because the diffusion of the metal com- 
plex, when bound to DNA, is much slower than when it 
is free in solution (83,84). 

The diffusion coefficients of the free metalloporphy- 
rins were obtained in absence of sonicated CT DNA: 
Mn'I'TMPyP, D, = 0.9 (*0.3) X lo4 cm2/s; Fe'"- 
TMPyP, D, = 3.0 (f0.3) X lo-' cm2/s. The D, of Fe"'- 
TMPyP obtained by DPV is small compared to that 
obtained by CV (0, = 2.0 (h0.2) X lo4 cm2/s). This 
suggests that kinetic factors play a role in the observed 
DPV peak height. However, these factors will affect the 
response in the presence of DNA in the same way, assum- 
ing the kinetics are not changed, so that the titration 
curves of DPV response vs the amount of DNA should 
still yield reasonable estimates of binding constants and 
site sizes. The bound diffusion coefficient (Db) was 
obtained at  the highest R possible (considering detec- 
tion limits of the instrument and solubility of CT DNA) 
to make sure that the metalloporphyrins were bound to 
the DNA macromolecule. The bound diffusion coeffi- 
cient calculated a t  R = 21 for Mn'"TMP P was Db = 8 
(f4) x lo-'' cm2/s and at  R = 73 for F$'TMPyP was 
D b  = 5 (h3) x 

The binding constant (K)  and binding-site sizes (s) were 
calculated for both metalloporphyrins on the basis of both 
fast (mobile) and slow (static) equilibria with a titration 
curve in which the DPV peak current (i,) was measured 

tions of 1 X 10- % , 1 X lo-', and 1 X lo* M, respectively. (B) 

cm2/s. 

in voltammetric behavior (E"', i ) due to the interaction 
of an electroactive species witk DNA, as well as the 
approach used to fit the titration data, have been dis- 
cussed in detail in previous publications (83,84). 

The titration curves of MnT"TMPyP and Fe"'- 
TMPyP with sonicated CT DNA are shown in Figure 5, 
parts A and B, respectively. For the titration of MnL"- 
TMPyP, the supporting electrolyte used was 5 mM Tris- 
HC1, 50 mM NaCl, pH 7, while for Fe'I'TMPyP it was 
0.1 M Tris-HC1, 0.1 M NaC1, pH 7. The solid curves 
represent the best fit for the mobile equilibria. Results 
of the nonlinear regression analysis of the titration data 
for both complexes are summarized in Table 111. 

Cleavage of pBR322 DNA. Electrochemical reduc- 
tion of Mn"'TMPyP and Fe'I'TMPyP, in the presence 
of oxygen, induced DNA cleavage. This electrochemical 
reductive activation parallels previous studies of porphy- 
rins with chemical reductants (e.g., ascorbate, dithiothre- 
itol, 2-mercaptoethanol, sodium hydrosulfite) (10-13, 
40-42) but does not involve the addition of these reagents. 
Figure 6A shows the gel electrophorogram of pBR322 with 
different concentrations of Mn'I'TMPyP. In lanes 2-4, 
Mn'I'TMPyP was simply incubated with pBR322 DNA 
while in lanes 5-7 the reaction mixture was submitted to 
electrolysis a t  -0.4 V for 12 h. Production of the nicked 
open circular form I1 occurred only in lanes 5-7, where 
Mn'I'TMPyP was electrochemically reduced. In lane 7, 
for example, there is complete conversion of the super- 
coiled form I to form I1 as well as some linear form 111. 
To determine how much of this cleavage was really due 
to the reduction and therefore activation of Mn"'- 
TMPyP, a control experiment was carried out in which 
an 0,-saturated solution of pBR322 was electrolyzed a t  
-0.4 V. Oxygen reduction a t  the Pt cathode predomi- 
nantly produces H,O (99-102). Some DNA cleavage was 
observed in the control experiment (Figure 6B), how- 
ever to a much smaller extent than when Mn'I'TMPyP 
was present. To ascertain whether a small amount of 
H,O, produced during the cathodic reduction of oxygen 
a t  this potential was responsible for the observed cleav- 
age in the control experiment, a sample containing 2 pg 
of pBR322 was incubated for 12 h with 1.0 mM H,O, 
and a piece of Pt metal. No cleavage was observed. This 
suggests that a small amount of cleavage might be pro- 
moted by some direct interaction of the DNA and oxy- 
gen at  the Pt cathode. We did not consider it necessary 
to introduce a control experiment without oxygen, since 
the dependence of DNA scission on the presence of oxy- 
gen has been widely studied (10,42). 

Quantitative data of Figure 6 is expressed in terms of 
the percentages of forms I, 11, and I11 in Table IV. Table 
IV also shows the number of single-strand breaks per DNA 
molecule (S). This value was calculated with the follow- 
ing equation ( I ) :  

S = -In xI (2) 
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Table IV. Results of pBR322 DNA Cleavage by Electrochemically Activated Mn'I'TMPyP 

lane conditions" electrolysis ?% form I % form I1 % form I11 Sb 
Figure 6A 

1 pBR322 alone no 91 9 0 
2 pBR322,O.Ol pM Mn-P no 90 10 0 
3 pBR322,0.1 pM Mn-P no 91 9 0 
4 pBR322,l pM Mn-P no 91 9 0 
5 pBR322,O.Ol pM Mn-P Yes 50 50 0 0.60 (0.13) 
6 pBR322,0.1 pM Mn-P Yes 18 82 0 1.62 (1.15) 
7 pBR322,l pM Mn-P Yes 0 96 , 4  4.54 (4.07) 

Figure 6B 
1 pBR322 alone no 90 10 0 
2 pBR322 alone Yes 57 43 0 0.46 

" Mn-P = MnII'TMPvP. Values in Darentheses are the number of single strands produced by activated Mn"'TMPyP (S  of control 
experiment was subtracted). 

1 2 3 4 5 6 7 8  

II 
111 

I 

Figure 7. Electrochemically activated cleavage of pBR322 DNA 
with Fe'I'TMPyP. Electrolysis was carried out at -0.3 V for 
samples in lanes 2, 6, 7, and 8. Lane 1, pBR322 alone; lane 2, 
pBR322 control (no Fe'I'TMPyP); lanes 3, 4, and 5, yBR322 
and Fe'I'TMPyP at concentrations of 1 X 1 X 10- , and 1 
X lo4 M, respectively; and 5, 6, and 7, pBR322 and Mn"'- 
TMPyP (electrochemically reduced) at concentrations of 1 X 
lo-*, 1 X lo-', and 1 X lo4 M, respectively. 

where xI is the fraction of form I. If form I11 was present, 
then S was obtained from eq 3 where xII is the fraction 

XI + XI1 = [l - S(2h + 1)/2L]s'2 (3) 

of form 11, h is the maximum space in base pairs between 
two nicks, required to produce form I11 (h = 16 base pairs) 
(103), and L is the total number of base pairs of pBR322 
plasmid DNA (L = 4362 base pairs) (104). The S value 
reported was subtracted from that obtained for pBR322 
DNA alone, in lane 1 of Figure 6, parts A and B. Num- 
bers in parentheses are S values that account only for 
the catalytic effect of reduced Mn'I'TMPyP (S of the 
control experiment was subtracted). 

The gel electrophorogram of pBR322 with Fe'"- 
TMPyP is shown in Figure 7. In this gel, the control 
experiment was included in lane 2 and the electrolysis 
was done at  -0.3 V for samples in lanes 6-8. The per- 
cent of forms 1-111 and the S values obtained from Fig- 
ure 7 are given in Table V. At  concentrations of com- 
plex of 1 x and 1 X lo-' M, formation of form I1 
occurred only when Fe'I'TMPyP was electrochemically 
reduced. However, 1 X lo4 M Fe'I'TMPyP was found 
to produce the same amount of cleavage in the absence 
of electrochemical reduction. In lane 5, 98% of form I 
was transformed to form 11, and in lane 8, form I was 
totally converted to 97% form I1 and 3% form 111. 

DISCUSS ION 
Voltammetric Studies of Mn'I'TMPyP and 

Fe'I'TMPyP. MnmTMPyP and its reduced form undergo 
several acid dissociation equilibria in aqueous solution. 
The identification of these species and the pK for these 
equilibria has been determined by Harriman et al. (94). 
At pH 7, the electrochemical reduction of Mn'I'TMPyP 
can be described by eq 4. For Fe'I'TMPyP the equilib- 

[Mn"'TMPyP(H20)2]5+ + e- s 
[ Mn"TMP yP ( H20)l4+ + H20 (4) 

ria of species in solution is somewhat more complicated 
and is not fully understood, because of simultaneous acid- 
base and dimerization equilibria that depend on concen- 
tration, ionic strength, and pH. The reduction of Fe"'- 
TMPyP can be expressed as 

[Fe"'TMPyP(H20)(OH)]4+ + e- + H+ s 
[Fe"TMPyP(H20)2]4' + H20 (5) 

according to Kurihara et  al. (89). At  this pH, the follow- 
ing monomer-dimer equilibrium also occurs. 

2[Fe"'TMPyP(H20)(OH)]4+ s 
[ [Fe"'TMPyP(H20)]20]8+ + H20 (6) 

Several values appear in the literature for the magni- 
tude of the dimerization constant, Kd: 2 X lo3 M-' by 
Forshey et al. (86), 9 X lo5 M-' by Pasternack et al. 
(105), 2.1 X lo3 M-' by Tondreau et al. (106), and 3 X 
lo5 M-' by Goff et al. (107). 

The CV behavior of both metalloporphyrins is in agree- 
ment with that reported in the literature (85-92). The 
reduction of Fe'I'TMPyP in phosphate buffer a t  pH 6.5- 
9.4 and a t  a glassy carbon electrode have been reported 
to show two cathodic peaks. The first corresponds to 
the reduction of the monomer form of Fe'I'TMPyP and 
the second, a t  more negative potentials, to that of the 
dimeric form. The peak potential of the second peak 
was found between -0.45 and -0.55 V vs SCE. However, 
our CV of this compound in 5 mM Tris-HC1, 50 mM 
NaC1, pH 7, and a t  a Pt electrode only encompassed the 
first cathodic peak, because we used a Pt electrode which 
could not be used a t  potentials more negative than -0.6 
V vs SCE due to background limitations (i.e., evolution 
of hydrogen). 

As we pointed out earlier, the mode of interaction of 
these metalloporphyrins with DNA is electrostatic in 
nature. These complexes possess a high positive charge 
(5+ or 4+) and interact very strongly with the negative 
phosphate groups of the DNA backbone. On the basis 
of this type of interaction, we should expect a more pos- 
itively charged species to have a higher affinity for DNA. 
Thus if the oxidized form of a redox couple had a higher 
positive charge than the reduced form, a difference in 
binding strength may arise, which would be reflected as 
a shift in E"' to more negative values. In DPV, the E"' 
(or Epav) of Mn'I'TMPyP shifted 25 mV to more nega- 
tive values, implying that the binding constant of the 
oxidized species (5+) to DNA is 2.7 times larger than 
that of the reduced species (4+). In the case of Fe"'- 
TMPyP, where both forms have charge 4+, the E"' shifted 
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Table V. Results of pBR322 DNA Cleavage by Electrochemically Activated Fe"'TMPyP 
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lane conditions" electrolysis % form I % form I1 % form I11 Sb 
1 pBR322 alone no 90 10 0 
2 pBR322 alone Yes 50 50 0 
3 pBR322,O.Ol pM Fe-P no 89 11 0 
4 pBR322,0.1 pM Fe-P no 92 8 0 
5 pBR322, 1 pM Fe-P no 2 98 0 3.81 (3.22) 
6 pBR322,O.Ol pM Fe-P yes 24 76 0 1.53 (0.94) 
7 pBR322,O.l pM Fe-P yes 15 85 0 1.80 (1.11) 
8 pBR322,l pM Fe-P yes 0 97 3 3.90 (3.21) 

" Fe-P = Fe"'TMPyP. Values in parentheses are the number of single strands produced by activated Fe"'TMPyP (S  of control exper- 
iment was subtracted). 
only by 8 mV to more positive potentials, indicating no 
large differences in binding between the two forms and 
DNA. These thermodynamic arguments are somewhat 
compromised by the quasireversibility of the CV and DPV 
waves; however, the averaging procedure employed should 
give a good estimate of the formal potential. To obtain 
the binding constants we assumed reversibility of the sys- 
tems, although some heterogeneous electron transfer lim- 
itations occur, especially in the case of Fe'I'TMPyP, as 
discussed previously. For this case, we assumed that the 
electron-transfer kinetics of the Fe"'TMPyP is not affected 
by the presence of DNA as demonstrated by the absence 
of changes on the peak width at  half-height of the DPV 
waves. 

The DPV peak currents of both metalloporphyrins 
decreased drastically in presence of an excess of DNA. 
This decrease in the current is an indication of the degree 
of interaction of these complexes with DNA and was used 
to quantify the binding of these metalloporphyrins with 
CT DNA. The values of the binding constants obtained 
for sonicated CT DNA and Mn"'TMPyP in 5 mM Tris, 
50 mM NaC1, pH 7 ,  and Fe'I'TMPyP in 0.1 M Tris, 0.1 
M NaC1, pH 7 ,  are larger than those reported for 
other DNA electrostatic binders such as Ru(bpy),'+, 
F e ( b ~ y ) , ~ + ,  and Co(bpy),'+ with native CT DNA. At 5 
mM Tris, 50 mM NaCl, pH 7 ,  Co(bpy)3'+ has a binding 
constant for native CT DNA of 1.4 X lo4 M-' (mobile 
equilibria), while the Ru(bpy),'+ and Fe(bpy),'+ affin- 
ity for CT DNA is negligible (83,84,108). Binding affin- 
ity studies of Ru(bpy),'+ and Fe(bpy),'+ with native CT 
DNA have been carried out a t  lower salt concentration 
(83, 84, 109). The binding-site sizes (s) found here com- 
pare quite well with those obtained for these bipyrid 1 

TMPyP with sonicated CT DNA determined in this study 
(K  = 4.4 X lo4 M-l; mobile equilibria) is somewhat smal- 
ler than the one determined with native CT DNA by com- 
petition binding experiments using ethidium bromide 
( K  = 3.5 X lo5 M-') (57) at  the same ionic strength. 

Cleavage of pBR322 DNA. As is evident from Fig- 
ures 6 and 7 ,  electrochemical reduction of Mn'I'TMPyP 
and Fe"'TMPyP (at low concentrations) was essential 
to activate these complexes and cause DNA breakage. In 
the control experiment, as illustrated in Figure 6B, the 
reduction of oxygen also induced DNA degradation but 
to a lesser extent. H'O,, an expected intermediate of 
the reduction of oxygen, did not cause cleavage, even in 
the presence of Pt metal that would produce some hydroxyl 
radicals (110). Fe"'TMPyP (1 X lo-' M), when electro- 
chemically reduced, was more efficient a t  cleaving DNA 
than reduced Mn'I'TMPyP. Fe"'TMPyP converted 85% 
of the form I to form 11, while Mn'I'TMPyP cut only 
50%. A t  this concentration Mn"'TMPyP produced prac- 
tically the same percentages of forms I and I1 as the con- 
trol experiment, which means that the nicking observed 
was not due to activated Mn'I'TMPyP. 

At 1 X lo* M, Fe"'TMPyP caused DNA breakage with- 

complexes. The value of the binding constant for Fer Y I- 

out being electrochemically reduced. This is consistent 
with the results reported by Fie1 et al. (41). Ward et  al. 
(40) attributed this phenomenon to the presence of reduc- 
ing agents in the agarose. Possibly disproportionation 
of two Fe"'TMPyP molecules results in self-activation. 

The long periods of time required for the activation of 
the metalloporphyrins via electrochemical reduction can 
be attributed to the slow mass transfer rates in the cell 
used, since the solutions were not stirred. Electrochem- 
ical activation, on the other hand, is a clean method which 
does not require addition of a reductant and thus makes 
the analysis of reaction products easier. It can also offer 
a wider range of potentials to activate molecules with 
different binding specificities which might not be acti- 
vated by chemical methods and might also be useful in 
following formation and consumption of electroactive spe- 
cies to study reaction mechanisms. 

CONCLUSION 

We have shown that it is possible to use electrochem- 
ical methods to study the interaction of Mn"'TMPyP 
and FeI'ITMPyP with sonicated calf thymus DNA and 
to activate these complexes to produce pBR322 DNA cleav- 
age. These results thus complement the earlier commu- 
nication by Van Atta et al. (93) on electrochemical acti- 
vation of the Fe"'-bleomycin complex. 
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Synthesis of a Diaminedithiol Bifunctional Chelating Agent for 
Incorporation of Technetium-99m into Biomoleculesl 
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The synthesis of a bifunctional chelating agent (BCA), 1, based on the diaminedithiol (DADT) ligand 
system, is described. The six-step synthetic sequence has been accomplished in 16% overall yield, 
affording 1, which contains a thiolactone as a reactive moiety, which permits direct coupling to nucleo- 
philes without the formation of byproducts. The reactivity of 1 toward benzylamine and subsequent 
labeling of the ligand with technetium-99m has been evaluated as a model for preparation of various 
bioconjugates. Both coupling and exchange labeling occur in high yield under mild conditions, and 
competition reactions with diethylenetriaminepentaacetic acid (DTPA) indicate the superior stabil- 
ity of the technetium-99m-DADT complex. Preparation of BCA 1 thus provides a new avenue into 
technetium-labeled radiopharmaceuticals. 

Technetium-99 m (99mTc) possesses the best character- 
istics for scintigraphic imaging among currently avail- 
able radionuclides (1, 2) .  Its high photon yield per dis- 
integration ensures good counting statistics and its monoen- 
ergetic y photons (140 KeV) are ideally suited for planar 
and single photon emission computed tomography 
(SPECT) instrumentation. The short half-life of 6.02 h 
and lack of particulate emissions generally result in a 
low absorbed radiation dose to patients. In addition, -Tc 
is inexpensive and is widely available in generator form. 

Due to these properties, there is considerable interest 
in developing protein-based radiopharmaceuticals con- 
taining this radionuclide. Initial methods relied on the 
native protein to offer direct stabilization for reduced 
technetium; however, weak nonspecific labeling, colloi- 
dal contamination, protein denaturation, and loss of label 
in vivo can be problematic (2-6). The bifunctional che- 
late approach, which provides certain advantages (7-91, 
has been under investigation for the labeling of proteins 
with 99mTc. However, the bifunctional chelating agents 
(BCAs) available for use with other radionuclides have 
had only limited success with 99mT~. For example, 
attempts to utilize diethylenetriaminepentaacetic acid 
(DTPA) coupled proteins (10-13) result in labeled prod- 
ucts which lack sufficient in vitro and in vivo stability 
(2, 14). 

Newer chelates that  form stable complexes with tech- 
netium have been synthetically modified into BCAs (Chart 
I). The diamidedisulfide (DADS) ligand system (15, 16) 
requires basic reaction conditions and higher tempera- 
tures for complex formation (17). In order to avoid these 
forcing conditions, preformed complexes have been cou- 
pled to the protein with a measure of success (18). The 
dithiosemicarbazone (CE-DTS) derivatives (19-21) require 
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2. Lever, Ph.D., Department of Environmental Health Sci- 
ences, The Johns Hopkins University, School of Hy iene and 
Public Health, 2001 Hume Building, 615 N. Wolfe Et., Balti- 
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Taken in part from the Ph.D. thesis of K.E.B., The Johns 
Hopkins University, 1988. A preliminary communication of a 
portion of this work has been published (ref 33). 

Chart I. Bifunctional Chelating Agents for Technetium 
,(%I"COfi 

Diamidedithiolate Di(semithiocarbaz0ne) 
(DADS) BCA (DTS) BCA 

1 

Diaminedithiol 
(DADT) BCA 

acidic conditions for incorporation of 99mTc, which can 
lead to protein denaturation. In vivo, proteins labeled 
via this method show high liver and stomach radioactiv- 
ity, suggesting label instability (21-23). 

Diaminedithiol (DADT) ligands represent another che- 
late class that  forms strong complexes with technetium 
(24-31). As in the DADS system, DADT ligands con- 
tain two thiol groups that  exhibit high affinity for tech- 
netium. However, the two coordinating nitrogens are 
amines rather than amides; thus, their full coordinating 
potential is preserved. These properties of DADT ligands 
result in facile complex formation and exceptional com- 
plex stability. 

Clearly, a BCA based on the DADT ligand system would 
permit efficient labeling of biomolecules, such as anti- 
bodies and other proteins, with 99mTc under mild condi- 
tions. In this report, we describe the complete synthe- 
sis of BCA 1 (32, 33) and its coupling reaction with ben- 
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zylamine. Incorporation of technetium into the coupled 
product 8 was performed under exchange-labeling con- 
ditions, and followed as a function of time. Stability of 
the major DADT complex was assessed in competition 
studies with diethylenetriaminepentaacetic acid (DTPA). 

EXPERIMENTAL PROCEDURES 
Solvents and chemicals were reagent grade and used 

as received. Dry tetrahydrofuran (THF) was prepared 
by predrying over anhydrous CaC1, followed by distilla- 
tion over Na/benzophenone. [99"Tc]glucoheptonate kits 
("Glucoscan") were gifts from E. I. Du Pont de Nemours 
Co. Inc., N. Billerica, MA. [99mTc]NaTc0, was obtained 
as a saline solution from a 99Mo/99"Tc generator pur- 
chased from Cintichem/Union Carbide. 

Melting points were determined with a Thomas- 
Hoover capillary melting point apparatus and are reported 
uncorrected. Spectrophotometric determinations were 
made on a Perkin-Elmer 399B infrared spectrophotom- 
eter. NMR spectra were recorded in deuteriochloro- 
form solution with an NR80 FT-NMR spectrometer (IBM 
Instruments Inc.) operated a t  80.06 MHz for protons 
('H) and 20.25 MHz for carbon-13 (I3C). Radioactivity 
was measured on a Capintec CRC-7 radioisotope dose 
calibrator. Elemental analyses were performed by Atlan- 
tic Microlabs, Norcross, GA. HPLC was performed on 
a Perkin-Elmer Series 2 instrument equipped with an 
LC-75 UV/visible detector; a 2-in. calcium fluoride flow- 
through scintillation detection system; EE & G/Ortec sin- 
gle-channel analyzer, amplifiers, and ratemeters; and a 
Hewlett-Packard H P  3392A integrating recorder. 

Unless otherwise stated, all extractive workups uti- 
lized diethyl ether, and the organic extracts were dried 
over anhydrous Na,SO, and filtered prior to concentra- 
tion under reduced pressure. 
Hexahydro-6,6,9,9-tetramet hyl- lH-imidazo[2,1-dJ- 

[ 1,2,5]dithiazepine (3). Sodium borohydride (17.5 g, 0.460 
mol) was added in small portions to a solution of diimine- 
disulfide 2 (34) (44.5 g, 0.193 mol) in EtOH (2.80 L) and 
the mixture was stirred for 18 h a t  room temperature. 
Acetone (100 mL) was added to destroy the excess reduc- 
ing agent, and after 15 min, volatile solvents were evap- 
orated under reduced pressure. Aqueous sodium hydrox- 
ide (200 mL, 2.5 M) was added to the white residue. After 
extractive workup, the crude product was purified by short- 
path silica gel chromatography (ethyl acetate), followed 
by recrystallization from n-pentane to afford bicyclic amine 
3 as a white, crystalline solid (36.3 g, 80%: mp 63-64 "C 
(lit. (35) mp 65 "C); IR (KBr) 3280 cm-' (N-H); 'H NMR 
6 1.23-1.32 (m, 12 H) ,  1.9 (s, 1 H) 2.50-3.60 (m, 7 H); 13C 
NMR 6 18.66,24.79,26.42,28.28,46.23,58.56,66.62,91.23. 
Anal. Calcd (C,,H,,N,S,): C, 51.72; H, 8.68; N, 12.06; 
S, 27.54. Found: C, 51.42; H, 9.17; N, 11.95; S, 27.50. 
Hexahydro-1,6,6,9,9-pentamethyl-lH-imidaz0[2,1- 

dJ[1,2,5]dithiazepine (4). To a solution of 3 (4.0 g, 17 
mmol) in acetonitrile (40 mL) was added 50% KF/  
Celite (6.0 g, 51 mmol) followed by methyl iodide (2.4 
mL, 5.5 g, 40 mmol). The mixture was stirred a t  room 
temperature for 3 h and then filtered. Volatile solvents 
were removed by distillation under reduced pressure, aque- 
ous sodium hydroxide (30 mL, 2.5 M) was added to the 
residue, and the mixture was extracted with ether (3 X 
25 mL). Additional product was obtained from the Celite 
filter cake by treatment with aqueous NaOH (25 mL, 2.5 
M) followed by reextraction. The ether solution was 
treated a t  reflux with activated charcoal for 20 min, fil- 
tered, and evaporated under reduced pressure. Isola- 
tion by short-path silica gel chromatography (85:15 hexane/ 
ethyl acetate) afforded 4 as a clear oil (3.95 g, 93%): mp 
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121-122 "C (2.4 X Torr); IR (neat) no NH stretch 
at 3300 cm-'; 'H NMR 6 1.22-1.32 (m, 12 H),  2.48-3.10 
(m, 10 H); 13C NMR 6 19.51, 24.41, 26.40, 27.92, 46.06, 
54.16, 54.84, 66.88, 100.05. Anal. Calcd (C,,H,,N,S,): 
C, 53.65; H, 9.00; N, 11.37; S, 25.96. Found: C, 53.60; H, 
8.94; N, 11.35; S, 26.00. 
2,2,4,9,9-Pentamethy1-4,7-diaza- 1,lO-decanedithiol 

(5). To  a stirred solution of 4 (15.0 g, 60.6 mmol) in dry 
T H F  (100 mL) under a slow stream of nitrogen was added 
LiAlH, (5.00 g, 132 mmol) in small portions. The mix- 
ture was refluxed for 18 h and cooled to room tempera- 
ture. The reaction was externally cooled a t  0 "C (ice bath) 
and quenched by slow, dropwise addition of saturated, 
aqueous NH,Cl. The mixture was then quickly tritu- 
rated with ethanol (4 X 50 mL) and filtered. The fil- 
trate was adjusted to pH 3-4 with aqueous hydrochloric 
acid (3 N),  and volatile solvents were removed by evap- 
oration under reduced pressure. Water (50 mL) was added 
to the residue and the mixture was brought up to pH 8 
with aqueous sodium hydroxide (2.5 M). After extrac- 
tive workup, the organic layers were concentrated to about 
50 mL under reduced pressure and then applied to a 50- 
g silica gel column. The product was then eluted with 
ether. Concentration under reduced pressure and dry- 
ing under high vacuum provided 5 as an oil: IR (neat) 
3300 cm-' (N-H), 2540 cm-' (S-H); 'H NMR 6 1.35 (s, 6 
H), 1.37 (s, 6 H),  1.90 (br s, 3 H), 2.38 (s, 3 H),  2.48 (s, 2 
H),  2.62 (s, 2 H), 2.71 (s, 4 H); 13C NMR 6 30.48, 44.63, 
45.26,46.24,48.40,59.94,63.74,72.21. For long-term stor- 
age, the free base was converted to the hydrochloride salt 
by redissolution of the oil in ethanol (30 mL) followed 
by saturation with dry HCl gas. The resulting warm solu- 
tion was cooled to room temperature and the product 
was precipitated with ether, filtered, washed, and dried 
under high vacuum to afford 5.2HC1 as a white solid (14.54 
g, 74%). Anal. Calcd (C,,H,,N,S,-BHCl): C, 40.75; H, 
8.70; C1, 21.57; N, 8.64; S, 19.72. Found: C, 40.92; H,  
8.73; C1, 21.94; N, 8.61; S, 19.75. 
2,2,4,9,9-Pentamethy1-4,7-diaza- 1,lO-bis(p-methox- 

ybenzy1)-1,lO-dithiadecane (6). Aqueous sodium hydrox- 
ide (50 mL, 2.5 M) was added to a stirred solution of 5 
(4.00 g, 12.4 mmol) in ethanol (60 mL). Neat p-methox- 
ybenzyl chloride (8.80 g, 56.2 mmol) was added, and the 
stirring was continued for 1 h a t  room temperature. The 
ethanol was then distilled under reduced pressure. After 
extractive workup, the oily residue was redissolved in eth- 
anol (10 mL). The mixture was adjusted to pH 2-3 with 
saturated ethanolic HC1. The warm mixture was cooled 
to room temperature and the product was precipitated 
with ether. The precipitate was filtered and washed with 
ether to yield 6.2HC1 as a white powder (6.9 g, 76%). 
For subsequent use, the free base was regenerated by treat- 
ment of the salt with aqueous sodium hydroxide (2.5 M) 
followed by extraction with ether: IR (free base, neat) 
3300 cm-' (N-H); 'H NMR (free base) 6 1.32 (s, 12 H),  
1.6 (br s, 1 H),  2.36 (s, 3 H), 2.50 (s, 2 H),  2.57 (5, 2 H), 
2.61 (s, 4 H), 3.66, (s, 2 H),  3.73 (s, 2 H), 3.77 (9, 6 H), 
6.80, 7.24 (AB q, J = 8.5 Hz, 8 H); I3C NMR (free base) 
6 26.93,27.24,32.05,44.79,46.87,47.63,48.47,55.11,59.96, 
60.11, 69.38, 113.78, 129.83, 130.38, 158.40. Anal. Calcd 
(C,,H,,N,O,S,): C, 66.11; H,  8.63; N, 5.71; S, 13.03. 
Found: C, 65.99; H,  8.64; N, 5.68; S, 13.02. 
2,2,4,9,9-Pentamethy1-4,7-diaza-7- (carbethoxyme- 

thyl)-l,l0-bis(p-methoxybenzyl)-l,l0-dithiadecane 
(7). A solution of 6 as the free base (20.0 g, 40.8 mmol) 
and ethyl bromoacetate (34.0 g, 203.7 mmol) in acetoni- 
trile (75 mL) was heated a t  44 "C for 3 h. Volatile sol- 
vents were removed by evaporation under reduced pres- 
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sure. The mixture was brought to pH 8-9 with aqueous 
NaOH (2.5 M) and then extracted with ether (3 X 50 
mL). Excess ethyl bromoacetate was removed via a 
Kugelrohr apparatus (25 OC, 0.5 X lov3 Torr). The res- 
idue was chromatographed on a short-path silica gel col- 
umn (89.5:10:0.5 hexane/ethyl acetate/triethylamine) to 
yield 7 as a clear oil (13.0 g, 55%): IR (neat) 1730 cm-' 
(C=O); 'H NMR 6 1.16-1.33 (m, 15 H), 2.34 (9, 3 H),  
2.47-2.79 (m, 8 H),  3.56 (s, 2 H), 3.71 (s, 4 H),  3.77 (s, 6 
H), 4.15 (4, 2 H),  6.80, 7.23 (AB q, J = 8.5 Hz, 8 H); 13C 
NMR 6 14.22,26.71,26.88,32.14,45.20,47.62,47.91,54.54, 
55.14,56.74,59.32,59.97,66.74,69.47,113.34,129.37,130.35, 
158.45, 171.94. Anal. Calcd (C,,H,,N,O,S,): C, 64.57; 
H, 8.39; N, 4.86; S 11.10. Found: C, 64.48; H,  8.42; N, 
4.84; S, 11.05. 
4-[2-[ (2-Mercapto-2-methylpropyl)methylamino]- 

ethyl]-6,6-dimethyl-2-thiomorpholinone (1). Anhy- 
drous hydrogen fluoride (5.85 g, 308 mmol) was con- 
densed into a 100-mL Teflon round-bottom flask con- 
taining 7 (2.33 g, 4.04 mmol) and anisole (0.93 g, 8.5 mmol), 
a t  -78 OC (dry ice/acetone bath). After the addition was 
complete, the mixture was stirred for 1.5 h a t  0 OC (ice 
bath) under a positive pressure of nitrogen. The H F  was 
then flushed with a stream of nitrogen through two KOH 
traps in series. Water (10 mL) was added to the residue 
and the mixture was brought to pH 2-3 with aqueous 
NaOH (2.5 M). The mixture was then washed with ether 
(4 X 15 mL) and the aqueous layer was brought to pH 8. 
After extractive workup, the crude oily residue was chro- 
matographed on a short-path silica gel column (9O:lO 
hexane/ethyl acetate) to yield 1 as an oil (0.82 g, 70%): 
IR (neat) 1655 cm-' (C=O); 'H NMR 6 1.32 (s, 6 H), 
1.48 (s, 6 H),  2.08 (s, 1 H),  2.41 (s, 3 H), 2.47, 2.68 (2 s, 8 
H),  3.32 (s, 2 H);  13C NMR 6 29.89, 30.46, 45.20, 46.23, 
47.65, 56.00, 57.74, 65.14, 72.22, 199.00. Anal. Calcd 
(Cl,H,GN,0S2): C, 53.80; H, 9.03; N, 9.65; S, 22.03. Found: 
C, 53.82; H, 8.79; N, 9.60; S, 22.04. 
2,2,4,9,9-Pentamethy1-4,7-diaza-7-[ (benzylcarbam- 

oyl)methyl]-l,l0-bis(p-methoxybenzyl)-l,lO-dithia- 
decane (DADT-BzA) (8). A solution of 1 (200 mg, 0.691 
mmol) and benzylamine (110 mg, 1.02 mmol) in acetoni- 
trile (5 mL) was stirred a t  room temperature under nitro- 
gen for 3 h. Concentration under reduced pressure gave 
a white residue, which was purified by preparative TLC 
on silica gel plates (2 X 2000 km; 60:40 hexane/ethyl ace- 
tate) to give 8 as a colorless oil (222 mg, 81%): IR (free 
base, neat) 3260, 3160 cm-' (N-H); 'H NMR (free base) 
6 1.20 (s, 6 H),  1.28 (s, 6 H),  1.55 (br s, 2 H),  2.30 (s, 3 
H),  2.34, (s, 8 H),  2.67 (m, 8 H), 3.38 (s, 2 H),  4.50 (d, J 
= 5.0 Hz, 2 H),  7.31 (s, 5 H),  7.8 (br s, 1 H). The prod- 
uct was stored as the dihydrochloride salt, prepared in 
the same manner as 5.2HC1. Anal. Calcd (C,,H,,N,OS,. 
2HC1*0.5H2O): C, 50.21; H, 8.00; C1, 14.62; N, 8.78; S, 
13.37. Found: C, 50.27; H,  8.05; C1, 14.71; N, 8.50; S, 
13.26. 
Radiolabeling of 8. A solution of [99mTc0,]- (20-50 

mCi, 3 mL) was added to a "Glucosan" kit, containing 
sodium glucoheptonate and SnCl,, mixed well, and allowed 
to stand for 15 min. Aliquots of this mixture containing 
[99mTc]glucoheptonate complex ( [99mTc]GH) were added 
to solutions of 8, to give a final DADT ligand concentra- 
tion of lo-, M in a total volume of 1 mL. The mixture 
was analyzed by reverse-phase HPLC using an Alltech 
C-18 Econosil column (6.5 X 250 mm) with MeOH/O.l 
M ammonium formate solution (9O:lO) a t  a flow rate of 
8 mL/min. Activity balances were measured by compar- 
ison of the total amount of radioactivity collected with 
that injected. Greater than 90% of activity was recov- 
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ered from the column, and no colloidal 99mT~02 was 
detected. Within 10 min, 95% of the [99mTc]glucohep- 
tonate complex was converted to two products (9a and 
9b) with retention times of 2.2 and 4.4 min, respectively. 
The composition of this product mixture varied as a func- 
tion of time, and only the minor complex 9b was observed 
from 25 min through the duration of the study (96 min). 
Competition Experiments with DTPA. A stock solu- 

tion containing DTPA (240 mM) and 8 (2 mM) was pre- 
pared. During exchange labeling [99mTc]glucohepto- 
nate (0.5 mL, 6 mCi) as prepared above was added to an 
aliquot of the stock solution (0.5 mL). In a separate exper- 
iment, the major [99"Tc]DADT-BzA complex was iso- 
lated and then challenged with DTPA by incubation with 
0.1 M DTPA. The mixtures were incubated for up to 3 
h a t  room temperature and analyzed periodically by 
reverse-phase HPLC as described above. The presence 
of [99mTc]DTPA was assessed by comparison of reten- 
tion times of an authentic sample of [99mTc]DTPA. 

RESULTS AND DISCUSSION 
Our development of a BCA based upon the DADT ligand 

system focused upon the synthetic features needed for 
coupling of the ligand to the protein. Rather than uti- 
lize an external activating group, BCA 1 was selected as 
the synthetic target where the thioester is derived from 
a portion of the DADT ligand, and incorporation of an 
acetate side chain provides the balance of atoms needed 
to form the six-membered thiolactone. Thioesters are 
known to react with amine nucleophiles. Therefore, in 
order to prevent self-condensation from intra- or inter- 
molecular amide formation, the secondary amine was pro- 
tected with a methyl substituent. 

The transformation of the parent DADT ligand to BCA 
1 (Scheme I) therefore had to accomodate differentia- 
tion of each nitrogen to permit alkylation with nonequiv- 
alent groups. In addition, the thiol groups had to be pro- 
tected throughout the alkylation reactions to prevent con- 
comitant S-alkylation. Therefore, two features of the 
synthetic approach were key to the preparation of the 
target bifunctional chelating agent. 

First, use of the mild reducing agent NaBH, (2 - 3) 
afforded the bicyclic intermediate 3, where the two nitro- 
gens were nonequivalent. In addition, the disulfide bond 
remained intact, serving as internal protection for the 
thiols. Of the two required alkylation steps, it  was nec- 
essary to perform the methylation first, because the prod- 
uct is stable to the subsequent reduction step with lith- 
ium aluminum hydride (LiAlH,). The alkylation of 3 
with methyl iodide in the presence of 50% KF on Celite 
afforded 4 in excellent yield (93%). K F  on Celite has 
been reported to aid S-, 0-, and N-alkylations through 
extensive hydrogen bonding with the hydrogen atom 
bonded to the heteroatom (36). Cleavage of both rings 
of this bicyclic compound to the open-chained molecule 
was then accomplished with LiAlH, to permit elabora- 
tion of the other nitrogen. Acidification of the reaction 
mixture immediately after quenching is a requirement 
for isolation of high yields of 5. 

The second key feature of the synthesis utilized the 
acid-labile p-methoxybenzyl groups to selectively pro- 
tect the thiols (5 - 6). Even though a large excess of p- 
methoxybenzyl chloride was used for the alkylation of 
the free thiols, there was no evidence of interfering N- 
alkylation when the reaction was conducted a t  room tem- 
perature. The resulting p-methoxybenzyl thioethers are 
stable under basic conditions and permit substitution on 
the secondary nitrogen with ethyl bromoacetate to afford 
precursor 7. 
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Our intial route for the synthesis of BCA 1 from 7 
entailed a three-step sequence of deprotection, ester hydrol- 
ysis, and condensation to give the thiolactone via an inter- 
mediate dithiol carboxylic acid. In practice, however, we 
found that  the target thiolactone BCA 1 was obtained 
directly from the deprotection step. Since anhydrous H F  
does not promote simple ester hydrolysis, the reaction is 
likely to involve acid-catalyzed ester interchange of the 
free thiol and the ethyl ester. An analogy for this reac- 
tion can be drawn from the synthesis of a six-membered 
thiolactone from a benzyl-protected thiol carboxylic acid 
by Lumma and co-workers (37) using trifluoroacetic anhy- 
dride a t  reflux. The mechanism of this transformation 
was reported to involve acid-catalyzed debenzylation with 
concomitant cyclization to generate the thiolactone. 

With the target BCA in hand, its reactivity toward amine 
nucleophiles was tested by using benzylamine as a model 
(Scheme I). The reaction proceeded smoothly to yield 
the DADT-BzA adduct 8, and was practically complete 
in 3 h. The scope and limitations of the reaction of 1 
with other nucleophiles is currently being assessed. For 
example, we have carried out coupling reactions with HSA 
in phosphate buffer and with the monoclonal antibody 
B72.3 in borate buffer in the presence of dimethylforma- 
mide (38). In both cases, coupling occurred readily. There- 
fore, under conditions required for coupling sensitive bimol- 
ecules, thiolactone 1 is sufficiently reactive. 

Complexation of 8 with 99mT~ was then investigated 
utilizing transchelation with [99mTc]glucoheptonate 
(Scheme 11). Although direct labeling can also be used 
to achieve complex formation, many biological sub- 
strates are susceptible to damage by the relatively harsh 
reaction conditions used. Therefore, the mild condi- 
tions employed for ligand exchange represent a useful 
alternative approach to labeling with 99mT~. In addi- 
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Figure 1. Composition of exchange labeling reaction mixture 
as a function of time. 

tion, ligand exchange is preferred with respect to the label- 
ing of proteins because it offers a mechanism to avoid 
labeling the weak binding sites on the native protein. As 
a consequence, an important criterion in the utility of 
ligands derived from BCA 1 is their ability to accept 
reduced 9 9 m T ~  from labile complexes. Treatment of 
DADT-BzA 8 with preformed [99mTc]glucoheptonate 
( [99m]Tc-GH) gave two [99mTc]DADT-BzA complexes 
(9a and 9b) as determined by HPLC. From activity bal- 
ance measurements, the efficiency of labeling was >90% 
within 10 min and no colloidal 99mT~02 was detected. 
The two products, 9a and 9b, were obtained initially; how- 
ever, by 25 min only 9b was observed (Figure l). The 
formation of multiple products is not unexpected, due 
to the presence of the side chains, which upon complex- 
ation can be syn or anti to the Tc=O core. Similar obser- 
vations have been observed in other N-alkylated or C- 
alkylated DADT complexes. In the case of C-alkylated 
complexes, the ratio of products is usually 5050 (31); 
whereas the ratio of products observed in N-alkylated 
complexes can vary from 80:20 to 96:4 (24,26,27,30) .  In 
the case of the N-alkylated complexes the major com- 
plex, when characterized on the "Tc scale, has been shown 
to be the syn isomer (27, 30). This data indicates that  
the syn-anti pair of isomeric C-alkylation complexes are 
comparable in stability, and that  the syn isomer in N- 
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alkylated complexes is relatively more stable than the 
corresponding anti isomer. 

Since DTPA has been the most extensively used che- 
lating agent for binding metals to proteins through the 
bifunctional chelate approach, we investigated the abil- 
ity of the DADT-BzA ligand 8 to compete with DTPA 
for reduced technetium. A DTPA:DADT-BzA ratio of 
120:l was used under exchange-labeling conditions. Chal- 
lenge experiments were also performed in which the iso- 
lated major [99"Tc]DADT-BzA complex (9b) was incu- 
bated with 0.1 M DTPA. No evidence of the formation 
of a [99"Tc]DTPA complex was found in these experi- 
ments during the 3-h incubation. These results indi- 
cate, as expected, that  [99mTc]DADT-BzA is substan- 
tially more stable than [99mTc]DTPA. More detailed sta- 
bility measurements using DADT ligands against other 
BCAs are underway. 

The pro osed structures for the complexes formed con- 
tain a [Tc'=0I3+ core, which is similar to those derived 
from mono- or unsubstituted DADT ligands. The two 
products are presumably isomeric in nature and are 
expected to be cationic. Support for this hypothesis is 
presently based on the crystal structure of the sole N,N'- 
disubstituted DADT-"Tc complex reported to date 
(39). The synthesis and characterization of these com- 
plexes on the macroscopic "Tc scale will authenticate 
the chelation of T c  by BCA 1 and allow structural deter- 
minations. 

In a separate study, we have carried out preliminary 
studies using 1 for the preparation of 99mTc-labeled HSA 
and anticolorectal carcinoma antibody (B72.3) (38). BCA 
1 can be coupled to both proteins under mild conditions, 
and exchange labeling proceeded efficiently. The 99mTc- 
labeled products were highly stable both in vitro and in 
vivo, with 99mT~ labeling of only DADT sites, and not 
weak, nonspecific sites. 

Thus, BCA 1 provides a new route to a variety of sta- 
ble products containing technetium and serves as a ver- 
satile starting material for novel 99mT~ radiopharmaceu- 
ticals. 
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Photoaffinity Heterobifunctional Cross-Linking Reagents Based on 
N- (Azidobenzoyl) tyrosines’ 
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New heterobifunctional cross-linking reagents that possessed a photoactive terminus, an electrophilic 
terminus, and a linking arm between the two termini that had a radiolabeled, enzymatically cleav- 
able bond were synthesized. In a model study, succinimidyl N- [N’-(4-azidobenzoyl)tyrosyl]-~-alanate 
(16A) was coupled to n-butylamine (a Lys surrogate), iodinated, and cleaved with chymotrypsin in 
the presence of tyrosylamide to afford the desired adduct N-(N’-(4-azidobenzoyl)-3-iodotyrosyl)ty- 
rosinamide, thereby demonstrating the feasibility of the enzymatic cleavage. In a biochemical study, 
succinimidyl N-[N’-(3-azido-5-nitrobenzoyl)tyrosyl]-~-alanate (16C) was coupled to Lys-75 of calm- 
odulin (CaM), and the radioiodinated monoadduct was successfully photo-cross-linked, in a calcium- 
dependent manner, to the human erythrocyte plasma membrane Ca2+,Mg2+-ATPase and to a syn- 
thetic fragment (M13) containing the CaM-binding region of myosin light-chain kinase. In the latter 
case, densitometry readings indicated 20% cross-linking efficiency. 

The interaction of the ubiquitous calcium-binding pro- 
tein calmodulin with a variety of other proteins includ- 
ing myosin light-chain kinase and membrane Ca2+- 
pumping ATPases lies a t  the heart of certain regulatory 
events mediated by calcium ions and remains a topic of 
intense current interest (1-3). An effort to define these 
protein-protein interactions on a molecular level led to 
the construction of cross-linking reagents ( 4 , 5 )  that pos- 
sessed the following features: a radiolabel of high spe- 
cific activity, an electrophilic succinimidyl ester termi- 
nus, and a photoactive aryl azide terminus. As an addi- 
tional feature, an enzymatically cleavable linking arm 
connecting these termini was incorporated in the reagent 
with the expectation that a reagent with such a cleav- 
able bond would permit the isolation of a fragment of 
the target protein in a cross-linking experiment as illus- 
trated in the cartoon in Scheme I. In a study of two 
interacting proteins 2 and 4, reagent 1 would interact 
with a protein 2 to form a protein-reagent adduct 3. Sub- 
sequent binding of a second protein 4 and photolysis of 
complex 5 would lead to covalently cross-linked adduct 

* Authors to whom correspondence should be addressed. 
Department of Chemistry. 
Department of Biochemistry. 
Part of this work was disclosed at the following meetings: 

Imai, N., Bowdan, J. B., Crocker, P. J., Watt, D. S., Vanaman, 
T. C., and Dwyer, L. D. Meeting of the American Chemical Soci- 
ety, Los Angeles, CA, September 1988 and Dwyer, L. D., Imai, 
N., Crocker, P. J., Mann, D. M., Watt, D. S., and Vanaman, T. 
C. FASEB Summer Research Conference on Calcium and Cell 
Function, Saxton’s River, VT, July 1989. 

The abbreviations used are as follows: BOC-ON, 2-[[(tert- 
butoxycarbonyl)oxy]imino]-2-phenylacetonitrile; Et,N, trieth- 
ylamine; CaM, calmodulin; DCC, N,N’-dicyclohexylcarbodiim- 
ide; DMAP, 4-(dimethy1amino)pyridine; DMSO, dimethyl sul- 
foxide; DSO, disuccinimidyl oxalate; EtOAc, ethyl acetate; EGTA, 
ethylene glycol bis(0-aminoethyl ether)-N,N,N’,N’-tetraacetic 
acid; HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; 
HOAc, acetic acid; M13, a synthetic peptide containing the CaM- 
binding region of myosin light-chain kinase; TFA, trifluoroace- 
tic acid; THF, tetrahydrofuran; TRIS, tris(hydroxymethy1)ami- 
nomethane. 

Scheme I. Cartoon Representation of a Cross-Linking 
Experiment 

chemically 
cleavable 

1 
f 
enzymatically 

. .  
HZN 

H,N 
cleavable - 6  

(chymotrypsin) 

Legend: ArN, = aryl az ide,  = rad io label ;  41 = cleavable 
bond, 0 = F , Y , K ;  - = covalent bond between 
reagent 1 and p r o t e i n  

6. Whereas chemical cleavage of a specific bond in the 
linking arm of 6 and SDS-PAGE separation would per- 
mit the identification of the entire protein 4 by autora- 
diography, the enzymatic cleavage, depicted in Scheme 
I for the case of chymotrypsin, would provide only a frag- 
ment 7 of target protein 4. Clearly, an enzymatically cleav- 
able reagent of this type would be best suited for the 
delination of binding sites between two purified pro- 
teins 3 and 4 in which the covalent attachment site in 3 
was defined and in which enzymatic cleavage of the link- 
ing arm would provide a fragment that presumably could 
be separated and sequenced in order to define the bind- 
ing site on protein 4. Before surmounting the separa- 
tion problems necessary to reduce this notion to prac- 
tice, it  was necessary to synthesize heterobifunctional 
reagents of this type, test the feasibility of using these 
enzymatically cleavable reagents in model systems, and 
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perform preliminary experiments to verify that these 
reagents would effect a photochemical cross-link. 

EXPERIMENTAL PROCEDURES 
General Chemical Procedures. Infrared spectra were 

recorded on a Perkin-Elmer Model 1310 spectrometer. 
Nuclear magnetic resonance spectra were determined on 
a Varian EM390 or Gemini 200 MHz NMR spectrome- 
ter. Chemical shifts are reported in parts per million 
relative to tetramethylsilane as an internal standard. Mass 
spectra were determined on a VG ZAB spectrometer. Ele- 
mental analyses were performed by Atlantic Microlabs, 
Norcross, GA. Column chromatography using Mach- 
erey Nagel silica gel 60 is referred to as "chromatogra- 
phy on silica gel", preparative-layer chromatography on 
Macherey Nagel silica gel F254 is referred to as "chro- 
matography on a silica gel plate", and the drying of an 
organic solution over anhydrous magnesium sulfate is sim- 
ply indicated by the phrase "dried". The following exper- 
imental section contains detailed procedures only for the 
reagent that was successfully employed in biochemical 
,cross-linking experiments (16C). Experimental data for 
other compounds appear in the supplementary material. 

3-Azido-5-nitrobenzoic Acid (12C). To a solution 
of 2.00 g (9.46 mmol) of methyl 3,5-dinitrobenzoate (6) 
in 135 mL of acetone, 25 mL of acetic acid, and 25 mL 
of water a t  reflux was added 2.17 g (38.9 mmol) of iron 
in three portions at  intervals of 20 min. After stirring 
at  the reflux temperature for an additional 35 min, the 
mixture was cooled and filtered. The filtrate was adjusted 
to pH 8 with sodium carbonate, extracted with EtOAc,' 
washed with brine, and dried. The crude product was 
chromatographed on silica gel using 2:3 EtOAc-hexane 
to afford 0.71 g (38%) of methyl 3-amino-5-nitroben- 
zoate: mp 159-160 "C [lit (7,8) mp 159-160 "C]. 

To a solution of 1.45 g (7.39 mmol) of methyl 3-ami- 
no-5-nitrobenzoate in 170 mL of water was added 17 mL 
of concentrated HC1 at 0-5 "C. To this solution at  0 "C 
was slowly added 663 mg (9.61 mmol) of NaNO,. The 
solution was stirred for 45 min a t  0 "C, and 577 mg (8.87 
mmol) of NaN, was slowly added. The mixture was stirred 
for 45 min at  0 "C and was extracted with EtOAc. The 
organic layer was washed with brine and dried. The prod- 
uct was chromatographed on silica gel using 2:3 EtOAc- 
hexane to afford 1.37 g (84%) of methyl 3-azido-5- 
nitrobenzoate: mp 93-94 "C; IR (KBr) 2114 (N,), 1721 
(CO) cm-'; 'H NMR (CDCl,) 6 4.01 (s, 3, OCH,), 8.01 
(dd, J = 1.2, 2.2 Hz, 1, ArH), 8.04 (t, J = 2.2 Hz, 1, ArH), 
8.60 (dd, J = 1.2, 2.2 Hz, 1, ArH). Anal. Calcd for 
C,H,N,O,: C, 43.25; H, 2.72. Found: C, 43.37; H, 2.87. 

To a solution of 1.34 g (6.06 mmol) of methyl 3-azido- 
5-nitrobenzoate in 225 mL of MeOH was added 1.25 mL 
of water and 0.59 g (13.9 mmol) of lithium hydroxide 
monohydrate. The mixture was stirred for 7 h at  50 "C. 
The solution was acidified with 2 N aqueous HCl solu- 
tion and extracted with EtOAc. The organic layer was 
washed with brine, dried, and concentrated to afford 1.41 
g (100%) of 12C (9): mp 186-188 "C dec. 
Succinimidyl3-Azido-5-nitrobenzoate (13C). To a 

solution of 1.38 g (6.62 mmol) of 12C and 0.84 g (7.3 mmol) 
of N-hydroxysuccinimide in 50 mL of anhydrous THF 
was added 1.50 g (7.28 mmol) of DCC. The mixture was 
stirred for 16 h at  25 "C and filtered. The filtrate was 
concentrated, dissolved in EtOAc, washed with aqueous 
NaHCO, solution and brine, and dried. The solvent was 
removed to afford 1.98 g (98%) of 13C that was suffi- 
ciently pure to be used in the next reaction: mp 163-164 
"C dec; IR (KBr) 2128 (N,), 1809, 1788 (CON), 1743 
(CO,) cm-l; 'H NMR (CDC1,) 6 2.96 (s, 4, CH,CH,), 8.07 
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(dd, J = 2.3 and 1.4 Hz, 1, ArH), 8.17 (t, J = 2.1 Hz, 1, 
ArH), 8.72 (dd, J = 2.0 and 1.4 Hz, 1, ArH); exact mass 
spectrum calcd for C,,H,N,O, 305.0396, found 305.0396. 

Methyl N-[N'-(tert-Butoxycarbonyl)tyrosyl]-8- 
alanate (15). The procedure described for the prepara- 
tion of 13C was repeated with 5.62 g (20 mmol) of N-(tert- 
butoxycarbony1)tyrosine (14), 2.76 g (24 mmol) of N-hy- 
droxysuccinimide, and 4.53 g (22 mmol) of DCC in 60 
mL of anhydrous THF to afford, after stirring for 16 h 
a t  25 "C, 5.98 g (79%) of succinimidyl N-(tert-butoxy- 
carbony1)tyrosine as white prisms: mp 183-184 "C (from 
EtOAc-hexane); IR (KBr) 3426 (OH), 3372 (NH), 1820, 
1788 (CON of NHS), 1741 (CO,NHS), 1683 (CO of BOC) 
cm-';'H NMR (DMSO-$) 6 1.32 (s, 9, C(CH,),), 2.79 (s, 
4, (CH,), of NHS), 2.72-3.12 (m, 2, CHCH,), 4.25-4.62 
(m, 1, CHCH,), 6.68 and 7.13 (2 d, J = 8.1 Hz, 4, ArH), 
7.53 (d, J = 8.1 Hz, 1, NH), 9.20 (s, 1, OH). Anal. Calcd 
for C,,H,,N,O,: C, 57.14; H, 5.86; N, 7.40. Found: C, 
57.02; H, 5.94; N, 7.37. 

To a solution of 5.98 g (15.8 mmol) of succinimidyl 
N-(tert-butoxycarbony1)tyrosinate and 2.65 g (19.0 mmol) 
of methyl /3-alanate hydrochloride in 60 mL of DMSO 
was added 3.19 g (31.6 mmol) of Et,N. The mixture was 
stirred for 19 h a t  50 "C, diluted with EtOAc, washed 
successively with dilute HC1 solution and brine, and dried. 
The crude product was chromatographed on silica gel using 
1:l EtOAc-CHC1, to afford 3.83 g (66%) of 15: mp 104- 
106 "C; IR (KBr) 3348 (OH), 1732 (CO,Me), 1698 (CON 
of BOC), 1664 (CON) cm-'; 'H NMR (CDC1,) 6 1.37 (s, 
9, C(CH,),), 2.41 (t, J = 5.4 Hz, 2, MeO,CCH,), 2.93 (d, 
J = 6.3 Hz, 2 ,  CHCH,), 3.42 (t, J = 5.4 Hz, 2, 
MeO,CCH,CH,), 3.66 (s, 3, OCH,), 5.27 (d, J = 7.2 Hz, 
1, CHCH,), 6.58 (t, J = 6.3 Hz, 1, NH), 6.75 and 7.01 (2 
d, J = 9 Hz, 4, ArH), 7.68 (br s, 1, OH). Anal. Calcd for 

S uccinimidyl N-[ N '- (3-Azido-5-nitrobenzoy1)ty- 
rosyl]-/3-alanate (16C). To a solution of 1.1 g (3 mmol) 
of 15 in 20 mL of anhydrous MeOH was bubbled HC1 
gas for 5 min at  0 "C. The mixture was stirred for 2 h a t  
25 "C and concentrated to afford 856 mg (94%) of crude 
methyl N-tyrosyl-/3-alanate hydrochloride: 'H NMR 
(CD,OD) 6 2.40 (t, J = 6.3 Hz, 2, MeO,CCH,), 2.96 (d, J 
= 7.2 Hz, 2, CHCH,), 3.33 (t, J = 6.3 Hz, 2, Me0,- 
CCH,CH,), 3.62 (s, 3, OCH,), 3.95 (t, J = 7.2 Hz, 1, CH- 
CH,), 6.75 and 7.05 (2 d, J = 9 Hz, 4, ArH). 

To a solution of 484 mg (1.60 mmol) of methyl N-ty- 
rosyl-/3-alanate hydrochloride and 406 mg (1.33 mmol) 
of 13C in 8 mL of DMSO was added 263 mg (2.66 mmol) 
of Et,N. The mixture was stirred for 20 h at  25 "C, diluted 
with EtOAc, washed successively with dilute HCl solu- 
tion and brine, and dried. The crude product was chro- 
matographed on silica gel using 1:l EtOAc-CHCl, to afford 
368 mg (69%) of methyl N-[N'-(3-azido-5-nitrobenzo- 
yl)tyrosyl]-/3-alanate: mp 137-139 "C dec (EtOAc-hex- 
ane); IR (KBr) 3498 (OH), 3370,3300 (NH), 2128 (N3), 
1734 (CO,), 1643, 1628 (CON) cm-'; 'H NMR (DMSO- 

CHCH,), 3.24-3.55 (m, 2, MeO,CCH,CH,), 3.60 (s, 3, 
OCH,), 4.55-4.74 (m, 1, CHCH,), 6.63 and 7.11 (2 d, J = 
8.3 Hz, 4, ArH of Tyr), 7.95 (d, J = 1.4 Hz, 1, ArH of 
ArN,), 8.00 (t, J = 1.4 Hz, 1, ArH of ArN,), 8.31 (t, J = 
5.8 Hz, 1, CH,NHCO), 8.43 (d, J = 1.4 Hz, 1, ArH of 
ArN,), 9.12 (d, J = 6.8 Hz, 1, CHNHCO), 9.18 (s, 1, OH). 
Anal. Calcd for C,,H,,N,O,: C, 52.63; H, 4.42. Found: 
C, 52.73; H, 4.43. 

To a solution of 137 mg (0.3 mmol) of methyl N-[N'- 
(3-azido-5-nitrobenzoyl)tyrosyl] -@-aha te  in 3.6 mL of 1:5 
water-MeOH was added 76 mg (1.8 mmol) of lithium 

C18H,,N,06: c, 59.00; H, 7.15. Found: c ,  59.02; H, 7.18. 

de) 6 2.46 (t, J = 7.0 Hz, 2, MeO,CCH,), 2.79-3.08 (m, 2, 
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hydroxide monohydrate. The mixture was stirred for 18 
h at  25 "C and concentrated. The residue was acidified 
with 2 N HCl solution. The solution was extracted with 
EtOAc, washed with brine, and dried. Concentration 
afforded 142 mg of crude N- [N'-(3-azido-5-nitrobenzo- 
yl)tyrosyl]-P-alanine: mp 94-96 OC dec; IR (KBr) 3316 
(OH), 2128 (NJ, 1719 (CO,), 1647,1620 (CON) cm-l; 'H 
NMR (CD,OD) 6 2.52 (t, J = 6.8 Hz, 2, HO,CCH,), 3.05 
(d, J = 9.0 Hz, 2, CHCH,), 3.23-3.73 (m, 2, 
HO,CCH,CH,), 6.72 and 7.16 (2 d, J = 8.1 Hz, 4, ArH 
of Tyr), 7.77, 7.94, and 8.33 (3 s, 3, C,H,(NO,)N,). 

The procedure described in the preparation of 13C was 
repeated with 118 mg (0.27 mmol) of N-[Nt-(3-azido-5- 
nitrobenzoyl)tyrosyl]-@-alanine, 37 mg (0.32 mmol) of N- 
hydroxysuccinimide, and 55 mg (0.27 mmol) of DCC in 
10 mL of anhydrous T H F  to afford, after stirring for 16.5 
h at  25 "C, 117 mg (81%) of 16C: mp 142-145 "C dec 
(from EtOAc-hexane); IR (KBr) 3320 (NH), 2122 (N3), 
1813,1780 (CON of NHS), 1731 (CO,), 1640 (CONH). 

Preparation of Calmodulin. CaM was isolated from 
bovine testes according to the procedure of Jamieson and 
Vanaman (1 0). 

Preparation of Human Erythrocyte Plasma Mem- 
brane Ca2+,Mg2+-ATPase, Ca2+,Mg2+-ATPase was iso- 
lated from outdated human blood according to the pro- 
cedure of Niggli et al. (11). Activity assays were per- 
formed by the method described by Niggli et al. (11) by 
using a colorimetric test for free phosphate. 

Synthetic Fragment (M13) of Myosin Light- 
Chain Kinase Containing the CaM Binding Region. 
The peptide (12) called M13 was synthesized a t  the Mac- 
romolecular Structure Analysis Facility a t  the Univer- 
sity of Kentucky, Lexington, KY with Biosearch 9600 pep- 
tide synthesizer. 

Functionalization of CaM with Succinimidyl 
N'-[N"-(3-Azido-5-nitrobenzoyl)tyrosyl]-j3-alanate 
(16C). A mixture containing 30 mM HEPES (pH 7.4), 
10 pM CaM, 20 pM 16C dissolved in HPLC-grade ace- 
tonitrile (1 mg/mL) immediately prior to use, and either 
2 mM CaCl, or 5 mM EGTA was incubated for 2 h a t  25 
"C, and the reaction was quenched by the addition of 
lysine to a final concentration of 10 mM. The modifica- 
tion of CaM was monitored by HPLC on a C-3 RPSC 
column (Altex). The calcium dependence of cross-link- 
ing was determined by substituting 2 mM EGTA for 
CaC1, in separate experiments. Separation of native and 
modified CaM was achieved with a gradient increasing 
from 25% to 45% acetonitrile in 10 mM sodium dihy- 
drogen phosphate (pH 6.0) and 2 mM EGTA as described 
by Mann and Vanaman (13) and shown in Figure 1. The 
purified monoadduct of CaM and 16C was digested with 
Staphococcus aureus V8 protease (Sigma) a t  a ratio of 
1:20 V8/CaM in the presence of EGTA. Glutamate- 
specific cleavage was achieved by conducting the digest 
in ammonium bicarbonate buffer a t  pH 8.0. The pep- 
tides were separated with a Phenyl pBondpak HPLC 
(Waters) column using a 1% /min gradient of 0.05% TFA 
and 88% acetonitrile in 1% TFA. The single peptide 
exhibiting 310-nm absorbance characteristic of the nitroaryl 
azide was sequenced with an Applied Biosystems 477A 
peptide sequencer. 

Preparation of lZ5I-Labeled Monoadduct of CaM 
and Succinimidyl N'-[Nt'-(3-Azido-5-nitrobenzoyl)- 
tyrosyl]-j3-alanate (16C). Radioiodination of 100 pg of 
the monoadduct of CaM and reagent 16C was achieved 
with 100 pCi of sodium ['251]iodide and Enzymobeads 
(Bio-Rad) according to the procedure supplied by Bio- 
Rad. 

0 IO 
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Figure 1. Reverse-phase HPLC profiles (C-3 column) of adducts 
of CaM and cross-linking reagent 16C: Upper trace in the pres- 
ence of Ca2+ and lower trace in the absence of Ca2+ as moni- 
tored a t  230 nm. The arrow denotes the Lys-75 monoadduct 
of CaM and 16C. 

Photolabeling of Ca2+,Mg2+-ATPase with lZ5I-La- 
beled Monoadduct of CaM and 16C. A solution of 0.7 
pM Ca2+,Mg2+-ATPase was incubated with 2 pM of 1251- 
labeled monoadduct of CaM and 16C (0.5 mCi/pmol) in 
30 mM HEPES (pH 7.4), 130 mM NaCl, 2 mM MgCl,, 
100 pM CaCl,, 0.05% (v/v) Triton X-100,5% (v/v) glyc- 
erol, and 0.5 mg/mL phosphatidylcholine. The calcium 
dependence of cross-linking was determined by substi- 
tuting 2 mM EGTA for CaC1, in separate experiments. 
Solutions were photolyzed with a hand-held ultraviolet 
light with the glass face removed (4600 pW/cm2, Model 
IJVS-11, Ultra-violet Products, Inc.) a t  a distance of 4 
cm for 1 min, suspended in a protein-solubilizing mix- 
ture of 65 mM Tris, 2% (w/v) SDS, 10% (v/v) glycerol, 
5% (v/v) 2-mercaptoethanol, and 0.001% (w/v) bro- 
mophenol blue, and boiled for 5 min. The resulting solu- 
tion was resolved on 7.5% SDS-PAGE, and the gel was 
silver-stained and autoradiographed for 48 h. 

Photolabeling of the M13 Peptide. A solution of 4 
pM monoadduct of CaM and 16C, 12 pM M13 peptide, 
and 2 mM CaC1, in 30 mM HEPES (pH 7.4) was photo- 
lyzed with a hand-held ultraviolet light as described above. 
The calcium dependence of cross-linking was again deter- 
mined by substituting 2 mM EGTA for CaC1, in sepa- 
rate experiments. The photolyzed mixture was sus- 
pended in the protein-solubilizing mixture described above 
and boiled for 5 min. The product was resolved on 15% 
SDS-PAGE, and the gel was silver-stained. 

RESULTS 
Chemical Synthesis. After selecting tyrosine as the 

central structural element for these cross-linking reagents, 
we explored the addition of the photoactive aryl azide 
group a t  either the C-terminus or the N-terminus of 
tyrosine. As shown in Scheme 11, the straightforward 
acylation of 4-azidoaniline (8) (14) with N-(tert-butoxy- 
carbonyl) tyrosine, deblocking, and subsequent acylation 
with disuccinimidyl adipate furnished the potential cross- 
linking reagent 11 in which the C-terminus of the tyrosine 
residue held the photoactive portion of the reagent. As 
shown in Scheme 11, incorporating the photoactive group 
at  the N-terminus in the cross-linking reagents 16A, 
16B, or 16C proceeded through a route that involved the 
acylation of @-alanine methyl ester with N-(tert-butoxy- 
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Scheme 11." Synthesis of Tyrosine-Based Reagents 
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carbonyl)tyrosine, deblocking, and subsequent acylation 
with succimidyl esters 13 of 4-azidobenzoic acid (12A), 
3-azidobenzoic acid (12B), or 3-azido-5-nitrobenzoic acid 
(12C), respectively. An alternate route to succinimidyl 
esters 16 in which the acylation of tyrosine methyl ester 
with succinimidyl esters 13 preceded acylation with 6- 
alanine methyl ester furnished the same products (16) 
but in poorer overall yield than the route shown in Scheme 
11. In comparison, cross-linking reagents 16 derived from 
azide-substituted benzoates were stable and readily puri- 
fied whereas cross-linking reagent 11 derived from 4- 
azidoaniline (8) was produced in poor yield and was not 
readily generalized to incorporate other substituents such 
as a nitro group in the azidophenyl ring. 

The electrophilic succinimidyl ester terminus in these 
reagents was expected to react with various nucleophilic 
groups in the target protein calmodulin. Since mamma- 
lian calmodulin lacked cysteine residues, the reactivity 
of succinimidyl esters with amino and hydroxyl groups 
was evaluated in a model study. Although succinimidyl 
esters are used routinely in reactions with amines (15- 
17), there was little precedent for the reactions of suc- 

cinimidyl esters with alcohols. The alcoholysis of vari- 
ous succinimidyl esters afforded esters in good yields from 
primary alcohols, secondary alcohols, and phenols only 
if the alcohol component was used in excess (18). Under 
conditions useful for protein labeling, the cross-linking 
reagents were expected to exhibit selectivity for lysine 
residues rather than serine or threonine residues, a fact 
which we subsequently confirmed in studies using calm- 
odulin. 

As a model study for the radioiodination (19) and acy- 
lation processes needed for biochemical studies, the iodi- 
nation (20,21) of succinimidyl ester 16A followed by treat- 
ment with n-butylamine, a surrogate for a lysine resi- 
due, led, as shown in Scheme 111, to a mixture of mono- 
and diiodinated products (18A and 19A) that could not 
be separated. For characterization purposes, the iodina- 
tion of ester 20A, separation of the mono- and diiodi- 
nated esters, saponification, and coupling with n-but- 
ylamine furnished either pure 18A or 19A. Although iodi- 
nated amide 18A was not identical with the cross-linked 
adduct 6 in Scheme I in the sense that the azide group 
in 18A was still intact, we tested whether chymotrypsin 
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Figure 3. Silver-stained SDS-PAGE gel of cross-linking exper- 
iments with M13. Lane 1 corresponds to the photolysis of the 
CaM-16C monoadduct and M13 in the presence of Ca2+. Lane 
2 corresponds to an experiment conducted in the absence of 
light, and lane 3 corresponds to an experiment conducted in 
the absence of Ca2+. Molecular weight markers are indicated 
a t  the left of lane 1. 

42 - 
+ +  hv + + - -  

Figure 2. SDS-PAGE and autoradiograms of cross-linking exper- 
iments with CaM. Lanes 1, 3, and 5 correspond to the silver- 
stained gels, and lanes 2,4, and 6 correspond to the autoradio- 
grams of lanes 1, 3, and 5, res ectively. Lanes 1 and 2 corre- 

and Ca2+,Mg2+-ATPase in the presence of Ca2+. Lanes 3 and 
4 correspond to an experiment conducted in the absence of light, 
and lanes 5 and 6 correspond to an experiment conducted in 
the absence of Ca2+. Less protein was used in lane 5, and this 
accounted for the reduced intensity of bands in this lane. Molec- 
ular weight markers are indicated a t  the left of lane 1. 

would accept such a substrate. As shown in Scheme 111, 
exposure of iodinated amide 18A to chymotrypsin in the 
presence of a nucleophile such as tyrosinamide (22) inter- 
cepted the acylated chymotrypsin intermediate and led 
to the isolation of the desired adduct 22A in 69% yield. 

Functionalization of CaM with Succinimidyl 
N’-[ N ”-( 3-Azido-5-nitrobenzoyl) tyrosyll-/3-alanate 
(16C). CaM was treated with reagent 16C in the pres- 
ence and absence of calcium chloride. In the presence 
of calcium, CaM underwent specific modification at  Lys- 
75. Separation of native and modified CaM was achieved 
as described by Mann and Vanaman (13) and as shown 
in Figure 1. Under these conditions, 59% of the CaM 
was modified by 16C and the Lys-75 derivative (indicat- 
ed by an arrow in Figure 1) comprised 78% of the mod- 
ified CaM or 46% of the total CaM used in the experi- 
ment. The purified monoadduct of CaM and 16C was 
digested with S. aureus V8 protease (Sigma) and the sin- 
gle peptide exhibiting 310-nm absorbance characteristic 
of the nitroaryl azide was sequenced to confirm com- 
plete modification of Lys-75 (data not shown). 

P hotolabeling of Ca2+,Mg2+-ATPase with 1251-La- 
beled Monoadduct of CaM and 16C. Irradiation of a 
solution of Ca2+,Mg2+-ATPase and 1251-labeled monoad- 
duct of CaM and 16C (0.5 mCi/pmol) in the presence of 
calcium led, after separation on 7.5% SDS-PAGE and 
autoradiography, to the gels and autoradiograms in Fig- 
ure 2. The calcium dependence of cross-linking was deter- 
mined by substituting 2 mM EGTA for CaC1, in sepa- 
rate experiments. As shown in lanes l and 2, photolysis 
in the presence of Ca2+ yielded a radiolabeled band in 
the autoradiogram corresponding to a cross-linked spe- 
cies of CaM and Ca2+,M$+-ATPase having a M, of approx- 
imately 150 kDa. In the absence of Ca2+ (lanes 5 and 6) 
or of photolysis (lanes 3 and 4), the radiolabeled band 
was absent, demonstrating that the formation of the cross- 
linked species required both Ca2+ and light. 

Photolabeling of the M13 Peptide. Irradiation of a 
solution of monoadduct of CaM and 16C and the M13 
peptide led, after separation on 15 % SDS-PAGE and sil- 
ver-staining, to the gel in Figure 3. Lane l shows the 
photolysis of the M13 peptide and the CaM-16C monoad- 
duct in the presence of Ca2+. The higher molecular weight 
band in Figure 3 is the cross-linked species. On the basis 
of the computed molecular weights of the cross-linked 

spond to the photolysis of the l2 t I-labeled CaM-16C monoadduct 
species and CaM, there is a difference of ca. 2000 Da, 
and since the molecular weight of M13 is 1427 Da, this 
indicates that only one M13 is cross-linked per CaM mol- 
ecule. An estimate of cross-linking efficiency was pro- 
vided by densitometry that showed that ca. 20% of the 
CaM was cross-linked to M13. The high yield of photo- 
cross-linked species obviated, in this case, the need for 
radioisotopes. Lanes 2 and 3 demonstrate that the cross- 
linking is light and Ca2+ dependent, respectively. 

DISCUSSION 

New heterobifunctional cross-linking reagents that pos- 
sessed a photoactive terminus, an electrophilic termi- 
nus, an 1251-radiolabel, and an enzymatically cleavable 
linking arm between the two termini were synthesized 
and applied to cross-linking studies of calmodulin deriva- 
tized at  Lys-75 and either the human erythrocyte plasma 
membrane Ca2+,Mg2+-ATPase or a synthetic fragment 
(M13) containing the CaM-binding region of myosin light- 
chain kinase. The selection of 1251 as the radiolabel was 
based on the availability of sodium iodide in high spe- 
cific activity, the reasonable half-life, and the ease with 
which 1251 could be introduced in the cross-linking reagents 
late in the synthetic route. The neutral conditions nec- 
essary to preserve the succinimidyl ester functionality 
during radioiodination dictated the need for an activat- 
ing phenolic hydroxyl group (20,21). This need as well 
as the desire to incorporate an enzymatically cleavable 
bond led to the selection of a tyrosine residue as the spacer 
between the electrophilic and the photoactive termini. 
Reagents in which the photoactive aryl azide was attached 
to the N-terminus rather than the C-terminus of tyrosine 
were preferred on the basis of ease of synthesis and prod- 
uct stability. Model studies involving the successful cou- 
pling of one of these reagents (16A) with n-butylamine 
as a surrogate for a lysine residue, iodination, and chy- 
motrypsin cleavage (22) in the presence of tyrosinamide, 
as shown in Scheme 111, augured well for the proposed 
biochemical applications. This result, although promis- 
ing, does not guarantee success in the biochemical sys- 
tem where steric bulk of the protein cross-linked through 
the azide may also play a role. 

Preliminary studies indicated that reagents 16 were via- 
ble cross-linking reagents. Exposure of reagent 16C to 
calmodulin and subsequent HPLC purification pro- 
vided a principal monoadduct of 16C and calmodulin. 
Trypsin digestion of this monoadduct and sequencing of 
the azide-bearing fragments indicated that 16C reacted 
preferentially a t  Lys-75 in calmodulin in a specific, cal- 
cium-dependent manner. This Lys-75 monoadduct of CaM 
and 16C retained 100% of the biological activity of calm- 
odulin as established by activation of human erythro- 
cyte plasma membrane Ca2+,Mg2+-ATPase (data not 
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shown). Radioiodination of the this monoadduct and pho- 
tolysis in the presence of Ca2+,Mg2+-ATPase led to suc- 
cessful, calcium-dependent cross-linking as indicated by 
the gels and autoradiograms in Figure 2. A similar cross- 
linking experiment using the lZ5I-labeled monoadduct of 
CaM and 16C and M13, a synthetic fragment of myosin 
light-chain kinase containing the CaM-binding region, also 
led to a successful, calcium-dependent cross-linking as 
shown in Figure 3. A detailed report of these latter stud- 
ies will appear in due course. In summary, this study 
defined the structural parameters necessary for an enzy- 
matically cleavable, heterobifunctional cross-linking reagent 
and demonstrated, in a preliminary fashion, the success 
of such a rationally designed reagent in two cross-link- 
ing experiments. 
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Photoaffinity Heterobifunctional Cross-Linking Reagents Based on 
Azide-Substituted Salicylates 
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Photoaffinity heterobifunctional cross-linking reagents are described that incorporate a 4-azidosali- 
cylate group a t  one terminus and an N-hydroxysuccinimidyl ester at the other terminus with a “link- 
ing arm” of variable length separating the photoactive and electrophilic termini. Exposure of calm- 
odulin (CaM) to succinimidyl N-[2- [(4-azidosalicyloyl)oxy]ethyl]suberamate (4C) led to monoad- 
ducts at Lys-21, Lys-75, and Lys-94. Separation of the monoadducts from CaM and polyadducts, 
radioiodination, and photolysis in the presence of human erythrocyte plasma membrane Ca2+, Mg2+- 
ATPase led to calcium-dependent cross-linking with 8% cross-linking efficiency. 

Heterobifunctional photoaffinity cross-linking reagents 
are valuable probes for studying intermolecular associa- 
tions among proteins (1-3) such as the ubiquitous calci- 
um-binding protein calmodulin that plays an important 
regulatory role in a variety of biochemical processes.’ Use- 
ful reagents of this type should possess four essential fea- 
tures: an electrophilic terminus capable of intercepting 
various nucleophilic amino acid residues; a “reporter 
group”, such as an aryl azide or trifluoromethyl aryl diaz- 
irine, capable of furnishing a reactive species that cross- 
links a second protein; a ”linking arm” that connects the 
photoactive group and electrophilic terminus; and a radi- 
olabel of sufficiently high specific activity to permit the 
detection of low concentrations of cross-linked biomole- 
cules. Superimposed on these requirements are practi- 
cal concerns that the radiolabels must be introduced late 
in the synthetic route to avoid, if possible, carrying radi- 
olabeled intermediates through multistage transforma- 
tions as well as concerns that the synthetic route must 
involve relatively few steps and originate with readily avail- 
able materials. These requirements are fulfilled by new 
salicylate-based heterobifunctional reagents prepared in 
this study. Azide-substituted salicylates have been used 
previously as part of photoaffinity analogues of meth- 
otrexate ( 4 , 5 )  and as part of heterobifunctional reagents 
(6,  7) different from those described here. 
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EXPERIMENTAL PROCEDURES 
General Chemical Procedures. Infrared spectra were 

recorded on a Perkin-Elmer Model 357 spectrometer. 
Nuclear magnetic resonance spectra were determined on 
a Varian 400-MHz or Gemini 200-MHz NMR spectrom- 
eter. Chemical shifts are reported in parts per million 
relative to tetramethylsilane as an internal standard. Mass 
spectra were determined on a VG ZAB spectrometer. Ele- 
mental analyses were performed by Atlantic Microlabs, 
Norcross, GA. Column chromatography using Mach- 
erey Nagel silica gel 60 is referred to as “chromatogra- 
phy on silica gel”, preparative-layer chromatography on 
Macherey Nagel silica gel F254 is referred to as “chro- 
matography on a silica gel plate”, and the drying of an 
organic phase over anhydrous magnesium sulfate is sim- 
ply indicated by the phrase “dried”. The following exper- 
imental section contains detailed procedures for the 
reagents 4, one of which was successfully employed in 
biochemical cross-linking experiments. Experimental data 
for other compounds is available as supplementary mate- 
rial. 

2 4  (tert-Butoxycarbonyl)amino]ethanol. To a solu- 
tion of 1.0 g (16 mmol) of ethanolamine and 2.4 g (25 
mmol) of Et3N2 in 7.5 mL of dioxane and 7.5 mL of water 
was added 4.45 g (18 mmol) of BOC-ON. The mixture 
was stirred for 3 h at 25 OC. After cooling to 0 “C, the 
mixture was acidified with a 3 M HC1 solution and 
extracted with EtOAc. The combined organic extracts 
were washed with brine and dried. The product was chro- 
matographed on silica gel using 1:l EtOAc-hexane to afford 
1.58 g (60%) of 2-[ (tert-butoxycarbonyl)amino]ethanol: 
IR (TF) 3400, 1700 cm-l; NMR (CDC1,) 6 1.43 (s, 9, 
(CH3)3), 3.26 (4, J = 6 Hz, 2, CH,), 3.48, (br s, 1, OH), 

The abbreviations used are as follows: BOC-ON, 2-[[(tert- 
butoxycarbonyl)oxy]imino]-2-phenylacetonitrile; Et,N, trieth- 
ylamine; CaM, calmodulin; DCC, N,N’-dicyclohexylcarbodiim- 
ide; DMSO, dimethyl sulfoxide; DSO, disuccinimidyl oxalate; 
EtOAc, ethyl acetate; EGTA, ethylene glycol bis(p-aminoethy1 
ether)-N,N,”,N’-tetraacetic acid; HEPES, 4-( 2-hydroxyethy1)- 
l-piperazineethanesulfonic acid; HOAc, acetic acid; THF, tet- 
rahydrofuran; NHS, N-hydroxysuccinimidyl; TRIS, tris(hy- 
droxymethy1)aminomethane. 
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Scheme I" 
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Reagents: (a) DCC, tBOCNHCH,CH,OH; (b) HCl; ( c )  succinic anhydride, Et,N; (d) NHSOH, DCC; (e) NHSOC(0)- 
(CH,),C(O)ONHS, Et,N; (f) nBuNH,. 

3.67 (q, J = 6 Hz, 2, CH,), 5.26 (br s, 1, NH). Anal. 
Calcd for C7HlSN03: C, 52.16; H, 9.38. Found: C, 51.92; 
H, 9.43. 

24 (tert-Butoxycarbonyl)amino]ethyl 4-Azidosal- 
icylate (2). To a solution of 111 mg (0.62 mmol) of 4-azi- 
dosalicylic acid (1) and 100 mg (0.62 mmol) of 2-[(tert- 
butoxycarbonyl)amino]ethanol in 2 mL of THF was added 
141 mg (0.68 mmol) of DCC. The mixture was stirred 
for 15 h at  25 "C. The mixture was diluted with EtOAc 
and filtered. The filtrate was concentrated and chro- 
matographed on silica gel in 1:2 EtOAc-hexane to afford 
125 mg (61%) of (2): mp 111-112 "C (EtOAc-hexane); 
IR (KBr) 3340, 2100, 1670 cm-l; NMR (CDC1,) 6 1.41 (s, 
9, C(CH,),), 3.48 (q, J = 6 Hz, CH,NH), 4.37 (t, J = 6 
Hz, 2, OCH,), 4.80 (br s, 1, NH), 6.45 (dd, J = 2, 8 Hz, 

H-6), 10.72 (9, 1, OH). Anal. Calcd for C14H1805N4: C, 
52.17; H, 5.63. Found: C, 52.27; H, 5.66. 

2-Aminoethyl 4-Azidosalicylate Hydrochloride 
(3). A solution of 3.5 g (11 mmol) of 2 in 20 mL of HOAc 
saturated with HCl gas was allowed to stand for 20 min 
at  25 "C. Ether was added to this mixture, and the pre- 
cipitate was collected. The crystals were washed with 
ether and dried under reduced pressure to afford 2.44 g 
(87%) of 3: mp 201-202 "C (MeOH); IR (KBr) 3300- 
2500, 2130, 1660, 1620 cm-l. Anal. Calcd for 
C9Hl1O3N4Cl: C, 41.79; H, 4.29. Found: C, 41.86; H, 
4.33. 

Succinimidyl N-[2-[ (4-Azidosalicyloyl)oxy]eth- 
yllsuccinamate (4A). A solution of 200 mg (0.77 mmol) 
of 3, 77 mg (0.77 mmol) of succinic anhydride, and 78 
mg (0.77 mmol) of Et,N in 8 mL of DMSO was stirred 
for 3 h at 25 "C. The solution was diluted with EtOAc, 
washed with brine, and dried. The solvent was evapo- 
rated to afford 197 mg (79%) of an acid: IR (KBr) 3600- 
2500,2100,1710,1665,1640 cm-l. Anal. Calcd for Cl3HI4- 
N40,: C, 52.16; H, 9.38. Found: C, 51.92; H, 9.43. 

To a suspension of 300 mg (0.93 mmol) of the above 
carboxylic acid and 107 mg (0.93 mmol) of N-hy- 
droxysuccinimide in 10 mL of THF was added 192 mg 
(0.93 mmol) of DCC. The mixture was stirred for 15 h 
at  25 "C. The mixture was diluted with EtOAc and fil- 
tered. The filtrate was washed successively with 2 %  (w/v) 
NaHCO, solution and brine and dried. The residue was 
recrystallized from EtOAchexane to afford 297 mg (76%) 
of 4A: IR (KBr) 3280,2103,1810,1778,1725,1645 cm-l; 
NMR (CDC1,) 6 2.61 (t, J = 6.8 Hz, 2, CH,), 2.78 (s, 4, 
CH, of NHS), 2.97 (t, J = 6.8 Hz, 2, CH,), 3.66 (q, J = 
5.3 Hz, 2, CH,NH), 4.41 (t, J = 5.3 Hz, 2, OCH,), 6.13 
(m. 1, NH), 6.53 (dd, J = 8.6, 2.2 Hz, 1, ArH), 6.61 

1, H-5), 6.55 (d, J = 2 Hz, 1, H-4), 7.71 (d, J = 8 Hz, 1, 

(d, J = 2.2 Hz, 1, ArH), 7.80 (d, J = 8.6 Hz, 1, ArH), 
10.81 (s, 1, OH). Anal. Calcd for C17Hl,N50,: C, 48.69; 
H, 4.09. Found: C, 48.82; H, 4.13. 

Succinimidyl N-[2-[(4-Azidosalicyloyl)oxy]eth- 
ylladipamate (4B). To a solution of 239 mg (0.70 mmol) 
of disuccinimidyl adipate and 200 mg (0.77 mmol) of 3 
in 4 mL of DMSO was added a solution of 78 mg (0.77 
mmol) of Et,N in 2 mL of DMSO. The solution was 
stirred for 7 h a t  25 "C, diluted with EtOAc, washed with 
brine, and dried. The product was chromatographed on 
silica gel using EtOAc to yield 137 mg (44%) of 4B: mp 
110-111 OC (EtOAc-hexane); 'H NMR (CDC1,) 6 1.75 
(m, 4, CH,), 2.27 (t, J = 6.8 Hz, 2, CH,COO), 2.62 (t, J 
= 6.8 Hz, 2, NHCOCH,), 2.79 (s, 4, CH, of NHS), 3.67 
(q, J = 5.4 Hz, 2, CH,NH), 4.43 (t, J = 5.4 Hz, 2, OCH,), 
6.13 (m, 1, NH), 6.53 (dd, J = 8.6, 2.2 Hz, 1, ArH), 6.63 
(d, J = 2.2 Hz, 1, ArH), 7.80 (d, J = 8.6 Hz, 1, ArH), 
10.84 (s, 1, OH). Anal. Calcd for Cl9Hz1N5O,: C, 51.01; 
H, 4.73. Found: C, 51.09; H, 4.75. 

Succinimidyl N-[2-[(4-Azidosalicyloyl)oxy]eth- 
yllsuberamate (4C). To a solution of 129 mg (0.42 mmol) 
of disuccinimidyl suberate and 100 mg (0.39 mmol) of 3 
in 4 mL of DMSO was added a solution of 39 mg (0.39 
mmol) of Et,N in 4 mL of DMSO. The solution was 
stirred for 12 h a t  25 "C, diluted with EtOAc, washed 
successively with water and brine, and dried. The prod- 
uct was chromatographed on silica gel using EtOAc to 
afford 67 mg (40%) of 4C: mp 88-89 "C (EtOAc-hex- 
ane); IR (KBr) 3300, 2130, 1813, 1783, 1740, 1640 cm-'; 
NMR (CDC1,) 6 1.35 (m, 4, CH,), 1.69 (m, 4, CH,), 2.20 
(t, J = 7.3 Hz, 2, CH,COO), 2.58 (t, J = 7.3 Hz, 2, 
CH,CONH), 2.81 (s, 4, CH, of NHS), 3.66 (q, J = 5.6 
Hz, 2, CH,NH), 4.43 (t, J = 5.6 Hz, 2, OCH,), 5.99 (br s, 
1, NH), 6.55 (dd, J = 8.7, 2.2 Hz, 1, ArH), 6.63 (d, J = 
2.2 Hz, 1, ArH), 7.81 (d, J = 8.7 Hz, 1, ArH), 10.83 (s, 1, 
OH). Anal. Calcd for CZlH,,N5O8: C, 53.05; H, 5.30. 
Found: C, 53.05; H, 5.33. 

Preparation of Calmodulin. CaM was isolated from 
bovine testes according to the procedure of Jamieson and 
Vanaman (8). 

Preparation of Human Erythrocyte Plasma Mem- 
brane ea2+, Mg2+-ATPase. Ca2+,Mg2+-ATPase was iso- 
lated from outdated human blood according to the pro- 
cedure of Niggli et al. (9). 

RESULTS 
Chemical Synthesis. As shown in Scheme I, the sal- 

icylate derivatives 4B and 4C were prepared by coupling 
4-azidosalicylic acid (1) with 2- [ (tert-butoxycarbony1)- 
aminolethanol, deprotection, and reaction with a bis- 
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Figure 1. Reverse-phase HPLC profiies ((2-3 column) of adducts 
of CaM and cross-linking reagent 4C in the presence and absence 
of Ca2+ as monitored a t  230 and 310 nm. The latter wave- 
length indicated the presence of the aryl azide. Arrow "a" denotes 
the monoadduct at Lys-75, and arrow "b" denotes the insepa- 
rable monoadducts a t  Lys-21 and Lys-94. 

(NHS ester). In the case of 4A, the final steps involved 
treating the intermediate amine 3 with succinic anhy- 
dride and activating the acid as the NHS ester. 

Functionalization of CaM with Salicylate Rea- 
gents. CaM was treated with cross-linking reagents 4A, 
4B, or 4C in the presence and absence of CaC1,. For 
example, the reagent 4C was dissolved in HPLC-grade 
acetonitrile at a concentration of 1 mg/mL immediately 
prior to use and was subsequently added to a mixture of 
10 pM CaM, 30 pM HEPES (pH 7.4), and 2 mM CaC1, 
to a final concentration of 20 pM for the reagent 4C. The 
mixture was incubated a t  25 "C for 2 h, and the reaction 
was quenched by the addition of Lys to a final concen- 
tration of 10 mM. To assess the calcium dependence of 
these reactions, 2 mM EGTA was used in place of the 2 
mM CaC1,. The modification of CaM was monitored by 
HPLC on a C-3 RPSC column (Altex). Separation of 
native and modified CaM was achieved with a gradient 
increasing from 25% to 45% of acetonitrile in 10 mM 
sodium dihydrogen phosphate (pH 6.0) and 2 mM EGTA. 
The resulting traces for the modification of CaM with 
reagent 4C are shown in Figure 1, and the monoadducts 
at Lys-75 (arrow a) and at Lys-21 and Lys-94 (insepara- 
ble; arrow b) are identified in Figure 1. In the following 
photolabeling experiments, a mixture of these monoad- 
ducts (Lys-21, Lys-75, and Lys-94) was used, but in other 
photolabeling experiments (data not shown), it was pos- 
sible to use just the Lys-75 monoadduct. Further puri- 
fication of the CaM monoadducts and identification accord- 
ing to the procedure of Vanaman (10) will be described 
elsewhere. 

Preparation of 1251-Labeled Monoadduct of CaM 
and Reagent 4C. Radioiodination of 100 pg of a mix- 
ture of monoadducts (at Lys-21, Lys-75, and Lys-94) of 
CaM and reagent 4C was achieved with 200 pCi of [ 1251] NaI 
and Enzymobeads (Bio-Rad) according to the procedure 
supplied by Bio-Rad. 

Photolabeling Experiments. A solution of 1.5 pg of 
Ca2+, Mg2+-ATPase was incubated with 0.5 pg of 1251- 
labeled monoadducts of CaM and reagent 4C (1.8 mCi/ 
pmol) in 30 mM HEPES (pH 7.4), 130 mM NaC1,2 mM 
MgCI,, 0.05% Triton X-100, 5% glycerol, and 0.5 mg/ 
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Figure 2. SDS-polyacrylamide gels and autoradiograms of cross- 
linking experiments. Lanes 1-4 correspond to  the silver- 
stained gels and lanes 5-7 correspond to the autoradiograms of 
lanes 2-4, respectively. Lane 1 shows protein standards, whose 
molecular weights are indicated on the left margin. Lanes 2 
and 5 correspond to the photolysis product of the 12'1- 
monoadducts of CaM and Ca2+,Mg2+-ATPase in the presence 
of 2mM CaC1,. The arrow a t  the left margin of lane 2 indicates 
the cross-linked adduct of CaM and Ca2+,Mg2+-ATPase. Lanes 
3 and 6 show the gel and autoradiogram, respectively, of the 
same mixture without photolysis. Lanes 4 and 7 show the gel 
and autoradiogram, respectively, of the photolysis products in 
the presence of 2 mM EGTA. Arrows on the right indicate the 
position of Ca2+,Mg2+-ATPase (138 kDa) and the two cross- 
linked species a t  147 and 157 kDa. The former corresponds to 
the band marked with an arrow in lane 2. 

mL phosphatidyl choline containing either 0.1 mM CaC1, 
or 2 mM EGTA. The solution was photolyzed with a 
hand-held ultraviolet light with the glass face removed 
(4600 pW /cm2, Model UVS-11, Ultra-violet Products, Inc.) 
at a distance of 4 cm for 1 min, suspended in a protein- 
solubilizing mixture of 65 mM TRIS*HC1,2% SDS, 10% 
glycerol, 5 % P-mercaptoethanol, and 0.001 % bromophe- 
nol blue, and boiled for 5 min. Products were analyzed 
on a 7.5% SDS-PAGE gel, and the gel was dried, auto- 
radiographed, resuspended, and silver-stained. Autora- 
diography was performed for 72 h. Figure 2 shows the 
results of these experiments. Cross-linking was seen only 
in the presence of calcium ion. The autoradiogram also 
shows the appearance of CaM dimer as well as an iodi- 
nated contaminant (55 kDa). Densitometry scans of the 
gel indicate a reproducible 8% cross-linking of the CaM 
and Ca2+,Mg2+-ATPase. 
DISCUSSION 

The selection of 1251 as the radiolabel and the decision 
to incorporate both the radiolabel and the azide group 
in the same aryl ring suggested the development of a het- 
erobifunctional photoaffinity reagent based upon 4-ami- 
nosalicylic acid that possessed the necessary hydroxyl group 
needed for the activation of the aromatic ring (11, 12). 
The salicylate-based cross-linking reagents 4 in Scheme 
I met the basic requirements outlined earlier in that they 
possessed the capacity for radioiodination, a photoac- 
tive azide, and an electrophilic NHS ester group. Other 
related reagents, judged unsuitable as cross-linking 
reagents, such as succinimidyl N- [ [ (4-azidophenoxy)car- 
bonyl]methyl]suberamate lacked the activating hydroxyl 
group and failed to iodinate under mild conditions, and 
reagents such as succinimidyl N- [ [ (5-azido-3-hydroxyphe- 
noxy)carbonyl]methyl]suberamate proved too suscepti- 
ble to nucleophilic substitution a t  the acyl group attached 
to the aryl azide residue rather than a t  the electrophilic 
NHS ester (see the supplementary material for the prep- 
aration of these reagents). The salicylate-based reagents 
also exhibited competition between the two electro- 
philic sites with n-butylamine as a Lys surrogate and gave 
both amide 5 and N-butyl-4-azido-2-hydroxybenzamide, 
the predominance of the former product warranted appli- 
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cation of the reagents 4 in experiments to functionalize 
CaM. In comparison with known salicylate-based cross- 
linking reagents, these reagents possessed an NHS elec- 
trophilic terminus instead of a maleimide (6), a photo- 
active aryl azide instead of an acyl azide (6), and a meta 
arrangement of the hydroxyl and azide groups instead of 
a para arrangement (7). This latter, seemingly trivial point 
was important in that it was noted that p-azidophenols, 
prepared in another connection (131, were considerably 
less stable than m-azidophenols and appeared to decom- 
pose thermally as well as photochemically. On this basis, 
it seemed reasonable that the meta-substituted reagents 
4 would be potentially more effective cross-linking agents 
than the para-substituted reagent 6. 

Calmodulin target enzymes were used as a forum in 
which to test the viability of the salicylate-based cross- 
linking reagents 4A-C. All of the salicylate-based reagents 
modified calmodulin in a calcium-dependent manner, 
although the specific modification site or sites varied from 
reagent to reagent as reported in detail el~ewhere.~ For 
example, succinimidyl N- [ 2- [ (4-azidosalicyloyl)oxy] eth- 
yllsuccinamate (4A) modified exclusively Lys-75, whereas 
succinimidyl N-[2- [ (4-azidosalicyloyl)oxy]ethyl]subera- 
mate (4C) functionalized Lys-21, Lys-75, and Lys-94 of 
calmodulin to an equal extent. These results suggest an 
interesting spacial relationship between the hydropho- 
bic binding site of calmodulin (14) that may bind the 
aryl portion of the reagents and the Lys residues in var- 
ious domains of calmodulin. 

In the actual photolysis experiments, it was also of inter- 
est that the length of the “linking arm” as well as the 
orientation of the azide and hydroxyl groups on the aryl 
ring influenced the cross-linking process. In these pre- 
liminary studies, it proved more convenient to perform 
the radioiodination on the monoadducts of calmodulin 
and the cross-linking reagent than to perform the radio- 
iodination on the cross-linking reagent alone, modify calm- 
odulin with this reagent, and purify the radiolabeled 
monoadducts. The outcome, in either case, was essen- 
tially the same with the exception of competitive radio- 
iodination of Tyr residues in CaM during the former pro- 
cedure. Photolysis of the 12SI-labeled monoadducts of 
4A and calmodulin failed to cross-link the human eryth- 
rocyte plasma membrane Ca2+,Mgf-ATPase whereas pho- 
tolysis of the 1251-labeled monoadducts of 4C and calm- 
odulin successfully cross-linked this target enzyme in a 
calcium-dependent manner as shown in the autoradio- 
grams of the SDS-PAGE gels in Figure 2. Appropriate 
controls (Le., photolysis of the 1251-labeled monoadducts 
of 4C and calmodulin in the presence of EGTA) estab- 
lished that the band in lane 2 (denoted by an arrow) of 
Figure 2 represented a true cross-linked species. The pho- 
tolysis successfully produced a cross-linked species of 
approximately 147 kDa (lane 5 of Figure 2) that was detect- 
able by both radioactivity and silver staining and that 
corresponded to the band marked in lane 2 with an arrow. 
Densitometry scans of the gel indicated a reproducible 
8% cross-linking efficiency that compared favorably with 
other probes. A second, minor cross-linked species (157 
kDa, lane 5 of Figure 2) of uncertain structure was also 
detected (by radioactivity only), consistent with litera- 
ture reports (15).  The isomeric reagent 6 (7) possessing 
a para arrangement of the azide and hydroxyl groups 
resulted in a remarkable 27% in cross-linking efficiency 
in studies using protein A and rabbit IgG (7). 

On the basis of the current understanding of the pho- 
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tolysis of aryl azides (16, 17), it is unlikely that nitrene 
intermediates were the putative cross-linking agents in 
any of these cases. I t  is reasonable to suggest that a reac- 
tive p-iminoquinone intermediate may account for the 
success (7) noted with reagent 6 whereas a less reactive 
and more selective dehydroazepine intermediate in the 
present study may account for the 8% cross-linking effi- 
ciency encountered with reagent 4C. Photodeiodination 
(18) presumably disadvantaged both reagents 4 and 6, 
although the extent of this competitive process in each 
system was not determined. Other solutions to the prob- 
lem of preparing efficient cross-linking reagents with pho- 
tostable radiolabels will be described in due course. 
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We have previously shown that antisense oligomers linked to poly(L-lysine) (PLL) exhibit antiviral 
properties against vesicular stomatitis virus (VSV) a t  concentrations lower than 1 pM. The conjuga- 
tion to PLL provides an interesting alternative to natural or neutral oligomers to increase the biolog- 
ical effects of antisense oligomers. The internalization pathway of oligomer-PLL conjugates as com- 
pared to unconjugated oligomers has been studied in L929 cells. In parallel to their enhanced anti- 
viral activity, PLL increases greatly the uptake of fluorescently tagged oligomers. This internalization 
follows a classical endocytic pathway and the oligomer has to be cleaved from PLL in the cell to 
exhibit an antiviral effect. 

It has been established that small DNA sequences called 
"antisense oligonucleotides" are able to control nega- 
tively viral (1 )  or cellular (2) gene expression through 
formation of complementary hybrids with mRNAs or their 
precursors. Unmodified oligonucleotides (oligomers) are 
internalized in mammalian cultured cells through a sat- 
urable and energy-dependent process, possibly medi- 
ated by a receptor ( 3 , 4 ) .  However oligomers are highly 
sensitive to nucleases present in the culture media and 
in many cases this uptake is too slow and/or inefficient 
to deliver functional oligomers a t  the appropriate con- 
centration into cultured cells. 

Nonionic methylphosphonate oligomers penetrate mam- 
malian cells through passive diffusion across the mem- 
brane and are resistant to nuclease degradation; high con- 
centrations (in the 50-100 pM range) are nevertheless 
required to inhibit vesicular stomatitis virus (VSV) (5), 
human immunodeficiency virus (HIV) (6), or herpes virus 
multiplication (7). 

Unmodified or phosphorothioate oligomers covalently 
linked to cholesterol (8) inhibit HIV a t  significantly lower 
concentrations than oligomers alone. This increased effi- 
ciency is most probably due to their enhanced uptake 
into cells (9). 

Poly(L-lysine) (PLL), a well-known polycationic drug 
carrier (IO), has been used to potentiate the antiviral effects 
of antisense oligomers directed against VSV (11)) and more 
recently against HIV (12). A large decrease (100-fold or 
more) in the VSV titer was observed a t  antisense oligo- 
mers concentration lower than 1 FM; this has to be com- 
pared with the inhibitions observed with unconjugated 
oligomers or oligomer analogues which act in a concen- 
tration range of 10-100 pM. 

In the present study we have investigated the inter- 
nalization pathway of such conjugated oligomers, using 
fluorescently tagged oligomers, flow cytometry, and inhib- 
itors of endocytosis. These results were compared to mea- 
surements of antiviral effects induced by the conjugates 
to ascertain the functional stability of the oligomer. 

EXPERIMENTAL PROCEDURES 
Materials. Media for cell culture were obtained from 

Eurobio (Paris, France) and sera were from Boehringer. 
PLL (14 000 mean MW) was supplied by Sigma, oligo- 

mer synthesis reagents were from Milligen, and fluores- 
cein N-hydroxysuccinimide ester was supplied by Boe- 
hringer. 

Cell Cultures and Viruses. L929 cells were grown 
in minimal essential medium supplemented with 10% 
(v/v) fetal calf serum. VSV (Indiana strain) was grown 
in L929 cells and titrated by an end-point method (13). 
This method is easier to implement than plaque titra- 
tion and gives similar results. Differences in VSV titers 
of more than 0.5 log unit are statistically considered as 
highly significant in this assay. 

Oligomer Synthesis and Covalent Linkage to 
PLL. Oligomers were synthesized on a riboadenosine- 
derivatized support with a Biosearch Cyclone automatic 
DNA synthesizer and purified by reversed-phase chro- 
matography. Covalent linkage of oligomers to PLL through 
an N-morpholine ring was achieved by periodic acid oxi- 
dation and borocyanohydride reduction of the 3'-end ribose, 
as previously described (14). The sequence CATTTT- 
GATTACTGTrA is complementary to the 5'-end sequence 
of VSV N protein mRNA (15) and the oligomer AACGT- 
TGAGGGGCATrA is complementary to the initiation 
codon and four downstream codons of the c-myc protoon- 
cogene mRNA (16). 

Antiviral Experiments. L929 cells (2 X 105/well in 
24-well plates) were incubated for 2 h with oligomer- 
PLL conjugates (1 pM usually) and infected with VSV 
a t  a multiplicity of infection (moi) of 1. The cells were 
frozen a t  -20 "C 18 h after infection, and virus was titrated 
as described above. 

Measurements of  Oligomer Internalization. 
Detrytilated 5'-end of the oligomer (uncleaved from syn- 
thesis support) was activated with carbonyldiimidazole 
and derivatized with diaminohexane according to Wachter 
et al. (1977). After cleavage from the column and depro- 
tection, the oligomer was then fluorescently labeled with 
carboxyfluorescein N-hydroxysuccinimide ester (in 10- 
fold excess compared to the oligomer), in 10 mM Hepes, 
pH 8,30% dimethylformamide. Free fluorescent dye was 
removed by several extractions with chloroform fol- 
lowed by reversed-phase HPLC chromatography. The 
fluorescently labeled oligomer was then linked to PLL 
as described above. 

For flow cytometry analysis, L929 cells (2 X 105/well 
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Figure 1. Stability of the antiviral effect promoted by oligo- 
mer-PLL conjugates: myc (0) or VSV (0) oligomer-PLL con- 
jugates at 0.75 WM concentration were added to  L929 cells at 
the indicated time prior to VSV infection. The cells were fro- 
zen 18 h later and VSV titers were measured by a dilution method 
as described in the Experimental Procedures. 
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Figure 2. Kinetics of uptake of oligomer-PLL conjugates: Flu- 
orescently tagged oligomers conjugated or not to PLL were added 
at 1 pM concentration to L929 cells growing at 37 "C in 24-well 
plates. At the indicated time the cells were washed, treated 
with DNase I (20 units/mL), fixed, and submitted to flow cytom- 
etry analysis as described in the Experimental Procedures: (0 )  
oligomer, (0) oligomer + 1 pM PLL, (0) oligomer-PLL conju- 
gate. 

in 24-wells plate) were incubated a t  37 "C with oligo- 
mers (1 pM) linked or not to PLL. At various periods 
of time 20 units/mL DNase I was added in the culture 
medium for 10 min a t  37 "C. The cells were then washed 
twice with PBS, scraped from the plates in PBS, 10 pM 
EDTA and stored in PBS, 10 mM EDTA, 3% (v/v) 
paraformaldehyde prior to analysis on a fluorescence- 
activated cell sorter. 

RESULTS 
Kinetics of Oligomer-PLL Conjugate Uptake and 

Establishment of Antiviral Effects. An oligomer com- 
plementary to the 5'-end of VSV N protein mRNA pro- 
motes specific antiviral effects a t  concentrations lower 
than 1 pM when linked to PLL (11), while PLL alone, 
noncomplementary oligomers, or oligomers not linked to 
PLL are inefficient in the same conditions. The kinet- 
ics of establishment of the antiviral effect was compared 
to the kinetics of uptake of the conjugates in L929 cells. 

The antiviral effect rises to a maximum within 4 h after 
addition of the antisense oligomer-PLL conjugate in the 
culture medium and decreases progressively until 12 h 
(Figure 1). No reduction in the virus titer was observed 
with the noncomplementary myc oligomer. The antivi- 
ral effects attained with this approach protect cells from 
VSV-associated cytopathic effects only transiently; after 

Table I. Cell Permeabilization by Poly(L-lysine) and Its 
Reversal by CaCl,' 

PLL CaCl,, mM W r  release, cpm 
- 0 782 
+ 0 1561 + 1 1599 + 5 658 
+ 10 655 

L929 cells growing in 24-well plates were loaded with 2OpCi of 
51Cr for 24 h. They were then washed with PBS and treated with 
2 r M  PLL in presence or absence of 1, 5, or 10 mM CaCl,. Two 
hours later, %r released in the culture medium was counted in the 
presence of liquid scintillator. 
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Figure 3. Effects of calcium on the antiviral activity of oligo- 
mer-PLL conjugates: PLL (0) or VSV oligomer-PLL conju- 
gates (0) at 1 pM concentration were added to L929 cells 2 h 
prior to VSV infection, in presence or absence of the indicated 
calcium concentration. The cells were frozen 18 h later and 
VSV titers were measured as described in the Experimental 
Procedures. 

several viral multiplication cycles, cells lyse in line with 
incomplete eradication of VSV and with the expected 
degradation of antisense oligomers. 

The uptake by L929 cells of fluorescently tagged oli- 
gomers linked to PLL is maximal between 4 and 8 h after 
their addition to the culture medium, as shown by flow 
cytometry analysis (Figure 2). After this time, the fluo- 
rescence associated with the cells decreases rapidly. The 
intracellular uptake by L929 cells of fluorescently tagged 
oligomers conjugated to PLL is faster and greatly increased 
as compared to that of unconjugated oligomers. In these 
experiments cells were treated with DNase I before flow 
cytometry analysis, in order to degrade all the fluores- 
cently tagged oligomers associated only a t  the cell sur- 
face and in the culture medium. 

Involvement of Cellular Membrane Permeabili- 
zation in the Antiviral Activity of Oligomer-PLL 
Conjugates. Naturally occurring or synthetic polyca- 
tionic peptides induce permeabilization of cellular mem- 
branes (18). These damages can be reversed by divalent 
cations such as calcium, magnesium, and zinc (18). This 
cytotoxicity should be kept to a minimum when using 
low molecular weight PLL carrier a t  low concentration 
as i t  was done in all our studies. In order to evaluate 
any such effect, cells were loaded with 51Cr (Table I). 
Two hours after addition of 2 pM PLL, measurement of 
51Cr release in the medium reveals that  the permeabili- 
zation of the cells incubated with PLL in these experi- 
mental conditions is only the double of control cells, e.g., 
barely significant. This effect of PLL is reversed by the 
addition of calcium salts in the culture medium. Although 
the permeabilization by 14 000 MW PLL is weak within 
this range of concentration, antiviral effects can poten- 
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Figure 4. Uptake of fluorescently tagged oligomer-PLL conjugates at low temperature and in presence of metabolic inhibitors: 
L929 growing in 8-well microscopy chamber slides were incubated at 37 "C (A, D), 4 "C (C, F), or in presence of metabolic inhibi- 
tors (5 mM sodium azide, 50 mM deoxyglucose) (B, E), with 1 pM fluorescently tagged oligomers conjugated to PLL. The cells 
were transferred 2 h later at  4 "C and treated for 1 h with DNase I (20 units/mL) and stained with Hoeschst 33342. The cells were 
then washed with PBS, fixed at -20 "C in methanol, and observed by fluorescence microscopy. The cells were visualized for fluo- 
rescently tagged oligomer-PLL conjugates (A-C). The same cells were then visualized for Hoechst 33342 fluorescence (D-F). 
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Table 11: Oligomer-Poly(D-lysine) Conjugates Do Not 
Promote Any Antiviral Effect" 

conditions A log VSV titer, pfu/mL 
PLL 
vsv-PLL 
PDL 
VSV-PDL 

+0.2 
-2.0 
+0.4 
+0.2 

a Oligomer-PLL or -PDL conjugates at 1 p M  concentration were 
added to L929 cells 2 h prior to VSV infection. Four hours after 
infection the culture media was changed to remove the conjugate. 
The cells were frozen 16 h later and VSV titers were measured as 
described in the Experimental Procedures. I 
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Figure 5. Effects of lysosomotropic amines and of low- 
temperature incubation on the antiviral activity of oligomer- 
PLL conjugates. (A) L929 cells growing in 24-well plates were 
incubated for 4 h at  4 (7, 8) or 37 "C (5,6) with 1 pM myc (0) 
or VSV (U) oligomer-PLL conjugate. The cells were then trans- 
ferred at 4 "C, treated with DNase I (20 units/mL) for 1 h, put 
back at 37 "C, and infected with VSV at 1 moi. The cells were 
frozen 18 h later and VSV titers were measured as described in 
the Experimental Procedures. (B) L929 growing in 24-well plates 
with 4 mM NH,C1 (3,4) or without (1,2) were incubated with 
myc (0) or VSV (W) oligomer-PLL conjugates at  1 pM concen- 
tration and were infected 2 h later with VSV (1 moi). The cells 
were frozen 18 h later and VSV titers were measured as described 
in the Experimental Procedures. 

tially be due in part to diffusion of the conjugate across 
the permeabilized cellular membrane. 

To  discriminate between such a pathway and endocy- 
tosis, the cells were incubated with the oligomer-PLL 
conjugates in the presence of calcium. The addition of 
10 mM calcium in the culture medium abolishes the cel- 
lular permeabilization (Table I) but is not detrimental 
to the establishment of the antiviral effect (Figure 3). 

Uptake of Oligomer-PLL Conjugates Involves an 
Endocytic Pathway. The internalization pathway of 
PLL linked to methotrexate was extensively studied by 
Ryser e t  al. (see ref 10 for a review). Its transport was 
shown to be energy dependent, and the cytotoxicity of 
the conjugate was inhibited by lysosomotropic amines. 

In order to examine the internalization process of the 
oligomer-PLL conjugates, cells were incubated with flu- 

orescently tagged oligomer linked to PLL under condi- 
tions known to modulate endocytosis, and the internal- 
ization was followed by microscopy. As shown in Figure 
4, the uptake of the conjugates is descreased when the 
cells are incubated a t  4 "C or with metabolic inhibitors 
such as sodium azide and deoxyglucose. When cells are 
preincubated a t  4 "C with oligomer-PLL conjugates and 
treated with DNase I and the temperature is shifted to 
37 "C before VSV infection, no reduction in the virus 
titer is observed (Figure 5). These results are consistent 
with the active process of transport described by Ryser 
et al. (19). Similarly the incubation of cells with oligo- 
mer-PLL conjugates in the presence of various lysoso- 
motropic amines abolishes the antiviral effect (Figure 5 
and data not shown). 

An oligomer covalently linked to poly(D-lysine) (PDL), 
a carrier insensitive toward cellular protease degrada- 
tion, is inefficient to promote an antiviral effect a t  the 
same concentration as an oligomer-PLL conjugate (Table 
11). Since PDL exhibits toxic effects on L929 cells a t  1 
pM concentration, the medium was changed 4 h after its 
addition. Under these conditions no significant differ- 
ence in the endocytosis of the conjugate can be observed 
by fluorescence microscopy. 

DISCUSS ION 
PLL, a cationic macromolecular carrier, is efficiently 

transported into mammalian cultured cells by a process 
defined as a nonspecific adsorptive endocytosis (IO). The 
uptake is preceded by nonspecific interactions on nega- 
tively charged molecules a t  the surface of the cell. It 
has been used to potentiate the uptake of various drugs 
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and macromolecules such as methotrexate and horserad- 
ish peroxidase (10-20). 

We have conjugated this carrier to antisense oligo- 
mers complementary to the 5’-end of the VSV N protein 
mRNA, in order to potentiate the antiviral properties of 
the oligomer. More recently, similar approaches have 
proved to be successful in developing an antiprolifera- 
tive activity with anti c-myc oligomers (Degols et al., manu- 
script in preparation) or to  decrease the cytopathic effects 
of HIV-1 infection in MT4 cells (12). 

In line with these observations, we now demonstrate 
directly that the uptake of fluorescently tagged oligo- 
mers is both accelerated and increased when conjugated 
to PLL as compared to oligomers alone or to a mixture 
of oligomers and PLL. The maximum uptake is attained 
after 4 h of exposure. However, after 4 h, the uptake of 
the oligomer-PLL conjugates decreases. The recycling 
of the conjugates a t  the cell surface and their degrada- 
tion in the cells and/or the culture medium could poten- 
tially explain the decrease in fluorescence observed after 
4 h of incubation. 

To ascertain the integrity of the oligomers we mea- 
sured the antiviral effect obtained with the conjugates 
under the same conditions. The magnitude of the anti- 
viral effect increased to a maximum 4 h after addition 
of the conjugate and decreased slowly thereafter, in agree- 
ment with the kinetics of internalization. 

PLL, as do other polycationic peptides, induces a per- 
meabilization of the cellular membranes, which can be 
reversed by divalent cations (e.g. calcium, magnesium, 
etc.) (18). With 14 000 MW PLL, a t  2 FM, we only 
observed a slow increase of the permeability of L929 cells, 
which did not lead to cytotoxic effects. This is irrele- 
vant to the antiviral activity of the conjugates since an 
increased calcium concentration in the culture medium 
inhibits the permeabilization without affecting the estab- 
lishment of the antiviral effect. 

In the same way, we observed that incubation a t  low 
temperature or in the presence of metabolic inhibitors 
abolishes the transport of the conjugates and their bio- 
logical activities. These results are consistent with an 
active process of internalization as a prerequisite to their 
delivery into cells. 

Although the covalent linkage of the oligomer to PLL 
increases the uptake of the conjugates, other effects of 
PLL cannot be excluded in the potentialization of their 
antiviral effects. PLL has been shown to increase the 
thermal stability of a poly(r1)-poly(rC) duplex and to sta- 
bilize polynucleotides toward nuclease degradation (21 1. 
We also observed a stabilization of the oligomer in cel- 
lular extracts when it was conjugated to PLL (data not 
shown). 

Some experiments were done to elucidate if the con- 
jugation to PLL is important to the action of the oligo- 
mers once inside the cell. With oligomers linked to PDL, 
a carrier insensitive to the degradation by proteases, no 
antiviral effect was observed. Moreover the incubation 
of cells with low NH,C1 concentration (4 mM), a dose 
insufficient to inhibit VSV multiplication nonspecifi- 
cally, decreases significantly the antiviral effect of the 
conjugates. 

These results argue for endocytosis of the oligomer- 
PLL conjugates through the acidic compartments, where 
proteolysis of the carrier releases the oligomers. Never- 
theless problems in the release from acidic compart- 
ments to cytoplasm or changes in the endocytic pathway 
mediated by the linkage to PDL or to the addition of 
NH,Cl cannot be excluded. 

Leonetti et al. 

Previous works of Loke e t  al. (3) and Yakubov et al. 
(4 )  suggest that  oligomers at low concentration can be 
taken up by cells via receptors (about 1.2 X 105/L929 
cells ( 4 ) ) ,  for which a 80-kDa protein, identified by affin- 
ity labeling with radioactive oligomers, is a good candi- 
date. The nonspecific adsorptive endocytosis of PLL is 
not limited by the amount of cell surface receptors and 
allows higher capacity of binding; this could explain in 
part the increased efficiency of PLL-conjugated oligo- 
mers as compared to free oligomers. 

For several years the use of antisense oligomers as arti- 
ficial modulators of gene expression has been the object 
of a plethora of reports. Novel prospects are coming in 
now, such as interference with DNA-binding proteins 
through triple-helix formation or competition with dou- 
ble-stranded oligomers. Sensitivity to nucleases and lim- 
itations in the uptake of the oligomers by many cell lines 
have remained crucial problems. PLL conjugation thus 
constitutes an interesting alternative to increase the pen- 
etration of oligomers into cells and probably also to sta- 
bilize them against nucleases. However its efficiency is 
highly dependent on the cell lines and does not allow 
any specific targeting. Other alternatives therefore are 
under investigation in our group, such as encapsulation 
of the oligomers in liposomes. 
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Evaluation of Iodovinyl Antibody Conjugates: Comparison with a 
p-Iodobenzoyl Conjugate and Direct Radioiodination 
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The preparations and conjugations of 2,3,5,6-tetrafluorophenyl5-[ 1251/1311]iodo-4-penten~ate (7a) and 
2,3,5,6-tetrafluorophenyl3,3-dimethyl-5-[ '251/1311]iodo-4-pentenoate (7b) to monoclonal antibodies are 
reported. Reagents 7a and 7b were prepared in high radiochemical yield by iododestannylation of 
their corresponding 5-tri-n-butylstannyl precursors. Radioiodinated antibody conjugates were pre- 
pared by reaction of 7a or 7b with the protein at  basic pH. Evaluation of these conjugates by several 
in vitro procedures demonstrated that the radiolabel was attached to the antibody in a stable man- 
ner and that the conjugates maintained immunoreactivity. Comparative dual-isotope biodistribution 
studies of a monoclonal antibody Fab fragment conjugate of 7a and 7b with the same Fab fragment 
labeled with N-succinimidyl p-[ 1311]iodobenzoate (PIB, p-iodobenzoate, 2) or directly radioiodinated 
have been carried out in tumor-bearing nude mice. Coinjection of the Fab conjugate of 7a with the 
Fab conjugate of 2 demonstrated that the biodistributions were similar in most organs, except the 
neck tissue (thyroid-containing) and the stomach, which contained substantially increased levels of 
the 7a label. Coinjection of the Fab conjugate of 7a with the Fab fragment radioiodinated by using 
the chloramine-?' method demonstrated that the biodistributions were remarkably similar, suggest- 
ing roughly equivalent in vivo deiodination of these labeled antibody fragments. Coinjection of the 
Fab conjugate of 7a with the Fab conjugate of 7b indicated that there was approximately a 2-fold 
reduction in the amount of in vivo deiodination of the 7b conjugate as compared to the 7a conjugate. 

Radioiodinated monoclonal antibodies are being inves- 
tigated for their application to the imaging and therapy 
of cancer (1-4). The standard method for producing radio- 
iodinated monoclonal antibodies is direct attachment of 
the radioiodine to the protein. Direct protein radioiodi- 
nation methods have been extensively studied (5) .  Gen- 
erally, these methods employ oxidants, such as chloram- 
ine-T or Iodogen, for the generation of electrophilic iodine 
species which react principally with the activated aro- 
matic ring of tyrosine amino acids of the protein (6). How- 
ever, a significant problem affecting the diagnostic and 
therapeutic potential of directly radioiodinated antibod- 
ies is their susceptibility to in vivo deiodination. Pre- 
sumably in vivo deiodinases are capable of recognizing 
the structural similarity between the thyroid hormones 
and iodinated tyrosines of the antibody or its catabo- 
lized fragments (7). Deiodination results in significant, 
undesirable accumulation of radioiodine in both the thy- 
roid and stomach tissues. More important, however, is 
the potential for loss of radioactivity from that localized 
at  tumors. 

The in vivo instability of directly labeled antibodies 
has prompted the development of alternate methods of 
radioiodination which resist in vivo deiodination. For 
example, we have developed a protein radioiodination 
reagent, N-succinimidyl p-iodobenzoate (PIB, p-iodo- 
benzoate, 2), which employes a nonactivated, nonphe- 
nolic iodophenyl group to attach the radioiodine to the 
antibody in a stable manner (8). The PIB reagent (2) 
can be conveniently prepared in high specific activity by 
the radioiododestannylation of N-succinimidyl p- (tri-n- 
butylstanny1)benzoate (l), as shown in Scheme I. The 
PIB reagent (2) is then conjugated with antibody by acy- 
lation of the t amino groups of the lysines on the surface 
of the antibody. In a similar manner, Zalutsky has re- 
ported N-succinimidyl m-(tri-n-butylstanny1)benzoate 
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(ATE, alkyl tin ester) as a protein radioiodination reagent 
(9). Antibodies labeled with either PIB (2) or ATE have 
been shown to undergo negligible, if any, in vivo deiodi- 
nation. 

Vinyl iodides are comparable to aryl iodides in terms 
of their chemical and biological stabilities and they are 
more stable than aliphatic iodides (10). Thus, a reason- 
able alternative to an iodophenyl group for the attach- 
ment of radioiodine to antibodies in a stable manner is 
an iodovinyl group. Indeed, iodovinyl moieties have been 
used in the development of new radiopharmaceuticals. 
For example, iodovinyl-substituted fatty acids have been 
studied for myocardial imaging (I I ) ,  iodovinyl estradiols 
have been used to detect hormone dependent tumors 
(12), and iodovinyl glucose has been investigated for use 
in evaluating brain disorders (13). Reported herein are 
the results of an investigation involving two new protein 
radioiodination reagents: 2,3,5,6-tetrafluorophenyl 5-  
iodo-4-pentenoate (7a) and 2,3,5,6-tetrafluoropheny13,3- 
dimethyl-5-iodo-4-pentenoate (7b). In this investiga- 
tion, the synthesis and radioiodination reactions used to 
prepare these reagents were studied. Evaluation of the 
radioiodination reagents included biodistribution stud- 
ies comparing a Fab fragment labeled with 2, 7a, or 7b, 
or directly labeled by the chloramine-T method. The 
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results obtained from the biodistribution studies have 
allowed comparison of the different radioiodination meth- 
ods with respect to in vivo deiodination and tumor local- 
ization. 
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125 samples were counted in plastic tubes with a 15-80 
keV window, whereas iodine-131 samples were counted 
with a 260-470 keV window. Radiochemical purity, as 
determined by ITLC, was expressed as the percent of 
counts (cpm) on the bottom half (origin) of the strip 
divided by the total counts on the strip. 

Synthesis of Methyl 4-Pentynoate (4a) and Methyl 
3,3-Dimethyl-4-pentynoate (4b). To a solution of 4- 
pentynoic acid (3a, 510 mg, 5.2 mmol) in ether (7.5 mL) 
at  0 "C was added an ether solution of CH,N, (14) until 
the faint yellow color of excess CH,N, persisted. The 
reaction was stirred for 30 min, then the excess CH,N, 
was quenched by the addition of acetic acid. The solu- 
tion was extracted with saturated NaHCO, (2 X 10 mL), 
washed with saturated NaCl(1 X 10 mL), and dried over 
MgSO,. The solution was filtered and the ether was 
removed by simple distillation at  atmospheric pressure 
to afford 4a (545 mg, 94%) as a light yellow liquid: 'H 
NMR 6 3.72 (s, 3 H), 2.55 (m, 4 H), 1.99 (t, J = 2.5 Hz, 1 
H) . 

In a similar manner, 4b was prepared from 3,3-dime- 
thyl-4-pentynoic acid (3b) (15) (344 mg, 2.73 mmol) in 
99% yield: 'H NMR 6 3.70 (s, 2 H), 2.17 (s, 1 H), 1.36 
(s, 6 HI. 

Synthesis of Methyl 5-(Tri-n-Butylstanny1)-4- 
pentenoate (5a). To a solution of 4a (168 mg, 1.5 mmol) 
in anhydrous toluene (3.0 mL) under N, a t  0 "C was added 
Bu,SnH (0.40 mL, 1.5 mmol) followed by Et,B (0.15 mL, 
1.0 M solution in hexanes, 0.15 mmol) (16). After 3 h a t  
0 "C additional Bu,SnH (0.20 mL, 0.75 mmol) was added. 
The resulting solution was allowed to warm to room tem- 
perature and stirred overnight. The solvents were evap- 
orated under reduced pressure and the resulting oil was 
purified by flash chromatography (25 X 150 mm), elut- 
ing with a step gradient of 100% hexanes, 5% EtOAc/ 
hexanes, 10% EtOAc/hexanes, to afford 5a (264 mg, 44%) 
as a 50/50 mixture of cis/trans isomers. 'H NMR 6 6.47 
(d of t,  J = 12, 7 Hz, 0.5 H), 6.16-5.64 (m, 1.5 H), 3.69 (s, 
1.5 H),  3.67 (s, 1.5 H), 2.60-2.25 (m, 4 H), 1.80-1.15 (m, 
18 H), 0.92 (t, J = 7 Hz, 4.5 H), 0.89 (t, J = 7 Hz, 4.5 H); 
I3C NMR 6 173.87, 173.52, 146.86, 146.61, 130.20, 128.94, 
51.36,51.30,34.13, 33.26,32.49,31.96,29.01,28.90, 27.11, 
27.06, 13.44, 9.98, 9.16. 

Synthesis of 2,3,5,6-Tetrafluorophenyl 5-(Tri-n- 
butylstannyl)-4-pentenoate (sa). To a solution of 5a 
(140 mg, 0.35 mmol) in EtOH (1.0 mL) was added a solu- 
tion of KOH (208 mg, 3.7 mmol) in EtOH (1.0 mL), fol- 
lowed by H,O (0.20 mL). The resulting solution was stirred 
at  room temperature for 2 h. The solution volume was 
reduced to one-half the original volume by evaporation 
under reduced pressure. The residue was suspended in 
ether (10 mL) and acidified with 1.0 N HC1 (4.0 mL, 4.0 
mmol). The aqueous phase was separated and extracted 
with ether (2 X 5 mL). The ether layers were combined, 
washed with saturated NaCl (1 X 5 mL), and dried over 
MgSO,. The solution was filtered and the solvent was 
evaporated under reduced pressure to afford the crude 
acid as an oil. The crude acid was dissolved in anhy- 
drous THF (3.0 mL), and 2,3,5,6-tetrafluorophenol (80 
mg, 0.48 mmol) in THF (0.5 mL) was added, followed by 
N,N'-dicyclohexylcarbodiimide (101 mg, 0.49 mmol). The 
solution was stirred overnight a t  room temperature, dur- 
ing which time a white precipitate formed. The THF 
was evaporated under reduced pressure, CH,CN was 
added, and the solution was filtered. The filtrate was 
evaporated under reduced pressure to afford an oil. The 
crude product was purified by flash chromatography (10 
X 170 mm), eluting with 5% EtOAc/hexanes, to afford 

EXPERIMENTAL PROCEDURES 

General Procedures. All compounds gave spectra in 
accord with their proposed structures. NMR spectra were 
obtained in CDCl, solution with a Varian Gemini-200 
200-MHz instrument. The proton chemical shifts (6) are 
reported in ppm downfield from internal Me,Si (0.00 ppm). 
The carbon chemical shifts (6) are reported in ppm down- 
field from Me,Si; 6(Me,Si) = G(CDC1,) - 77.0 ppm. IR 
spectra were obtained on a Perkin-Elmer 1310 infrared 
spectrophotometer. Mass spectral data were obtained 
on a VG 7070H instrument operating in the E1 mode or 
a VG 70SEQ instrument operating in the FAB mode. 

In general, all reagents were reagent grade or better 
and were used as purchased. Toluene (anhydrous), THF 
(anhydrous), 4-pentynoic acid, 2,3,5,6-tetrafluorophe- 
nol, N,N'-dicyclohexylcarbodiimide, Et,B, N-chlorosuc- 
cinimide, and Diazald were purchased from Aldrich Chem- 
ical Co. Bu,SnH was purchased from Alfa Products and 
distilled prior to use. HPLC solvents were obtained as 
HPLC grade and were filtered (0.2 pm) prior to use. Phos- 
phate-buffered saline (PBS) was purchased from Gibco 
Labs as Dulbecco's phosphate-buffered saline (#310- 
4190). 

Radioiodine was obtained from Du Pont/NEN (North 
Billerica, MA). Iodine-125 was obtained as a NalZ5I solu- 
tion in 0.1 N NaOH (high concentration) a t  17 Ci/mg in 
2- and 5-mCi quantities. Iodine-131 was obtained as a 
Na1311 solution in 0.1 N NaOH (high concentration) a t  
7-12 Ci/mg in 5-mCi quantities. 

Flash chromatography was performed with EM Sci- 
ence silica gel 60, 230-400 mesh. HPLC was conducted 
with Beckman Model llOB pumps, a Beckman Model 
153 UV detector, a Beckman Model 170 radioisotope detec- 
tor, and a Rheodyne Model 7125 injector. Spectropho- 
tometric analyses were performed by UV detection at  254 
nm and radiometric analyses were achieved by NaI scin- 
tillation optimized to the radionuclide used. Integra- 
tion and plotting were accomplished by either an  
integrator/plotter (Hewlett-Packard, Model 3390) or a 
computer with a chromatographic software package 
(Dynamic Solutions, Maxima 820 workstation). Reverse- 
phase HPLC chromatography was run on a Whatman 
Partisphere C-18 column, 4.6 mm X 12.5 cm, using a gra- 
dient solvent system operating at  1.0 mL/min. Solvent 
A in the gradient was 98% MeOH/2% H,O (H,O con- 
tained 1% HOAc). Solvent B was 10% MeOH/9O% 
H,O (H,O contained 1% HOAc). The gradient began a t  
25% B. After 3 min the gradient was decreased in per- 
cent B over the next 7 min to 2 %  B and was held there 
for 10 min. With this gradient the retention times for 
the compounds were as follows: 6a (20.0 min), 7a (5.3, 
5.6 min), 6b (21.2 min), 7b (9.6 min), and iodide (1.4 min, 
solvent front). Size-exclusion HPLC was performed on 
a Zorbax Bio-Series GF-250, 9.4 mm X 24 cm, column 
(Du Pont) eluted with 0.2 M sodium phosphate, pH 6.8, 
a t  a flow rate of 1.0 mL/min. 

Radiochemical purities of labeled proteins were deter- 
mined by "instant" thin-layer chromatography (ITLC). 
Silica gel impregnated glass fiber strips (ITLC-Gelman) 
were activated by heating a t  110 "C for 30 min prior to 
use. After elution, the plates were cut into small strips 
(horizontal) and were counted in a gamma counter (Pack- 
ard Autogamma 5650) to detect radioactivity. Iodine- 
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6a (118 mg, 63%) as a 50/50 mixture of &/trans iso- 
mers: 'H NMR 6 6.99 (m, 1 H), 6.54 (d o f t ,  J = 13, 7 
Hz, 0.5 H),  6.24-5.76 (m, 1.5 H), 2.87-2.40 (m, 4 H), 1.70- 
1.15 (m, 18 H), 0.92 (t, J = 7 Hz, 4.5 H), 0.88 (t, J = 7 
Hz, 4.5 H); 13C NMR 6 169.29, 169.04, 148.79 (m), 148.70 
(m), 145.48, 145.34, 143.72 (m), 143.63 (m), 138.44 (m), 
138.24 (m), 131.70, 130.33, 103.24 (t, J = 23 Hz), 103.17 
(t, J = 23 Hz), 33.59, 32.68, 32.15, 31.75, 29.08, 28.96, 
27.16, 13.49, 10.07, 9.26; IR (neat, thin film) 3090, 2960, 
2920,2870,2850,1790,1645,1600,1530,1490,1180,1100, 
1080, 960 cm-'; MS (FAB) m / e  539 (M + 1, '"Sn), 537 
(M + 1, "'Sn), 481 (M + 1, loss of butane, '"Sn), 479 
(M + 1, loss of butane, l18Sn) amu. 

Synthesis of Methyl 3,3-Dimethyl-5-(tri-n-butyl- 
stannyl)-4-pentenoate (5b). To a solution of 4b (123 
mg, 0.88 mmol) in anhydrous toluene (3.5 mL) under N, 
a t  0 "C was added Bu,SnH (0.30 mL, 0.95 mmol), fol- 
lowed by Et,B (0.10 mL, 1.0 M solution in hexanes, 0.10 
mmol). The resulting solution was allowed to warm to 
room temperature and stirred overnight. The solvents 
were evaporated under reduced pressure and the result- 
ing oil was purified by flash chromatography (25 X 150 
mm), eluting with a step gradient of 100% hexanes, 5% 
EtOAc/hexanes, 10% EtOAc/hexanes, to afford 5b (262 
mg, 69%) as an oil: 'H NMR 6 5.92 (AB, AvAB = 11.8 
Hz, J = 10 Hz, 2 H),  3.62 (s, 3 H), 2.30 (s, 2 H), 1.60- 
1.20 (m, 18 H), 1.12 (s, 6 H), 0.89 (m, 9 H); 13C NMR 6 
172.57, 156.83, 122.47, 50.92, 46.50, 38.15, 28.88, 27.04, 
26.75, 13.47, 9.23. 

Synthesis of 2,3,5,6-Tetrafluorophenyl 3,3-Di- 
methyl-5-(tri-n-butylstannyl)-4-pentenoate (6b). To 
a solution of 5b (150 mg, 0.35 mmol) in EtOH (2.0 mL) 
was added a solution of KOH (250 mg, 4.46 mmol), fol- 
lowed by H,O (0.20 mL). The resulting solution was stirred 
at  room temperature for 24 h. The solution volume was 
reduced to one-half the original volume by evaporation 
under reduced pressure. The residue was suspended in 
ether (10 mL) and acidified with 1.0 N HC1 (4.5 mL, 4.5 
mmol). The aqueous phase was separated and extracted 
with ether (2 X 5 mL). The ether layers were combined, 
washed with saturated NaCl ( 1  X 5 mL), and dried over 
MgSO,. The solution was filtered and the solvent was 
evaporated under reduced pressure to afford the crude 
acid as an oil. The crude acid was dissolved in anhy- 
drous THF (3.0 mL), and 2,3,5,64etrafluorophenol (87 
mg, 0.52 mmol) in T H F  (0.5 mL) was added, followed by 
N,N'-dicyclohexylcarbodiimide (107 mg, 0.52 mmol). The 
solution was stirred overnight a t  room temperature, dur- 
ing which time a white precipitate formed. The THF 
was evaporated under reduced pressure, CH,CN was added 
and the solution was filtered. The filtrate was evapo- 
rated under reduced pressure to afford an oil. The crude 
product was purified by flash chromatography (10 X 170 
mm), eluting with 5% EtOAc/hexanes, to afford 6b (125 
mg, 69%) as an oil: 'H NMR 6 6.97 (m, 1 H), 5.99 (AB, 

(m, 18 H),  1.22 (s, 6 H), 0.85 (t, J = 7 Hz, 9 H); 13C NMR 
6 167.71, 155.65, 148.76 (m), 143.72 (m), 138.51 (m), 123.79, 
103.06 (t, J = 23 Hz), 45.69, 38.41, 28.89, 27.06, 26.70, 
13.45, 9.24; IR (neat, thin film) 3080, 2960, 2920, 2870, 
2850,1790,1645, 1595,1525,1490,1180,1090,960 cm-'; 
MS (FAB) m / e  567 (M + 1, '"Sn), 565 (M + 1, '"Sn), 
509 (M + 1, loss of butane, lZ0Sn), 507 (M + 1, loss of 
butane, "'Sn) amu. 

Synthesis of 2,3,5,6-Tetrafluorophenyl 5-Iodo-4- 
pentenoate (7a) and 2,3,5,6-Tetrafluorophenyl 3,3- 
Dimethyl-5-iodo-4-pentenoate (7b). To a solution of 
6a (14 mg, 26 pmol) in CDCl, (0.4 mL) was added a solu- 

AuAB = 12.3 Hz, J = 19 Hz, 2 H), 2.64 (s, 2 H), 1.6-1.2 
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tion of IC1 (0.23 mL, 0.11 M solution in CDCl,, 25 pmol) 
until the faint purple color of excess IC1 persisted. The 
crude product was purified by flash chromatography (5 
X 80 mm), eluting with 5% EtOAc/hexanes, to afford 
7a (6.4 mg, 66%) as a 50/50 mixture of &/trans iso- 
mers: 'H NMR 6 7.01 (m, 1 H), 6.59 (d o f t ,  J = 15, 7 
Hz, 0.5 H), 6.42-6.08 (m, 1.5 H), 2.95-2.70 (m, 2 H), 2.70- 
2.45 (m, 2 H); MS (EI) m / e  374 (M+), 247,209,181,167 
amu. 

In a similar manner 7b was prepared from 6b (19 mg, 
35 pmol) in 74% yield: 'H NMR 6 7.01 (m, 1 H), 6.69 
(d, J = 15 Hz, 1 H), 6.20 (d, J = 15 Hz, 1 H), 2.66 (s, 2 
H), 1.25 (s, 6 H); MS (EI) m / e  402 (M+), 275, 237, 209, 
195 amu. 

Synthesis of 2,3,5,6-Tetrafluorophenyl 5-[lZ5I/ 
1311]Iodo-4-pentenoate (7a) and 2,3,5,6-Tetrafluo- 
rophenyl 3,3-Dimethyl-5- [ lZ5I/ 1311]iodo-4-penteno- 
ate (7b). Into a reaction vial fitted with a septum seal 
was placed a 25-pL solution containing either 6a or 6b 
(25 pg, 0.050 pmol) in 5% HOAc/MeOH, a 10-pL solu- 
tion containing N-chlorosuccinimide (10 pg, 0.075 pmol) 
in MeOH, and 10 pL of PBS. To this mixture was added 
the desired quantity of NalZ5I or Na1311 (up to 5 mCi, 
volume not to exceed 10 pL if diluted with PBS). After 
5 min at  room temperature the reaction was quenched 
by the addition of a 10-pL solution of NaHSO, (0.72 mg/ 
mL Na,S,O, in H,O, 0.075 pmol of NaHSO,). An ali- 
quot was removed for HPLC analysis. 

Following this procedure, 7a was prepared from 6a and 
NalZ5I (2 pL, 106 pCi) in 88% radiochemical yield as a 
45/55 mixture of cis/trans isomers. Likewise, 7b was pre- 
pared from 6b and NalZ5I (2 pL, 112 pCi) in 91% radio- 
chemical yield as a single isomer. 

The MeOH was carefully evaporated from the reac- 
tion mixture by passing a stream of N, gas through the 
reaction vial. To trap any volatile radioiodide, the N, 
gas was introduced into the vial by means of a needle 
inlet, and the vial was vented with a needle outlet attached 
to a 3 mL syringe barrel filled with granulated charcoal. 
The evaporated product was used without purification 
in the subsequent antibody conjugation reaction. 

Preparation of NR-ML-05 Fab Labeled with 
[ lZ5I]7a. To a vial containing [lZ5I]7a (850 pCi) was added 
a solution of NR-ML-05 Fab (500 pg in 56 pL PBS) in 
NaHCO,/Na,CO, buffer (100 pL, 1.0 M, pH 9.2). The 
reaction was incubated at  37 "C for 30 min and then 
quenched by the addition of a glycine solution (10 pL, 1 
M glycine in 1.0 M NaHCO,/Na,CO,, pH 9.2). The con- 
jugate was purified with a Pharmacia PD-10 column eluted 
with PBS to afford 322 pCi (38%) of labeled NR-ML-05 
Fab. The purity, as assessed by ITLC, was 98.7% and 
the specific activity was 0.73 pCi/pg. 

Preparation of NR-ML-05 Fab labeled with [l3l1]7a 
or [lZ5I]7b was accomplished as described above. Prep- 
aration of NR-ML-05 Fab labeled with 2 is described else- 
where (8). 

Direct Radioiodination of NR-ML-05 Fab. To a vial 
containing Nalz5I (641 pCi), PBS (100 pL), and NR-ML- 
05 Fab (500 pg in 56 pL PBS) was added a solution of 
chloramine-T (10 pL of a 1.0 mg/mL solution in H,O). 
After 5 min at  room temperature the iodination reaction 
was quenched by the addition of NaHSO, (20 pL, 0.72 
mg/mL Na,S,05 in H,O). The crude, labeled material 
was immediately purified with a Pharmacia PD-10 col- 
umn eluted with PBS to afford 496 pCi (77%) of labeled 
NR-ML-05 Fab. The purity, as assessed by ITLC, was 
99.4% and the specific activity was 0.98 pCi/pg. 
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Chemical Challenge Experiments. To test tubes con- 
taining 1.0 mL of either 12% TCA, 6 M urea, 10 mM 
dithiothreitol (DTT), 1.0 M (pH 9.2) sodium carbonate 
buffer, 95% ethanol, 1 M glycine in 1.0 M (pH 9.2) car- 
bonate buffer, or PBS (control) was added 25 pg of radi- 
olabeled antibody. The samples were lightly vortexed 
and an aliquot was removed and analyzed by ITLC (80% 
MeOH) as the t = 0 time point. The tubes were then 
incubated a t  37 "C for 24 h. Aliquots were periodically 
removed and analyzed by ITLC. 

Serum Stability. Samples of freshly isolated human 
serum were filtered through 0.2-pm filters and placed into 
sterile, capped culture tubes. Twenty-five micrograms 
of radioiodinated antibody were added to each 0.5-mL 
serum sample. Duplicate samples were lightly vortexed 
and an aliquot was removed and analyzed by ITLC (80% 
MeOH) as the t = 0 time point. The tubes were then 
incubated a t  37 "C for several days. Aliquots were peri- 
odically removed and analyzed by ITLC. 

Immunoreactivity Assessment. The immunoreac- 
tivities of the radioiodinated antibodies were deter- 
mined from a cell-binding assay using a fixed labeled- 
antibody concentration and a varied number of antigen 
positive cells (17). Duplicate 110-pL aliquots of 25, 20, 
15, and 10 X lo6 cells/mL were added to eight 0.5-mL 
tubes containing 55 pL of assay buffer (PBS/11% BSA/ 
0.1% sodium azide). T o  a ninth tube containing 55 pL 
of assay buffer was added 110 pL of the 25 X lo6 cells/ 
mL preparation, followed by 55 pL of a 200 pg/mL solu- 
tion of unlabeled antibody. The tubes were mixed and 
incubated at  4 OC for 1 h. Then 55 pL of a 160 ng/mL 
solution of radioiodinated antibody was added to each 
of the nine tubes. The tubes were incubated with mix- 
ing at  4 "C for 2 h. Aliquots (200 pL) of the labeled 
antibody/ cell reaction mixture were withdrawn from the 
tubes and overlaid onto an oil mixture (18). The over- 
laid oil tubes were cooled to 4 OC, centrifuged for 30 s, 
and cut through the oil layer to separate the cell pellet 
from the aqueous layer. The cut tubes were placed into 
12 X 75 mm glass tubes and counted in a gamma counter. 
The percent cell-bound radioactivity was calculated by 
dividing the counts associated with the cell pellet by the 
total counts. Duplicates were averaged and the percent 
nonspecifically bound radioactivity determined from the 
ninth tube was subtracted to give the percent specific 
binding. Adjustments to the percent specific binding were 
made according to the ITLC purities. 

Average value obtained for immunoreactivity of NR- 
ML-05 Fab labeled with PIB (2) is 72 f 11% (n  = 50). 
The measured immunoreactivity of NR-ML-05 Fab labeled 
with 7a or 7b or directly labeled by using the chloram- 
ine-T method used in animal biodistribution studies 
described herein was within these bounds. 

Biodistribution Studies. Female athymic nude mice 
(nu/nu) were obtained from Simonsen Laboratories, Inc., 
Gilroy, CA, and were used a t  10-12 weeks of age. Tumor 
xenografts were produced by subcutaneous implanta- 
tion of 2.5 X lo6 A375 Met Mix cultured human mela- 
noma tumor cells obtained from American Type Culture 
Collection, Rockville, MD (item no. ATCC CRL 1619). 
The tumor cells were grown for 7-10 days before use. 

Biodistribution studies employed NR-ML-05 Fab labeled 
with 7a, 7b, or 2 or by the chloramine-T method, using 
either iodine-125 or iodine-131. NR-ML-05 is a murine 
IgG 2b monoclonal antibody which recognizes a 250-kDa 
proteoglycan antigen expressed on melanoma cells. Puri- 
fied radioiodinated conjugates were coinjected into mice 
such that each animal received a 5-pg dose of each radi- 
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olabeled preparation and a total of 10 pg of injected pro- 
tein. 

Mice were injected intravenously via the lateral tail 
vein and sacrificed by cervical dislocation at prescribed 
times postinjection. Blood samples were obtained by ret- 
roorbital bleeding. Syringes were weighed before and after 
injection to determine the volume of conjugate injected. 
The activity per unit volume was calculated from stan- 
dards. The animals were weighed (23.34 f 1.61 g, n = 
24) and marked for identification in all experiments. 
Twelve different tissues were evaluated: blood, tail (injec- 
tion site), tumor, skin, muscle (thighs), lung, liver, spleen, 
stomach, neck including thyroid (the major portion of 
the muscle from the front of the neck), kidney (both), 
and intestine. The excised tissues were blotted, weighed, 
and counted in a dual-channel gamma counter. The raw 
counts were collected, and the contribution of iodine- 
131 counts to the iodine-125 window (spillover), as deter- 
mined by iodine-131 standards, was subtracted from the 
iodine-125 counts and decay corrected. Summarized data 
include mean f SD of percent injected dose per gram, 
tissue-to-blood ratios, and tumor-to-tissue ratios. 

RESULTS 
Chemistry. The first reagent selected for evaluation 

was 2,3,5,6-tetrafluorophenyl5-iodo-4-pentenoate (7a). The 
design of this reagent was based on the stability of the 
iodine-carbon bond, which is influenced by the elec- 
tronic nature of the carbon-carbon double bond. Since 
acylation chemistry was to be used to conjugate the reagent 
to antibody, it was deemed necessary to isolate the iodo- 
vinyl group from the acyl group by a minimum of two 
intervening saturated carbon atoms. In such a manner 
the electronic influence of the carbonyl group on the iodo- 
vinyl group would be minimized. In addition, reasoning 
that the placement of a quaternary carbon atom p to the 
carbonyl group and adjacent to the iodovinyl group might 
impart even greater stability to the iodine-carbon bond, 
we evaluated 2,3,5,6-tetrafluorophenyl 3,3-dimethyl-5- 
iodo-4-pentenoate (7b). 

The method of choice to prepare radioiodinated com- 
pounds in high specific activity is to use organometallic 
reagents. Vinylboronic acids (19, 20), vinylmercurials 
(21, 221, and vinylstannanes (12) have been used to pre- 
pare the corresponding radioiodinated iodovinyl com- 
pounds, typically in high yield. Vinylstannanes were cho- 
sen for these studies since they can be conveniently pre- 
pared by hydrostannylation of the corresponding acetylenic 
compounds under relatively mild conditions. In addi- 
tion, water-insoluble vinylstannanes would be less prone 
to conjugate to antibody, an advantage because it was 
desirable that the iodovinyl reagents not be purified from 
the vinyltin precursors prior to reaction with antibody. 
Avoiding purification of the iodovinyl reagents would sim- 
plify the labeling procedure and minimize handling of 
radioiodinated compounds. 

Vinyltin active esters 6a and 6b were synthesized from 
the corresponding acetylenic carboxylic acids 3a and 3b 
as shown in Scheme 2. Treatment of 3a or 3b with excess 
CH,N, afforded the methyl esters 4a or 4b. Introduc- 
tion of a tri-n-butylstannyl group was accomplished by 
reaction of esters 4a or 4b with Bu,SnH catalyzed by 
Et,B (16) to afford 5a in 44% yield or 5b in 69% yield. 
Ester 5a was shown by 'H and I3C NMR to be a 50/50 
mixture of cis and trans isomers, while ester 5b was shown 
to be a single isomer, presumably trans. Conversion of 
methyl ester 5a or 5b into its corresponding 2,3,5,6-tet- 
rafluorophenyl (TFP) ester was accomplished by base- 
catalyzed hydrolysis followed by reaction of the interme- 
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Scheme I1 
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tion prior to purification of the crude conjugate by gel 
filtration. Radiochemical purities of the various iodovi- 
nyl conjugates were routinely in excess of 98.0%, as 
assessed by ITLC. Omission of the glycine quench afforded 
consistently lower radiochemical purities of the purified 
conjugates. 

To improve the yield and kinetics of the conjugation 
reaction, we attempted to prepare the more reactive N- 
hydroxysuccinimide (NHS) ester of 7a. While the cor- 
responding NHS ester of the vinyltin TFP ester 6a was 
successfully prepared, the NHS ester group proved to be 
too susceptible toward hydrolysis to survive the radioio- 
dination conditions, and only the radioiodinated carbox- 
ylic acid was obtained. 

In Vitro Analyses. Purified iodovinyl conjugates were 
analyzed by HPLC with a size-exclusion column. The 
column effluent was monitored by in-line UV and gamma 
detectors. The UV peak and the gamma peak coeluted, 
demonstrating that the radioactivity was associated with 
the protein. Furthermore, there was no apparent dam- 
age to the protein as a result, of the radiolabeling, since 
there was an absence of high molecular weight aggre- 
gates, low molecular weight fragments, and peak tailing 
in the HPLC traces. Indeed, the HPLC profiles of the 
iodovinyl conjugates were indistinguishable from the HPLC 
profiles of unlabeled antibody and antibody labeled with 
PIB (2) or antibody directly labeled with chloramine-?'. 

The iodovinyl conjugates were analyzed by SDS- 
PAGE, reduced and nonreduced, combined with autora- 
diography. The SDS-PAGE protein bands correspond- 
ing to the iodovinyl conjugates were superimposable onto 
bands corresponding to antibody controls. Also, no addi- 
tional bands were present in the iodovinyl lanes as com- 
pared to those of the controls. Autoradiography demon- 
strated that the radiolabel comigrated with the protein 
bands on the gel and that all radiolabel was associated 
with a protein band. 

Chemical challenge studies were performed to evalu- 
ate whether unreacted iodovinyl reagents 7a and 7b or 
their corresponding carboxylic acids were nonspecifi- 
cally associated with antibody or were bonded to a group 
other than an amine on the protein. In those experi- 
ments, the purified iodovinyl conjugates were exposed 
to a variety of chemical conditions, such as 12% TCA, 6 
M urea, 95% ethanol, 10 mM dithiothreitol, 1 M gly- 
cine, and 1 M carbonate buffer, pH 9.2. The results dem- 
onstrated that the postchallenge parities were essen- 
tially equivalent to the prechallenge purities, suggesting 
that the radioiodine was covalently attached to the anti- 
body in a stable manner. 

The serum stabilities of the iodovinyl conjugates were 
also evaluated. Incubation of the conjugates a t  37 "C in 
freshly prepared human serum demonstrated that there 
was no appreciable decrease in radioactivity associated 
with the antibody over several days. 

The immunoreactivity of the iodovinyl conjugates was 
routinely determined prior to in vivo evaluation. In all 
cases, the immunoreactivity of the iodovinyl conjugates, 
as measured by a radiolabeled cell binding assay, was 
equivalent to the immunoreactivity of PIB (2) and chlo- 
ramine-T-labeled controls. 

Biodistribution Studies. To evaluate the stability 
of iodovinyl conjugates with respect to in vivo deiodina- 
tion and tumor localization, several biodistribution stud- 
ies were performed. The antibody selected for these stud- 
ies was the Fab fragment of NR-ML-05, a murine antimel- 
anoma antibody that recognizes a 250-kDa proteoglycan 
antigen expressed on melanoma cells. The biodistribu- 
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diate carboxylic acid with 2,3,5,6-tetrafluorophenol medi- 
ated by N,N'-dicyclohexylcarbodiimide to afford 6a or 
6b in 63% or 69% yield, respectively. 

Hydrostannylation of acids 3a and 3b was also inves- 
tigated as a more direct approach to obtain the desired 
vinyltin active esters 6a and 6b. Unfortunately, reac- 
tion of 3a or 3b with excess Bu3SnH in the presence of 
AIBN (23) or Et3B afforded vinyltin-containing carbox- 
ylic acid derivatives, which proved more difficult to purify 
and characterize. 

Authentic standards were synthesized to confirm the 
identities of radioiodinated compounds. Thus, vinyltin 
active esters 6a and 6b were treated with IC1 in chloro- 
form to provide iodovinyl active esters 7a and 7b in 66% 
and 74% yield, respectively. Simple iodovinyl active ester 
7a was shown by NMR to be a 50150 mixture of cis and 
trans isomers. Dimethyl iodovinyl active ester 7b was 
found to be exclusively a single isomer. A coupling con- 
stant of 15 Hz for the two vinyl protons indicated trans 
double bond geometry. 

Radioiodination of the vinyltin active esters 6a and 
6b was accomplished in methanol solution using N-chlo- 
rosuccinimide (NCS) and nca (no carrier added) NalZ5I 
(or Na1311) to afford the desired labeled products 7a and 
7b in yields ranging from 70% to 95%. Coinjection of 
the radiolabeled compounds and the corresponding stan- 
dards on a reversed-phase HPLC system monitored by 
in-line UV and gamma det,ectors established the iden- 
tity of the radiolabeled compounds. Also, HPLC analy- 
sis revealed that labeled 7a was a 45/55 mixture of iso- 
mers, while labeled 7b was a single isomer. The addi- 
tion of 5% acetic acid to the methanol solution stabilized 
the reactive TFP esters toward hydrolysis and transes- 
terification. Further, the addition of PBS to the reac- 
tion medium appeared to improve the reaction kinetics 
and the radiochemical yields. The reactions were quenched 
by the addition of a stoichiometric amount of NaHSO, 
based on the amount of NCS used. Quenching ensured 
that antibody was not exposed to electrophilic iodine spe- 
cies or excess oxidant during the conjugation reaction. 

Reaction of either iodovinyl reagent 7a or 7b with sev- 
eral antibodies or their Fab fragments afforded corre- 
sponding radiolabeled conjugates in yields ranging from 
25% to 50%. Several different buffers, pH values, and 
reaction temperatures were evaluated for the conjuga- 
tion reaction. Optimum conjugation yields were obtained 
by incubation of 7a or 7b with the desired antibody in 
pH 9.2 sodium carbonate buffer a t  37 "C for 30 min. The 
reaction was quenched by the addition of a glycine solu- 
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Table I. Tissue Distribution of Radioiodine at 4 and 20 h 
Postcoinjection of Iodovinyl NR-ML-05 Fab Conjugate, 
[12'I]-7a, and PIB NR-ML-05 Fab Conjugate, [l3lI]-Zn' 

4 h  20 h 
tissue [lZ6I]-7a [13111-2 [1z61]-7a [1311]-2 
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Table 11. Tissue Distribution of Radioiodine at 4 and 20 h 
Postcoinjection of Iodovinyl NR-ML-05 Fab Conjugate, 
[ 1J11]-7a, and [ '2~I]Iodide/Chloramine-T-Labeled NR-ML-05 
Fabe-" 

blood 1.54 f 0.16 1.27 f 0.15 0.14 f 0.04 0.13 f 0.03 
tail 2.08 f 0.31 1.93 f 0.33 0.16 f 0.03 0.14 f 0.05 
tumor 4.79 f 0.91 4.49 f 0.90 2.44 f 0.67 2.19 f 0.67 
skin 1.66 f 0.29 1.28 f 0.13 0.08 f 0.03 0.04 f 0.00 
muscle 0.69 f 0.18 0.53 f 0.11 0.03 f 0.00 0.01 f 0.00 
lung 1.94 f 0.31 1.90 f 0.39 0.32 f 0.13 0.28 f 0.12 
liver 0.59 f 0.11 0.51 f 0.09 0.07 f 0.01 0.03 f 0.00 
spleen 0.73 f 0.06 0.44 f 0.05 0.12 f 0.03 0.01 f 0.01 
stomach 2.03 f 0.21 0.48 f 0.18 0.17 f 0.08 0.03 f 0.01 
neck 1.90 f 0.28 0.80 f 0.10 1.30 f 0.58 0.09 f 0.03 
kidney 6.32 f 0.93 11.99 f 2.00 0.16 f 0.03 0.24 f 0.03 
intestine 0.50 f 0.06 0.91 f 0.29 0.03 f 0.01 0.04 f 0.01 

Results were obtained from n = 4 mice per time point and are 
tabulated as mean f SD of the percent injected dose/g. The spe- 
cific activity and radiochemical purity for [1261]-7a and [1311]-2 con- 
jugates were 0.73 pCi/pg, 98.7%, and 0.94 pCi/pg, 99.5%, respec- 
tively. Tumor weights were 0.126 f 0.039 g. 
tion studies were performed in athymic nude mice bear- 
ing human A375 Met Mix tumor xenografts. 

The first study compared the biodistribution of NR- 
ML-05 Fab labeled with the simple iodovinyl reagent 7a 
and NR-ML-05 Fab labeled with the PIB reagent (2). 
To make direct comparisons, the antibody was labeled 
with [lZ5I]-7a or [1311]-2, and the two preparations were 
subsequently combined and coinjected into the mice such 
that each animal received a 5-pg dose of each labeled 
preparation. Sacrifices of four animals were made a t  4 
and 20 h postinjection. The data obtained from the bio- 
distribution study are presented in Table I. Equivalent 
tumor uptake was evident for both labels a t  both time 
points. However, significant differences in the biodistri- 
bution of the two labels were seen in the stomach, neck 
(thyroid), and kidney tissues. In the stomach tissue there 
was approximately a &fold greater accumulation of the 
iodovinyl label compared to the PIB label a t  both time 
points. Also, in the neck tissue there was a 2-fold greater 
accumulation of the iodovinyl label compared to that of 
the PIB label a t  the 4 h time point, and by 20 h, this 
differential increased to 14-fold. The 2-fold greater kid- 
ney uptake seen for the PIB label compared to that of 
the iodovinyl label a t  the 4 h time point was notewor- 
thy. 

A second study compared the biodistribution of NR- 
ML-05 Fab labeled with simple iodovinyl reagent 7a and 
NR-ML-05 Fab directly labeled by using the chloramine- 
T method. As in the previous study, direct comparisons 
were performed by coinjection of the [1311]iodovinyl con- 
jugate of NR-ML-05 Fab and [1251]NaI/chloramine-T 
labeled NR-ML-05 Fab. The data obtained from this 
biodistribution study are presented in Table 11. The bio- 
distributions of the two labels were remarkably similar 
in all tissues evaluated, including the tumor and kidney. 
Minor differences were seen in the biodistribution of the 
labels in the stomach and the neck tissues a t  both time 
points. 

Finally, a third study compared the biodistribution of 
NR-ML-05 Fab labeled with simple iodovinyl7a and NR- 
ML-05 Fab labeled with dimethyl iodovinyl reagent 7b. 
In this study, the mice were coinjected with the 
[ '311]iodovinyl conjugate of NR-ML-05 Fab and the dim- 
ethyl [ 1251]iodovinyl conjugate of NR-ML-05 Fab. The 
results from this study are presented in Table 111. Equiv- 
alent tumor uptake was evident for both labels a t  both 
time points. However, there was approximately a 2-fold 
greater amount of iodovinyl label compared to the amount 

4 h  20 h 
tissue 113111-7a 112S11-Ch-T 1'3111-7a [12611-Ch-T 

blood 2.86 f 0.24 2.55 f 0.23 0.11 f 0.01 0.09 f 0.01 
tail 2.79 f 0.33 2.82 f 0.33 0.13 f 0.05 0.14 f 0.05 
tumor 4.40 f 0.37 4.27 f 0.42 1.38 f 0.31 1.27 f 0.27 
skin 1.87 f 0.35 1.86 f 0.25 0.07 f 0.01 0.06 f 0.01 
muscle 0.91 f 0.07 1.02 f 0.28 0.02 f 0.00 0.02 f 0.01 
lung 2.73 f 1.19 2.84 f 0.88 0.21 f 0.06 0.32 f 0.13 
liver 0.85 f 0.05 0.84 f 0.06 0.05 f 0.00 0.04 f 0.00 
spleen 1.08 f 0.07 1.20 f 0.10 0.07 f 0.04 0.06 f 0.05 
stomach 8.39 f 1.65 10.21 f 2.46 0.17 f 0.07 0.18 f 0.07 
neck 3.80 * 0.44 4.25 f 0.58 1.73 f 0.29 2.12 f 0.39 
kidney 6.16 f 1.01 5.68 f 1.03 0.11 f 0.01 0.07 f 0.00 
intestine 0.77 f 0.10 0.81 f 0.12 0.03 f 0.01 0.03 f 0.01 

a Results were obtained from n = 4 mice per time point and are 
tabulated as mean f SD of the percent injected dose/g. The spe- 
cific activity and radiochemical purity for [I3lI]-7a and [12SI]iodide/ 
Ch-T conjugates were 0.76 pCi/pg, 98.0%, and 0.98 pCi/pg, 99.4%, 
respectively. Tumor weights were 0.074 f 0.017 g. 

Table 111. Tissue Distribution of Radioiodine at 4 and 20 h 
Postcoinjection of Iodovinyl NR-ML-05 Fab Conjugate, 
[ 13'I]-7a, and Dimethyl Iodovinyl NR-ML-05 Fab Conjugate, 
[ lzsI]-7b.-c 

blood 3.42 f 0.69 2.85 f 0.41 0.12 f 0.02 0.10 f 0.02 
tail 2.79 f 1.01 2.61 f 1.00 0.16 f 0.08 0.19 f 0.11 
tumor 4.85 f 0.34 5.00 f 0.35 1.53 f 0.56 1.79 f 0.55 
skin 1.80 f 0.36 1.57 f 0.18 0.07 f 0.01 0.05 f 0.01 
muscle 1.09 f 0.09 0.94 f 0.12 0.03 f 0.01 0.02 f 0.01 
lung 1.77 f 0.34 1.74 f 0.33 0.25 f 0.18 0.34 f 0.31 
liver 0.84 f 0.15 0.91 f 0.12 0.05 f 0.02 0.09 f 0.01 
spleen 1.17 f 0.19 1.14 f 0.09 0.05 f 0.02 0.13 f 0.04 
stomach 9.13 f 0.29 4.81 f 0.24 0.33 f 0.17 0.19 f 0.10 
neck 3.21 f 0.95 2.07 f 0.46 3.17 f 1.32 1.58 f 0.58 
kidney 5.60 f 0.13 6.34 f 0.31 0.14 f 0.04 0.11 f 0.04 
intestine 0.61 f 0.10 0.55 f 0.08 0.04 f 0.01 0.03 f 0.01 

a Results were obtained from n = 4 mice per time point and are 
tabulated as mean f SD of the percent injected dose/g. The spe- 
cific activity and radiochemical purity for [1311]-7a and [12SI]-7b 
conjugates were 0.76 pCi/pg, 98.0%, and 0.19 pCi/pg, 99.0%, respec- 
tively. Tumor weights were 0.074 f 0.020 g. 

of dimethyl iodovinyl label in the stomach a t  4 h and in 
the neck (thyroid) a t  20 h. In all other tissues evaluated 
the biodistributions of the labels were essentially equiv- 
alent. 

DISCUSSION 
Two iodovinyl protein radioiodination reagents 7a and 

7b were prepared by radioiododestannylation of vinyltin 
active ester precursors 6a and 6b. The reactions are rapid 
and reproducibly afford high yields of the reagents 7a 
and 7b for either lZ5I or 1311 labeling at  the nca levels. 
Precursor vinyltin active esters 6a and 6b were synthe- 
sized in three steps from the corresponding pentynoic 
acids 3a and 3b in 26% and 47% overall yield, respec- 
tively. 

Reaction of 7a and 7b with NR-ML-05 Fab and other 
monoclonal antibodies or antibody fragments a t  basic pH 
afforded the desired antibody conjugates in yields rang- 
ing from 25% to 50%. The conjugation reaction was 
quenched by the addition of a glycine solution prior to 
gel filtration purification. The glycine quench ensured 
that the radiochemical purities of the purified antibody 
conjugates would consistently exceed 98% postpurifica- 
tion, as assessed by ITLC. The conjugation yields of 7a 
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and 7b were routinely lower than the conjugation yields 
of 2. These lower yields are probably due to a combina- 
tion of the lower reactivity of a TFP active ester relative 
to an NHS active ester and to the more lipophilic, less 
soluble nature of 7a and 7b as compared to 2. We had 
previously found that the corresponding T F P  ester of 2 
was much less reactive and substantially more lipophilic 
than the NHS ester of 2 (24).  

The iodovinyl antibody conjugates were evaluated by 
several different in vitro procedures. The procedures 
included HPLC, SDS-PAGE combined with autoradio- 
graphy, chemical challenge studies, serum stability stud- 
ies, and immunoreactivity analysis. These studies dem- 
onstrated that the iodovinyl radiolabel was attached to 
the antibody in a stable manner. Also, the results dem- 
onstrated that the biological properties of the iodovinyl 
antibody conjugates, including immunoreactivity, were 
not compromised by the radiolabeling procedure. 

Biodistribution studies were performed to determine 
the in vivo stability and tumor localization of an anti- 
body fragment labeled with iodovinyl reagents 7a and 
7b and to compare their biodistributions to the anti- 
body fragment labeled with PIB (2) or directly labeled 
by using the chloramine-T method. Dual-label studies 
were performed to minimize animal to animal variabil- 
ity within the studies. Radioiodide is known to accumu- 
late in the thyroid and to a lesser extent in the stomach 
(25). Therefore, preferential accumulation of either radi- 
olabel in these tissues would suggest greater in vivo deio- 
dination. The results suggested that there was a greater 
amount of deiodination of NR-ML-05 Fab labeled with 
simple iodovinyl reagent 7a, as compared to NR-ML-05 
Fab labeled with 2 (see Table I). The study suggested 
negligible in vivo deiodination of NR-ML-05 Fab labeled 
with 2, consistent with our previous findings (8). The 
amount of deiodination of NR-ML-05 Fab directly labeled 
by using the chloramine-T method and NR-ML-05 Fab 
labeled with the simple iodovinyl reagent 7a was almost 
equivalent (see Table 11). This result is somewhat sur- 
prising, since one might anticipate that quite different 
metabolic pathways would be responsible for the loss of 
label in each case (26). The data suggests that there was 
approximately a 50% reduction in the amount of deio- 
dination of NR-ML-05 Fab labeled with 7b, as com- 
pared to that of NR-ML-05 Fab labeled with 7a. Although 
not directly measured, the amount of in vivo deiodina- 
tion of NR-ML-05 Fab labeled with 7b appears to be 
approximately twice that of NR-ML-05 Fab labeled with 
2. Finally, the results of all the studies demonstrated 
that, regardless of the labeling method employed, essen- 
tially equivalent tumor localization was seen. 

The stability of iodovinyl moieties has been demon- 
strated in vivo for the iodovinyl estradiols, where at  24 
h postinjection in rats only 0.37% of the injected dose 
was found in the thyroid (12). Further, it has been reported 
that significant in vivo deiodination did not occur with 
iodovinyl fatty acids until 2 h after injection (11). It  is 
not apparent whether it is the radioiodinated Fab con- 
jugates of 7a and 7b or their lower molecular weight metab- 
olites which are deiodinated in vivo. Deiodination of Fab 
labeled with 7b was demonstrably less than that of Fab 
labeled with 7a. Fab labeled with 7b, the P,p-dimethyl- 
pentenoic acid derivative, might have more effectively 
resisted deiodination if metabolism via enzymatic p-ox- 
idation occurred, as previously shown for branched fatty 
acids (27).  

The preferential kidney uptake and/or retention of the 
PIB (2) label as compared to that of the simple iodovi- 
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nyl (7a) label seen in the first biodistribution study is 
interesting. Similar differences in kidney localization were 
found when another antibody, NR-LU-10 Fab, was labeled 
with 2 and compared to NR-LU-10 Fab labeled with either 
ATE or chloramine-T.l Antibody Fab fragments rap- 
idly accumulate in the kidneys and are presumably metab- 
olized in the same manner as other circulating proteins 
by renal cells. Renal cell metabolism of proteins results 
in complete degradation of the protein to the amino acid 
level (28). Since it is likely that renal cell uptake and 
protein metabolism of labeled NR-ML-05 Fab are not 
influenced by the labeling method, then a plausible expla- 
nation for the differential kidney uptake seen with the 
PIB label is that the PIB (2), iodovinyl (7a), dimethyl 
iodovinyl (7b), and chloramine-T metabolites of labeled 
NR-ML-05 Fab are released from, or are subsequently 
reabsorbed by, the renal cells a t  different rates. 

In summary, Fab conjugates of the iodovinyl reagents 
7a and 7b were immunocompetent and successfully tar- 
geted tumor in vivo. The Fab conjugate of dimethyl iodo- 
vinyl reagent 7b was substantially more resistant to in 
vivo deiodination than directly labeled Fab or the Fab 
conjugate of the iodovinyl reagent 7a. However, the Fab 
conjugate of the PIB reagent (2) was clearly more resis- 
tant to in vivo deiodination than the Fab conjugate of di- 
methyl iodovinyl reagent 7b. It  is important to recog- 
nize that these in vivo results were obtained with a Fab 
fragment and that studies with intact antibody or 
F(ab’), fragments may afford different results. How- 
ever, one would predict that the relative propensity of 
each labeled conjugate to suffer in vivo deiodination, as 
observed in these Fab studies, would be similar for intact 
antibody or F(ab’), studies. However, the magnitude of 
the observed differences may vary. In addition, it should 
be noted that biodistribution studies performed with other 
antibodies and tumor models may afford different results, 
particularly in cases where antibody conjugates are actively 
internalized and metabolized by the tumor target. 
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1. INTRODUCTION 

In the molecular processes of living things, nothing sur- 
passes Watson-Crick base pairing in importance. It is 
fundamental to the events that define life: the storage, 
transmission, and translation of genetic information. The 
simplicity of these hydrogen-bonded bridges and the small 
number of bases involved gives a predictability to the 
interactions of nucleic acids that is unattainable as yet 
with other biological molecules. 

This applies even to the shortest oligonucleotides which 
hybridize like their larger relatives and can be viewed as 
informational molecules containing fragments of true 
genetic code. These are valuable models to investigate 
the physical and biological properties of DNA and RNA 
that would be intractable otherwise. Due to the limited 
number of bases used, oligonucleotides can contain the 
full range of functional groups and show similar chemi- 
cal reactivity to true nucleic acids. This is useful for elu- 
cidation of the reactions of mutagens, carcinogens, and 
antitumor drugs with DNA and RNA. 

As a result of their ability to base pair, oligonucle- 
otides are used extensively in molecular biology as link- 
ers, probes, and primers in such activities as sequencing, 
amplification by PCR, determination of secondary struc- 
ture, engineering mutations, tailoring RNA with ribonu- 
clease H, and assembling DNA constructs. 

In other applications, “antisense” oligonucleotides can 
inhibit expression of viral or mRNA and, more recently, 
double-stranded DNA. Useful for genetic analysis, this 
also has potential for therapeutic application. 

The recent demand for oligonucleotides resulted from 
improvements in their chemical synthesis that also made 
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available a wide range of conjugates. The few, simple 
derivatives of dinucleotides that were available a t  first 
have grown 10 times in length and can be festooned with 
a plethora of different pendant groups if so desired. 

Not all modifications to oligonucleotides qualify as con- 
jugates. In this review, a conjugate is considered to result 
from the coupling of two or more molecules with distinct 
properties so that some of the characteristics of each are 
retained in the product. An example is the union of an 
oligonucleotide with a fluorescent dye to give a fluores- 
cent oligonucleotide. A distinction is drawn between con- 
jugates and other modifications of oligonucleotides that 
do not result in such a combination of properties. How- 
ever, the oligonucleotide component of the conjugate may 
itself be modified in other ways and may carry more than 
one conjugate group. 

Conjugates may be designed to improve some already 
existing feature of the oligonucleotide, for example, the 
strength of hybridization or uptake by cells. More often, 
the oligonucleotide is endowed with some completely new 
property, either physical or chemical, while retaining its 
ability to base pair. In this way, new applications have 
been developed that were not possible previously. 

Conjugate groups combined with oligonucleotides fall 
into three major categories. 

1. Chemically Reactive Groups. Groups that cleave 
or cross-link with other nucleic acids or proteins are used 
to study interactions between these molecules and olig- 
onucleotides, to modify or cleave nucleic acids a t  partic- 
ular sites, and to create possible therapeutic agents. 

2. Fluorescent or Chemiluminescent Groups. These 
are used in nonradioactive probes or primers for auto- 
mated sequencing and in physical-chemistry studies includ- 
ing potentially powerful new applications involving com- 
binations of different conjugates. 

3. Groups Promoting Intermolecular Interac- 
tions. The best known example is probably biotin that 
binds to streptavidin. This has been used particularly 
as a reporter system for nonradioactive probes. Other 
examples are intercalating agents used to strengthen the 
hybridization of the oligonucleotide with its comple- 
ment and polylysine used to enhance cellular uptake. 

This review is divided into three main parts. The first 
two cover the chemical synthesis of modified oligonucle- 
otides and conjugates and the third is concerned with 
their properties. This includes a discussion of antisense 
inhibition in general terms, but applications in areas such 
as diagnosis or genetic analysis are not covered here and 
the reader is referred to other sources. 

2. CHEMICAL SYNTHESIS OF OLIGONUCLEOTIDES 

Much of the chemistry described in this review has 
been developed around the methods for synthesizing oli- 
gonucleotides. These are introduced in section A only 
in sufficient detail to provide the necessary background 
for what follows. 

The oligonucleotide component of a conjugate may con- 
tain all natural nucleotides or may itself be modified. 
Section B reviews methods for the synthesis of modified 
oligonucleotides. 

A. Strategies of Synthesis. The impetus for the cur- 
rent interest in oligonucleotides derives from develop- 
ments in two areas. Advances in molecular biology over 
the last decade or so created uses for these compounds 
while advances in chemical synthesis made them avail- 
able for practical applications. A synthesis that took man- 
years of work in 1979 ( I )  could be done today in a few 
man-hours. 

This resulted from improvements in two aspects of oli- 
gonucleotide synthesis. One was the development of solid 
supports that made possible the automation of the pro- 
cess and led to microprocessor-controlled synthesizers. 
The other was improvement in the synthesis of phos- 
phate esters to give the coupling efficiencies of 98% and 
above that are necessary to take full advantage of the 
benefits that solid supports offer. The historical devel- 
opment of reactions used for nucleotide coupling is indi- 
cated in Scheme I and fuller accounts of oligonucleotide 
synthesis may be found in refs 2-5. 

The first of these reactions is called the diester approach 
and was developed by Khorana ( I ) .  Ester formation was 
effected with dicyclohexylcarbodiimide or an aryl sulfo- 
nyl chloride. This coupling reaction is no longer used, 
but despite some shortcomings, the amide protecting 
groups developed for the bases and the dimethoxytrityl 
for 5'-OH are still standard. 

This synthesis was improved by protecting the phos- 
phate group to give the triester approach in reaction 2. 
This not only prevented side reactions but greatly facil- 
itated workup and purification by enabling much larger 
scale and more rapid purification by chromatography on 
silica gel in organic solvents. With improved coupling 
reagents such as sulfonyl tetrazolides, this method was 
sufficiently efficient for solid support synthesis and is 
still used to some extent today (6). 

The next improvement was to replace the reacting phos- 
phate with a trivalent phosphite. Originally, a phospho- 
rochloridite was used (7) but now the phosphoramidite 
in reaction 3 is preferred (8). Activation is by a mild 
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proton donor, usually triazole, and after each coupling 
reaction the phosphite is oxidized to the pentavalent level. 
This is the route employed most often today and per- 
mits synthesis of chain lengths considerably in excess of 
100. 

The fourth and most recent method (9 ,10 )  returns to 
pentavalent phosphorus, this time a hydrogen phospho- 
nate after which this approach is named and which was 
first recognized as a potential synthon some time ago (11). 
A carboxylic acid chloride is used as condensing agent. 
This method is comparable in efficiency to the previous 
one although it is generally considered inferior for very 
long sequences. It has the advantage that the oxidation 
step does not have to be performed after each coupling 
reaction but can be left until the end of the synthesis. 
This simplifies and speeds up the process but, more impor- 
tantly, it facilitates the synthesis of modified oligonucle- 
otides where sulfur, nitrogen, or other elements replace 
oxygen in the reaction at  phosphorus. 

These synthetic approaches have been adapted for use 
in the rib0 series (12-14) and for nucleosides with unnat- 
ural L-sugars (15)  or a-glycosidic linkages (16).  

B. Synthesis of Modified Oligonucleotides. This 
section reviews some of the options that are available for 
modification of the oligonucleotide component within the 
conjugate. The consequences of these changes for bio- 
chemical properties are discussed in section 3. 

Modifications to the oligonucleotide have been employed 
most often for use in antisense inhibition where it is nec- 
essary for oligonucleotides to survive in cell cultures or 
other biological environments and also to cross the cell 
membrane. Nucleases are widespread and the lipophilic 
cell membrane is an effective barrier against passive dif- 
fusion of polyelectrolytes. 

Often, modifications can be chosen to improve perfor- 
mance in both areas. For example, increasing lipophilic- 
ity to improve uptake is likely to decrease the rate of 
degradation by nucleases that are designed to degrade 
polyanions. The conjugate group itself may prove ben- 
eficial in these regards if it is lipophilic or otherwise inhib- 
its the action of nucleases. As yet, the number of exam- 
ples of conjugate groups combined with other modifica- 
tions to the oligonucleotides is small but increasing rapidly. 

Changes might be made at  the bases, the sugars, the 
ends of the chain, or a t  the phosphate groups of the back- 
bone. Those at  the bases and sugars are generally the 
most difficult chemically and require the greatest amount 
of synthesis. In addition, they must not disrupt the abil- 
i ty of bases to form hydrogen bonds. One example is 
the use of a-nucleotides discussed later. 

Modifications to the ends and backbone of the mole- 
cule are easier synthetically. Because the 5’-terminus is 
the most common site for conjugation, the phosphate 
groups are often available for further derivatization. As 
they are the site of action of nucleases and also carry the 
charges that inhibit cellular uptake, this presents the most 
direct approach to improvement in these areas. 

The type of phosphate modification most studied is to 
replace or block the negatively charged oxygen atom to 
give structures 1-4. The syntheses of these and other 
modifications are discussed below. 
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are one of the most extensively studied classes of oligo- 
nucleotides because of their useful chemical and biolog- 
ical properties. Older methods for their synthesis were 
based on modifications of the triester approach (1 7-23). 
Following the introduction of phosphine reagents (24- 
26),  solid-support synthesis based on phosphoramidite 
chemistry has become standard (27). Phosphonamidite 
reagents react as efficiently as the usual phosphora- 
midites and can be used interchangeably during auto- 
mated synthesis to insert the uncharged linkage a t  any 
or all positions within the sequence. Products from this 
approach were found to give better melting curves than 
those from a synthesis based on triester type chemistry 
(28). 

Because of the different nature of the backbone, spe- 
cial methods for their characterization have been devel- 
oped (29).  Like purification, this is still not as easy as 
with fully charged phosphodiesters. 

Only the methyl substituent on phosphorus has been 
investigated to any extent. A phenyl phosphonate was 
prepared early on (18) and a 4,4’-dimethoxytriphenyl- 
methanephosphonate was obtained unexpectedly from an 
attempted Arbusov reaction (30).  More recently, a (dif- 
1uoromethyl)phosphonate was synthesized to mimic the 
polarity of the natural oxygen atom more closely (31). 

(ii) Phosphotriesters (2). These compounds were used 
as nonionic analogues of oligonucleotides by Miller et al. 
before the methylphosphonates (32).  They are more dif- 
ficult to synthesize and, as a result, most studies have 
been limited to oligonucleotides containing only a single 
triester or only thymine bases. 

The problem is the lability of the triester function dur- 
ing the basic conditions used in deblocking or cleaving 
from the solid support. Use of milder conditions (32, 
33) or more labile amine protecting groups (34-37) or 
more stable triesters (38,39) have not yet given a method 
as versatile as synthesis of the phosphonates. 

Originally, methanol or ethanol in the presence of tosyl 
chloride was used to esterify internucleoside phosphates 
after each coupling in short sequences (32, 40, 41) .  
Recently, it has been reported that this reagent can give 
complete triesterification of heterosequences as long as 
10-20 bases following temporary protection of the amino 
groups with 9-fluorenylmethoxycarbonyl chloride (9- 
fluorenylmethyl carbonochloridate) in solution (36). This 
is the only method that gives extensively esterified prod- 
ucts of this size. Methyl methanesulfonate has been used 
also as a methylating agent (42) .  

Different triesters have been introduced as the pro- 
tecting groups during synthesis by the triester (43) ,  
phosphite (38,39) ,  or amidite (33,34,37,44)  approaches 
or by oxidation of hydrogen phosphonates with alcohols 
(45).  In addition, transesterification in the presence of 
fluoride ions can replace aryl protecting groups on phos- 
phate by alkyl to give more stable esters (41, 46-48). 

Groups that have been used other than the usual methyl 
and ethyl include l,l-dimethyl-2,2,2-trichloroethyl (38, 
39, 431, isopropyl (33) ,  neopentyl (48, 491, n-butyl (451, 
and 2,2,2-trifluoroethyl (37).  

(iii) Phosphorothioutes (3) .  Used extensively by Eck- 
stein and his co-workers for the study of enzyme mech- 
anisms, these derivatives are the closest to the natural 
nucleic acids in terms of structure and charge density. 
For reviews of their preparation and uses see refs 50-52. 
Both DNA and RNA polymerases accept the appropri- 
ate 5’-0-( 1-thiotriphosphates) as substrates to give prod- 
ucts containing just the R, stereoisomers of phosphorus. 

Chemical synthesis is also straightforward. Eck- 
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(i) Methylphosphonutes ( 1 ) .  These nonionic deriva- 
tives were introduced by Miller e t  al. in 1979 (17) and 
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stein’s use of elemental sulfur to oxidize dinucleoside 
phosphites is applicable to phosphoramidite synthesis on 
solid supports giving oligonucleotides with phosphorothio- 
ate linkages throughout or just a t  selected positions (50, 
53, 54) .  A concern is that the phosphorothioate func- 
tions are subjected to an iodine oxidation step after each 
subsequent round of coupling which could lead to replace- 
ment of some sulfur by oxygen (55 ) .  In practice, phos- 
phorothioate could still be isolated after 48 rounds of 
coupling (53)  and NMR studies indicated that about one 
sulfur atom per molecule was lost to oxidation during 
the synthesis of a 20-mer (56) .  

Elemental sulfur can also be used for oxidation follow- 
ing the hydrogen phosphonate approach (45,57-61). This 
offers some practical advantages over the phosphora- 
midite method where oxidation has to be performed after 
each coupling. The usual solvent for sulfur is carbon dis- 
ulfide, which is volatile, malodorous, and troublesome in 
automated synthesizers, where the sulfur tends to form 
solid deposits. I t  is preferable to perform the oxidation 
just once manually a t  the end of the synthesis. 

For synthesis of chimeric structures containing both 
phosphorothioates and phosphodiesters in the back- 
bone, treatment with sulfur partsway through the synthe- 
sis is followed by further rounds of coupling and oxida- 
tion. This proved more successful with the phosphora- 
midite than  the  hydrogen phosphonate method. 
Unprotected phosphorothioates generated on sulfur treat- 
ment of hydrogen phosphonates survived subsequent cou- 
pling and oxidation cycles much less well than the blocked 
intermediates formed from phosphites (60) .  

( iu)  Phosphoramidates (4 ) .  An appealing feature of 
phosphoramidates is the diverse range of amines that might 
be introduced. Given a good, general synthesis, this class 
of compounds should offer the greatest opportunity for 
structural variation. Substituents on the amine could 
include conjugate as well as nonconjugate groups. It might 
be desired to introduce just one phosphoramidate a t  a 
specific position or to modify all the phosphates with either 
the same or different substituents. Such precision and 
control is attainable with current synthetic methods. 

A number of reactions for preparing phosphorami- 
dates have been applied to oligonucleotides with greater 
or less success as discussed in ref 62. The prefered method 
uses an amine in the presence of carbon tetrachloride or 
iodine as the oxidant in the hydrogen phosphonate 
approach (45) .  By leaving this step until the end of the 
synthesis, phosphoramidate linkages are introduced 
throughout the sequence (15,  58, 63, 64) .  Alternatively, 
further rounds of coupling can be performed after ami- 
dation to generate a heterogeneous backbone (45,61,64) .  
By alternating hydrogen phosphonate coupling steps with 
phosphoramidite, various unmodified and modified link- 
ages can be inserted a t  specific sites throughout the 
sequence (61,  63) .  

Another attractive feature of phosphoramidates is that 
they may be readily converted to phosphodiesters for char- 
acterization by the usual means (45, 64) .  

The P-N bond is hydrolyzed in acid and, unless the 
nitrogen is substituted, it is also too base labile to sur- 
vive the deblocking reaction (64 ,65) .  This bond is more 
labile in the ribo series (65) .  The oligonucleotide ami- 
dates made by this method are listed in Table I. 

( u )  Other Phosphate Modifications. The four types 
of phosphate modification discussed above have all been 
used fairly extensively to modify the properties of oligo- 
nucleotides or their conjugates. Other modifications that 
have been made but, for the most part, not yet studied 
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Table I. Amidates Made by the Hydrogen Phosphonate 
Approach 

refs 
45,64 
45, 58, 62 
62 
62 
64 
62,64 
63 

structure of the 
amine component refs 

NHCHzCHz-morpholinyl 63 
NH(CH2)zNHCO- 61 

cholesteryl 
piperidinyl 45 
morpholinyl 45, 58, 64 
piperazinyl 58 
N-methylpiperazinyl 45 

Table 11. Modified Internucleoside Phosphates 
0 
I I  

-A-P-C- 
I 
D 

A B C D refs 
NH 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
S 
0 
CHz 
S 
S 
0 

0 
0 
S 
0 
0 
NPr 
S 
Se 
S 
S 
S 
S 
S 
0 
0 
0 
0 
S 
0 

0 
NH 
0 
0 
S 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
S 

0 
0 
CH3 
Se 
0 
NEtz 
NEtz 
NEt, 
‘ 3 3  
S 
NHR 
OPr 
OEt 
0 
0 
0 
0 
0 
CH3 

66,67 
67,68 
69 
53, 70 
71 
72 
72 
72 
73 
74 
74 
33, 75 
44, 76 
77. 
67 
78 
79 
79 
267 

Table 111. Groups Used To Replace Internucleoside 
Phosphates 

€!roup refs 
-0coo- 85-88 
-0CHzCONH- 89 
-0CHzCOO- 90 
-0CONH- 89,91-93 
-0SiRzO- 94-96 

in this way are listed in Table 11. Further examples include 
derivatives with pentavalent phosphorus (80,811, but many 
more possibilities remain unsynthesized. 

(ui) Non-Phosphate Internucleoside Linkages. In early 
work, the entire sugar phosphate backbone was replaced 
as in poly( 1-vinyluracil) or in poly(acry1ic acid) hydrazide 
derivatives (82-84). These suffered from solubility prob- 
lems and spacing of the bases along the chain was dif- 
ferent from that of natural nucleic acids. Most recent 
approaches have involved the less extensive modifica- 
tion in 5 (97) or replacing just the bridging phosphate by 

B a s e  

I 
&C - 

5 

the groups in Table 111. As yet, synthesis of these types 
of compound is still a t  an early stage. Solubility in water 
is a common problem and hybridization is different from 
that of natural oligonucleotides in some cases. 
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3. SYNTHESIS OF CONJUGATES 
Conjugate groups may be coupled to oligonucleotides 

either through sites present naturally in nucleic acids or 
through some other reactive linker group introduced spe- 
cifically for the purpose. The naturally occurring groups 
that can be used are amino groups on the bases, hydroxyl 
groups on the sugars, and phosphate groups, both termi- 
nal and internal. Linker groups attached to the oligonu- 
cleotide for derivatization are most commonly primary 
amines, thiols, or aldehydes, but the possibilities are many. 
Often, the linker is attached to the oligonucleotide by a 
spacer arm either to facilitate coupling or to distance the 
conjugate group from the oligonucleotide. 

Either the conjugate group or the linker may be intro- 
duced at one of three stages during oligonucleotide syn- 
thesis. These each have advantages and disadvantages. 

1. The group can be attached to a nucleotide before 
incorporation into the growing chain. This approach can 
be used for either chemical or enzymatic synthesis of oli- 
gonucleotides. 

2. Molecules other than nucleotides can be intro- 
duced during the synthesis of the oligonucleotide. 

3. A linker or conjugate group can be attached to a 
natural nucleic acid or to a synthetic oligonucleotide after 
deblocking. 

Sections A and B below describe incorporation during 
chemical or enzymatic synthesis, respectively. Section 
C covers coupling following synthesis and section D lists 
some conjugate groups that have been used. 

A. Incorporation of Conjugate and Linker Groups 
during Chemical Synthesis of Oligonucleotides. From 
a synthetic point of view, incorporation of conjugates and 
linkers during the assembly of an oligonucleotide rather 
than afterward is the most rigorous approach. I t  gives 
greatest control over the number and location of the mod- 
ifications; side reactions are minimized by the protect- 
ing groups on the nucleotides, and advantage is taken of 
the benefits of solid-support synthesis for workup and 
purification. Two strategies will be considered in which 
the conjugate group or linker may or may not be part of 
a nucleotide synthon. In both cases, the reactions are 
performed under anhydrous conditions, unlike the postsyn- 
thesis modifications described later, which are per- 
formed largely in aqueous solution. 

(i) Incorporat ion  o f  Mod i f i ed  Nucleo t ides .  This 
approach is appealing for chemical synthesis as the nucle- 
otide building block carrying the desired modifier can 
be introduced precisely a t  any internal or terminal posi- 
tion in the oligonucleotide with assurance that modifi- 
cation at that position is complete. As a result, concerns 
over the uniformity of the product and its identity should 
be less than those with some other methods. However, 
it is necessary to first prepare and purify the nucleotide, 
and the modifications must be able to withstand the cou- 
pling reaction and the rigors of acid and basic deblock- 
ing. In some cases, nonstandard protecting groups may 
be necessary. Probably as a result of the greater syn- 
thetic effort required, this approach has not been used 
as widely as others. 

Substituents may be attached to nucleotides a t  the base, 
sugar, or phosphate residues, but ideally, changes should 
not interfere with hybridization. While there is poten- 
tial for using phosphate-modified precursors such as sub- 
stituted phosphonates or phosphotriesters, little work has 
been done in this regard other than with the simple block- 
ing groups described in the previous section. 

Two sites on bases which are easy to manipulate chem- 
ically without necessarily preventing base pairing are C(5) 
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Table IV. Linkers Incorporated into Oligonucleotides as 
Substituents on Pyrimidine Nucleoside Phosphoramidate 
Synthons 

substituent refs 
At N(4) of dC 

A t  C(5) of dU 
(CH2hNHz 100-102 
C=C(CHz)ZNHz 103 
C=CCH~NHCO(CH~)ENHZ 103 
CH=CHCONH(CHz)aNHz 104 

of uracil and N(4) of cytosine, and several nucleotide phos- 
phoramidite synthons have been prepared with pro- 
tected linkers at these positions (Table IV). 

The triazole leaving group introduced with reagent 6 
can be displaced by various nucleophiles before the final 

0 N 

N%R I 

0 
6-OCNEt 
k i . P s  

6 

deblocking of the oligonucleotide (105-107). This might 
be used as a general-purpose reagent to minimize the syn- 
thetic effort necessary to introduce a variety of other groups 
or for the introduction of a group sensitive to the cou- 
pling or acidic detritylation steps. 

In addition, a number of nucleotides already bearing 
conjugate groups a t  these positions have been used. Exam- 
ples are EDTA, used in the generation of free radicals 
(IO€!), and biotinyl, dinitrophenyl, pyrenyl, and dansyl 
reporter groups (109). 5-Bromo-2‘-deoxyuridine has been 
incorporated by triester synthesis for its ability to cross- 
link with DNA-binding proteins on UV irradiation (111). 

In the case of purines, C(8) of adenine was used as an 
attachment site for the photoactivatable cross-linking 
reagent psoralen (112). 

Other nucleotide phosphoramidites have been pre- 
pared with O(5’) of the sugar replaced by nitrogen or sul- 
fur (113-115). Used in the final coupling, these give oli- 
gonucleotides with a thiol or primary amine a t  the 5’-end 
for subsequent reaction with electrophiles. For situa- 
tions where a spacer was required between the 5’-amino 
and the oligonucleotide, nucleotide 7 was used with tri- 
ester coupling (116). 

0 

0 

2-CI Phb 
0.6-0- 

7 

Also in the triester series, protected thymidine 3‘,5’- 
diphosphate was used for the introduction of a terminal 
5’-phosphate residue as a site for postsynthetic modifi- 
cation (117). 

Unlike with solid-support synthesis, with the older solu- 
tion-phase triester method nucleotides can be added to 
the 3‘-end of the oligonucleotide. Nucleotides carrying 
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various 3’-bound conjugate groups or linkers have been 
introduced this way (1 17-1 20). 

To accomplish this by solid-support synthesis, a spe- 
cial support bearing the modified nucleoside may be pre- 
pared as in the case of cytidine with an amine linker a t  
N(4) (121). 

(ii) Zncorporation of Non-Nucleotides. A number of 
reagents other than nucleotides have been developed for 
incorporation during oligonucleotide synthesis. These are 
generally much simpler synthetic targets for the intro- 
duction of conjugates or linkers. They are used most com- 
monly to couple a group a t  the 5’-end of an oligonucle- 
otide while it is still fixed to the solid support. This reduces 
the potential for side reactions at  the bases, which are 
still protected, and simplifies purification. The reagent 
must be soluble in an organic solvent suitable for the 
coupling reaction and, again, must withstand the deblock- 
ing procedure. 

Most groups introduced in this way have been used to 
give, after deblocking, a nucleophilic linker for prepara- 
tion of a conjugate. One reason for using nucleophiles is 
that many suitable electrophilic derivatives of the con- 
jugate groups are available commercially. 

Often, the same coupling chemistry is used for nucle- 
otides and non-nucleotides so that the latter may be added 
from a spare reservoir of the synthesizer using the stan- 
dard program. 

Reagents 8-11 have a protected amine, thiol, or car- 
boxyl a t  one end of a spacer and a phosphoramidite a t  
the other (122-128). Reagent 12 is a cyclic analogue of 
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8 

R o - P -0 R’ 
ki-pr, 

14 

10 

I 7  
O Q J C O C F ,  

OCH, 

1 2  

Tr - S (C H2kO-P - 0 C  H, 
N&.Pr, 

11 

0-P-OCNEt 
NI.Pr, 

FMoc-NH 

DMTO 

13 

7% 
CI, P O C  CH,CN 

I 
c H, 

15 

9 that uses the same nitrogen atom both as the leaving 
group and as the linker (129). These compounds can be 
used interchangeably with the standard nucleoside phos- 
phoramidites. Analogous reagents are available for H-phos- 
phonate (130) or triester synthesis (120, 131) or linking 
through a methylphosphonate (132). Hence, these groups 
can be incorporated readily during automated synthesis, 
whichever approach is employed, without the necessity 
for changing reagents. After deblocking, all give oligo- 
nucleotides with a nucleophilic linker a t  the 5‘-end. 
Reagent 13, containing an additional protected hydroxyl 
function, can be used for multiple rounds of deblocking 
and coupling to increase the number of linker groups (153). 

Phosphoramidite derivatives of biotin (1 33), acridine 
(134), and anthraquinone (1 35) have been use similarly 
and phosphate derivatives of acridine and tetramethyl- 

rhodamine have been used for triester synthesis both by 
solid-support and solution-phase synthesis (131, 136). 

During automated synthesis, reagents of general struc- 
ture 14 or 15 can be used to phosphorylate or thiophos- 
phorylate the 5’-hydroxyl group (118,137-140) and a num- 
ber of other reagents exist based on triester chemistry 
(141 and references therein). The phosphate can be used 
for modification at  a later stage or it can be selectively 
deblocked before cleaving from the solid support and con- 
densed, for example, with an alcohol in the presence of 
a sulfonyl triazolide (142). 

As an alternative to reactions at  phosphorus, the 5‘-hy- 
droxyl group of support-bound oligonucleotide can be acti- 
vated with carbonyldiimidazole for reaction with hexam- 
ethylenediamine to give carbamate 16 (143). Described 

16 

in section C below is the use of a vicinal diol as a linker. 
This can be introduced as a ribonucleotide joined 5’-5’ 
during the final coupling of the synthesis (122). 

Modifications a t  the 3‘-end are less common due to 
the inaccessibility of this site in solid-support synthesis. 
The usual way to solve this problem is to use a support 
with the modification already built in. For example, poly- 
amide or polypeptide chains synthesized on a support 
were used to initiate oligonucleotide synthesis to give con- 
jugates with a 3’-polypeptide tail. Incorporation of lysine 
in the peptide furnished multiple amino linker sites for 
subsequent derivatization (144, 145). 

The spacer between the nucleoside and the support 
can be designed so that on cleavage, a reactive nucleo- 
phile is generated at  the end of the oligonucleotide. For 
example, support 17 gave a 3’-terminal thiol after ammo- 

nia treatment followed by reduction (146,147). To avoid 
the need for four such supports, a linker was developed 
to which the first nucleoside was added during the syn- 
thesis. On cleavage, this liberated a 3’-terminal amine 
from a carbamate (148). 

Reactions at  the 3’-end may be performed more readily 
during solution-phase synthesis. Examples are the con- 
densation between a 3’-phosphate and the hydroxyl group 
of an acridine or phenanthroline derivative using tri- 
ester chemistry (136, 149, 150). 

A site amenable to ready modification during oligonu- 
cleotide synthesis is the internucleoside phosphate, par- 
ticularly during the oxidation of intermediate phosphites 
or hydrogen phosphonates. Much of the work on conju- 
gation here has been done by Letsinger and his co-work- 
ers, who have reported several methods for linking through 
phosphoramidates to prepare conjugates of phenanthri- 
dine and cholesterol (43, 61, 151). Other workers have 
introduced acridine by triesterification of unprotected 
internucleoside phosphates (136). Of these approaches, 
the most routine and widely applicable would seem to 
be generation of phosphoramidates during hydrogen phos- 
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been used to label RNA with various reporter molecules 
(168). 

Table V. Linker and Conjugate Groups Incorporated 
Enzymatically into Oligonucleotides as Substituents on 
Nucleotide Triphosphates 

substituent refs 
A t  C(5) of (d)UTP 

naphthalene derivative 102 
biotin 154-157 
(CHz)izNHz 157 
CH=CHCHZNHz 157 

fluorescein 160 
SCH3' 161 

At N(4) of (d)CTP 
(CHzhNHz 162 

A t  C(4) of UTP 
S' 163,164 

A t  C(8) of ATP 
NH(CH&NHz 157 
2,4-dinitrobenzened 165 

CHzCONH(CH2)sNHz 157 

158, 159 

At N(6) of ATP 

a Used to cross-link with proteins. Used in site-specific cleav- 
age of DNA. c Used as a site for alkylation. d Used as a hapten. 

phonate synthesis. This has been used to introduce a 
protected amino linker for postsynthetic derivatization 
(152). 

Another easily accessible phosphate derivative is the 
phosphorothioate described previously. The sulfur atom 
reacts readily with alkylating reagents as will be dis- 
cussed in section c. 

Finally, the versatile trifunctional phosphoramidite 13 
can be used in place of a nucleotide during synthesis to 
introduce one or more amine linkers into the backbone 
a t  any position (153). 

B. Incorporation of Modified Nucleotides during 
Enzymatic Synthesis of Oligonucleotides. The strat- 
egy of incorporating modified nucleotides can be applied 
to enzymatic synthesis of oligo- or polynucleotides with 
or without a template. While the products are not sub- 
jected to the conditions of chemical synthesis and deblock- 
ing, this method generally gives less control over the sites 
of modification and is restricted by what is acceptable 
as a substrate for the enzyme. 

A variety of DNA and RNA polymerases have been 
used for this purpose, but those most commonly employed 
are Escherichia coli DNA polymerase I and terminal deox- 
ynucleotidyl transferase. The former is used with a tem- 
plate either for internal incorporation of a modified nucle- 
otide or for addition to the end of a presynthesized oli- 
gonucleotide. The latter enzyme is used without a template 
to add one or more nucleotides to the 3'-end. 

Generally, the same positions on the nucleotides are 
modified as for the chemical syntheses discussed previ- 
ously. These are C(4) and C(5) of pyrimidines and C(8) 
of purines and examples are given in Table V. Some of 
the more commonly used nucleoside triphosphates are 
commercially available. 

T4 RNA ligase has been used to introduce a single, 
modified nucleotide a t  the 3'-end of RNA or DNA ter- 
minating with a ribonucleotide. The 3'-thiophosphoryl 
derivative of pCp gave the same phosphorothioate func- 
tion whose chemical synthesis was described previously. 
Also incorporated was the fluorescent derivative with 
bimane attached to sulfur (166). 

In the absence of ATP, T4 RNA ligase transfer the 
non-nucleotide-bearing phosphate from the ADP deriv- 
ative 18 to the 3'-hydroxyl of an RNA (167). This has 

0 0  

0 0  
RO-P-O-P-OAdo 

18  

C. Postsynthetic Modifications of Oligonucleo- 
tides. Conjugate groups are usually introduced after the 
synthesis and deblocking of the oligonucleotide. This nor- 
mally requires less effort than preparation of reagents 
for incorporation during synthesis but introduces other 
problems. 

As oligonucleotides are polyionic, postsynthetic reac- 
tions are usually performed in water or an aqueous sol- 
vent in which the reagents must be sufficiently soluble 
and stable. This, in itself, is restricting as few synthetic, 
organic reactions are intended to be performed under these 
conditions. 

As linkers are usually nucleophiles, unwanted reac- 
tions may occur at  many internal sites in oligonucle- 
otides. The separation of oligonucleotides with differ- 
ent numbers of conjugate groups is difficult as is their 
characterization, which is usually not attempted in any 
rigorous way and often not at  all. The structure of the 
product is frequently assumed from the nature of the 
starting materials, particularly with conjugates of large, 
multifunctional molecules, where it is generally not pos- 
sible to apply the more rigorous standards of organic chem- 
istry. However, the reasons for making these com- 
pounds are usually for practical applications and, pro- 
vided that they function as intended, then the precise 
number and location of the conjugate groups may not be 
crucial. 

Postsynthetic reactions on oligonucleotides may be used 
to generate or modify linkers or to introduce the conju- 
gate group. This section describes, in rather broad terms, 
the types of reactions that have been employed with var- 
ious linker functions. The emphasis is on the nature of 
the bond-making reactions rather than particulars of indi- 
vidual cases. Subsections are devoted to coupling reac- 
tions used for different linker groups. 

(i) Reactions o f  Primary Alkylamines. Primary alk- 
ylamines (and hydrazines) are among the most com- 
monly used linkers because of their affinity for electro- 
philes. Usually, these are some activated form of a car- 
boxylic acid such as the ester of N-hydroxysuccinimide 
that gives an amide (99, 100, 121, 122, 124, 130, 169- 
171). Other related species that have been used include 
nitrophenyl(126,151,172) and pentachlorophenyl esters 
(1 15)) an acid anhydride (102,173,174)) and sulfonyl chlo- 
rides (99,102). Alternatively, the water-soluble l-ethyl- 
3-[3-(dimethylamino)propyl]carbodiimide condensing 
reagent (EDC) can be used for amide formation with a 
carboxylic acid ( I  70,175). Formally, this reagent accom- 
plishes a dehydration reaction in water. 

It was found with EDC that as many as 35-45% of the 
amide bonds formed were with the amines of the bases 
rather than with the intended linker. The N-hydrox- 
ysuccinimide ester gave less reaction at  the bases but was 
also less efficient overall (170). This study was of reac- 
tions between oligonucleotides and carboxyl groups 
attached to solid matrixes, but extensive base modifica- 
tion was found also on EDC treatment of an oligonucle- 
otide bearing a 5'-carboxyl group (127). 

Chief among the reagents giving non-amide products 
are isothiocyanates that give thioureas (99,113,122,130). 
Other reactions that have been used are hydrazone for- 
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Scheme I1 
R 

Goodchild 

minal phosphates may be introduced during chemical syn- 
thesis, by enzymic phosphorylation or by &elimination 
of a terminal ribonucleoside following periodate oxida- 
tion. Naturally derived material may already have a ter- 
minal phosphate. The only reactions used to form con- 
jugates postsynthetically a t  phosphate are condensa- 
tions with amines or alcohols to give phosphoramidates 
and esters. Thiophosphates are used in a different class 
of reactions with alkylating agents. 

An early method from Khorana’s laboratory for reac- 
tion at  terminal phosphates was the formation of a phos- 
phoramidate from aniline using dicyclohexylcarbodiim- 
ide (DCC) as the condensing reagent in a mixed solvent 
of water, dimethylformamide, and butanol (183). This 
is still basically the method used to modify oligonucle- 
otides except that DCC has been replaced by water-sol- 
uble EDC (67, 184-186). Recently, cyanogen bromide 
has been used for the same purpose. This reagent may 
also be used to generate a variety of unusual internucle- 
oside phosphate bridges by coupling contiguous oligonu- 
cleotides on a template in a form of chemical ligation 
(67, 185, 186). 

Although they were not the first to use EDC with oli- 
gonucleotides, Chu et al. developed the protocol most com- 
monly used of first preparing the phosphorimidazolide 
with EDC and reacting this with the amine or other nucleo- 
phile (187). This intermediate, used previously in chem- 
ical ligation (188), is faster than direct coupling of sim- 
ple amines and permits the use of nucleophiles that would 
themselves react with EDC. Although side reactions a t  
the bases do occur, they were considered to be minor under 
the conditions used. Other workers have reported that 
N-hydroxybenzotriazole is superior to imidazole for this 
purpose (67). 

This approach has been used to attach a variety of link- 
ers and conjugate groups to oligonucleotides (169, 170, 
173, 179). Direct coupling to the amine without going 
through the intermediate phosphorimidazolide has been 
used also (67,189). The reaction has been extended to 
nucleophiles other than amines and has been studied in 
some detail to minimize base modification (184). 

Thiophosphate may be introduced during chemical syn- 
thesis or with polynucleotide kinase (190). The sulfur 
atoms at  both terminal and internucleotide sites react a t  
least lo3 times faster than the other groups in nucleic 
acids with 2-chloroethylamines and so can be used for 
selective coupling (190). A variety of alkylating agents 
have been used to form conjugates in this way (118,140, 

( iu)  Electrophilic Linkers. Most examples of conju- 
gate formation use a nucleophilic linker to react with some 
electrophilic reagent. Unwanted reactions may occur a t  
other sites in nucleic acids which are predominantly nucleo- 
philic in nature, particularly the bases. An electrophilic 
linker may be used providing that it does not undergo 
intramolecular coupling a t  these sites. There are a few 
examples of this approach, the electrophiles being car- 
bonyl or activated carboxyl groups. 

One of the earliest methods for labeling RNA with biotin 
used periodate to oxidize the 3’-terminal ribonucleoside 
to a dialdehyde that was reacted with a primary amine 
and reduced with borohydride (195). This has been used 
to label RNA with a number of fluorescent dyes and other 
agents (196-198). In the case of oligodeoxynucleotides, 
a terminal ribonucleotide can be introduced by 5’-5’ cou- 
pling as the last step in synthesis (122). Steric hinder- 
ance around the reacting amino group may be trouble- 
some in some cases with this method. 

150, 166,191-194). 

Scheme I11 

1 

mation with an aldehyde (176) and a less general reac- 
tion with nitrobenzodiazole fluoride (113,122,130). The 
unusual reaction in Scheme I1 brought about by horse- 
radish peroxidase in the presence of hydrogen peroxide 
was used to introduce an intercalating agent (1 77). 

A molecular adapter has been designed that will replace 
an amino linker with a thiol (121) while bromopyruvate 
was used to couple an amino linker with a thiol in a pro- 
tein (1 78). 

(ii) Reactions of Thiols. The chemistry of sulfur is 
more complex than that of nitrogen, and thiol linkers 
may be used in a greater variety of reactions than amines. 
As well as their nucleophilic properties, they bond readily 
to mercury and form disulfides with other thiols. In fact, 
disulfide formation can be a problem on storage (127). 

In order to generate conjugates from two thiols by mixed 
disulfide formation, competing reactions to give symmet- 
rical products must be suppressed. This is usually done 
by first forming a mixed disulfide between one thiol and 
2-thiopyridine followed by an exchange reaction with the 
second thiol (127, 146, 179, 180). Alternatively, one of 
the thiols may be used in large excess (181). 

A useful feature of disulfide formation is that it is readily 
reversed by treatment with dithiothreitol (DTT) or other 
mercaptans. This has been used to remove one-half of 
the conjugate after it has fulfilled its function (181) or 
to reversibly bind oligonucleotides to a solid matrix (127). 
Reversal of disulfide formation was used to generate thiol 
linkers from blocked disulfide precursors (121,146,179). 

The most commonly used electrophilic groups for con- 
jugation with thiol linkers are iodo- or bromoacetates and 
maleiimides (121, 123, 130, 131), but some fluorescent 
markers proved troublesome by this approach (130). 
Immobilization on a solid support was claimed to be far 
superior with thiol as opposed to carboxyl or amine link- 
ers (127). 

By a type of Michael addition, the thiol on an oligo- 
nucleotide was linked with an amine in a one-pot reac- 
tion using the bifunctional reagent in Scheme I11 (182). 

The affinity of thiols for mercury compounds was used 
for immobilization of an oligonucleotide on chloromer- 
curibenzoate-derivatized agarose (127). 

Another finding reflecting the more complex chemis- 
try of sulfur is that a two-carbon spacer between sulfur 
and phosphate was unstable at  pH 8 while longer ones 
were not (123, 146). 

(iii) Reactions of Phosphates and Thiophosphates. Ter- 
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Table VI. GrouDs Used in Conjugates of Olieonucleotides A single aldehyde function can be generated at the 5'-end 
by periodate oxidation of a vicinal diol introduced dur- 
ing synthesis. Reaction with an amine or hydrazine fol- 
lowed by reduction under very mild conditions did not 
show any competing side reactions and was particularly 
good for immobilization on a solid support (125). 

Another electrophilic species was generated at  the 5'-ter- 
minus by treatment of a carboxyl group with EDC in the 
presence of imidazole. This was used for amide forma- 
tion (125). 

( u )  Reactions a t  Naturally Occurring Sites in Nucleic 
Acids. Unmodified oligonucleotides contain a number 
of reactive sites that are generally less potent than the 
synthetic linkers but which have been used for conjuga- 
tion. For the most part, these are nucleophiles and include 
nitrogen functions on the bases, C(5) of pyrimidines, C(8) 
of purines, primary and secondary hydroxyl groups, and 
phosphomono- and diesters. Electrophilic substitution 
can also occur a t  some positions on the bases. Reactions 
at  these sites are likely to lead to complex mixtures unless 
they can be controlled in some way. This may be accept- 
able for labeling of large DNA or RNA, where modifica- 
tion can be restricted to a very small fraction of nucle- 
otides and the level of heterogeneity in the product is 
undetectable and irrelevant. The approach is less satis- 
factory for oligonucleotides where incomplete modifica- 
tion gives products with a spectrum of properties. Four 
of these reactions that are better defined chemically are 
given below. 

The first uses a photoactivatable derivative of biotin 
carrying a phenyl azide that reacts with nucleic acid bases 
(199). This is used to label about only 1 in 50 bases in 
DNA so as not to impair hybridization and may there- 
fore not be applicable to oligonucleotides. 

In a second method, mercury a t  C(5) of pyrimidines, 
introduced by reaction with mercuric nitrate, was cou- 
pled with haptens bearing thiol groups (200). 

Bisulfite adds across the 4,5-double bond of cytidine 
and encourages nucleophilic displacement of the amino 
group a t  C(4). This reaction is selective for single- 
stranded nucleic acids and has been used to introduce a 
number of substituents (178, 201, 202). 

Finally, an electrophilic substitution occurs a t  C(8) of 
guanine in nucleic acids on reaction with N-acetoxy-2- 
aminofluorene to give a label for immunological detec- 
tion (203, 204). 

None of the above reactions can be used to modify an 
oligonucleotide in a controlled way other than by restrict- 
ing to one or two the number of reacting nucleotides, 
thereby severely limiting the sequence. There are few 
examples where a more controlled approach is possible. 

4-Thiouridine is a naturally occurring nucleoside that 
can be incorporated into oligonucleotides. I t  was shown 
that alkylation with a-haloacetamido derivatives or phen- 
acyl bromides could be directed exclusively to the sulfur 
of this base to introduce a number of different conjugate 
groups (163, 164). 

An example of a reaction restricted to a particular 
sequence involves introduction of psoralen onto thymi- 
dine only when it is flanked on the 3'-side by adenosine 
(205). This was possible because, on irradiation, psor- 
alens preferentially cross-link double-stranded oligonu- 
cleotides a t  thymidine in the sequence 5'-TpA-3'. The 
reaction can be partially reversed on irradiation at  a dif- 
ferent wavelength to give, after strand separation, a sin- 
gle strand with the psoralen monoadduct of thymidine. 
This serves as a reactive probe that cross-links with its 
complementary sequence on irradiation. 

groups refs 
Fluorescent Dyes 

fluoresceins 

tetramethylrhodamine 
Texas red 99, 113 
pyrene 109, 210 
bimane 130, 166, 192 
mansyl 102 
dansyl 109, 126, 191 
proflavine 197 

130, 163 eosin 
naphthalene derivatives 123, 130 
coumarin derivatives 130, 207 

acridine 

99, 103, 113, 114, 146, 157, 160, 

99, 113, 131, 168, 209, 211 
163, 168, 198, 200, 208-211 

Intercalating Agents 
48, 49, 118, 134, 136, 149, 

212-217 
oxazolouvridocarbazole 177. 218 

. I  

anthraquinone 135 
phenanthridine 151 
phenazine 219 

peroxidases 
IgG 179 
alkaline phosphatases 

nucleases 147, 180, 228 

Cross-Linking Agents 

Proteins 
99, 140, 176, 179, 220 

99, 103, 121, 170 
polylysine 130, 221-227 

alkylating agents 106, 119, 229-233 
azidobenzenes 
psoralen 
iodoacetamide 101 
azidoproflavin 194 
azidouracil 158, 159 
platinum(I1) 227, 234 

100, 163, 164, 190, 193, 196, 215 
112, 181, 182, 189, 205, 249 

Chain-Cleaving Agents 
EDTA/FeII 108, 173, 174, 236-238 
phenanthroline/CuII 120, 150, 239, 240 
porphyrin/FeII 241, 242 

biotin 
Others 

107, 109, 110, 122, 124, 126, 130, 
133, 142, 143, 145, 148, 

195, 199, 200, 202, 210, 243 
125, 127, 128, 140, 170, 175, 244, 

245 

154-157, 162, 168, 169, 171, 

solid matrixes 

dinitrophenyl 109, 165 
trinitrophenyl 200 
proxy1 spin-label 191 
fluorene 203, 204 
isoluminol 99 
digoxigenin 246 
puromycin 247 
DTPA (chelating agent) 182 
phospholipid 248 
cholesterol 61, 307 

Finally, attention is drawn to an old reaction that has 
not been used for conjugation but which is unusual in 
that it permits selective reaction at oligonucleotide hydroxyl 
groups when more often it is the bases that react most 
readily. This is the reaction of acetic anhydride in water 
(206). No reaction was found at  the bases and mixed- 
anhydride formation at  phosphates is readily reversed. 
Thus, in the case of 5'-phosphorylated oligodeoxynucle- 
otides, reaction occurred only on the 3'-hydroxyl group. 

D. Conjugate Groups. Many of the conjugate groups 
used with oligonucleotides are given in Table VI. This 
is not an exhaustive list of the use of these compounds, 
particularly of probes where the literature is extensive. 
Rather, it is intended to indicate the nature of conju- 
gates studied and to serve as a source of the methods for 
coupling different groups. 
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Included are some recent, more specific ways for immo- 
bilizing oligonucleotides on solid supports, but the older 
literature on this subject is not covered and may be 
obtained from the references cited. 

There is a very large amount of literature on chemi- 
cally reactive oligonucleotides, particularly on those bear- 
ing nitrogen mustard type alkylating groups. Reference 
has been given to a review plus a few more recent exam- 
ples. No attempt is made here to discuss the chemical 
reactions of these compounds. 

A choice that has to be made for each conjugate group 
is the length of the spacer used to link it to the oligonu- 
cleotide. This is particularly important in the case of an 
intercalating agent that has to interact with the helix. 
Here, a very small change in spacer length can influence 
the outcome, but chains of five or six carbon atoms were 
best (64, 177, 212, 213). For psoralen to cross-link with 
the opposite strand, a shorter spacer of two carbons was 
required, and yields fell six-fold if this were increased 
(249). For biotin or fluorescent tags that do not inter- 
act with the helix, a longer spacer of eleven or twelve 
atoms was preferable to minimize steric inhibition of 
hybridization (103, 127). 

4. PROPERTIES OF MODIFIED OLIGONUCLEOTIDES 
AND CONJUGATES 

The development of conjugates with new properties 
should improve existing techniques and lead to the devel- 
opment of new uses and ideas. Advances are being made 
in the areas of automated sequencing ( 1  13,208) and non- 
radioactive probes (250) and in accurate chemical cleav- 
ing of DNA and RNA (101, 251-253). Chemically reac- 
tive probes can be used to place a tag on a particular 
base within an RNA (181) and have been used to dem- 
onstrate parallel helix formation (120, 194). Nonradia- 
tive energy transfer between oligonucleotides can be used 
to indicate their separation in solution (209, 220). This 
seems a particularly promising technique that could be 
applied in many different ways and has already been used 
to investigate the structure of the Holiday junction (211). 
The same principle has been used to investigate interac- 
tions of oligonucleotides with proteins (207).  

It is beyond the scope of the present review to cover 
all the uses and developments involving oligonucle- 
otides. Rather, the emphasis here will be on the biolog- 
ical properties of modified oligonucleotides, in particu- 
lar the effect of modification on hybridization, stability, 
and cell uptake. The final section discusses antisense 
inhibition, which is the most demanding use of oligonu- 
cleotides, requiring that they find and hybridize with their 
complementary sequences inside cells. Again, the approach 
taken here is to examine the general consequences of mod- 
ification rather than the particulars of individual cases. 

A. The Effect of Modification on Oligonucle- 
otide Hybridization. Modifications to the internucle- 
oside phosphates can affect hybridization in a number 
of different ways, but it is important that they should 
not prevent base pairing. Reduction in charge density 
lessens electrostatic repulsion between the strands and 
should facilitate their association. This effect will be great- 
est a t  low salt concentrations, where the shielding of the 
charges is least. Steric interactions of substituents will 
normally destabilize the helix as, it has been suggested, 
will their electronic and other effects (254).  These might 
include disruption of hydration of the helix. However, 
the grooves of the hybrid might also provide a more 
lipophilic environment for the sequestration of hydro- 
phobic substituents, thereby promoting hybridization. 
Cases where stronger hybridization resulted on increas- 
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ing the lipophilicity of the substituent may be examples 
of such an effect (43, 62).  

The relative contributions of all these factors are gov- 
erned by external conditions such as salt concentration 
as well as intrinsic factors such as the length of the oli- 
gonucleotide, the degree of modification, the localiza- 
tion of a given modification relative to the ends or mid- 
dle of the helix, and the sequence of bases around it (254). 
Thus, the consequences of a particular modification will 
vary from case to case. The complexity of this situation 
has prevented a clear understanding of the effects of phos- 
phate modification on hybridization. 

A complicating feature is the chirality of the phospho- 
rus atom following modification. Absolute stereochem- 
istry has been assigned by X-ray crystallography (255) 
and NMR (256,257) and by enzymic (258-261) and chem- 
ical methods (33,44, 76).  A molecule with n chiral phos- 
phorus atoms will consist of 2" isomers, and one of the 
most challenging areas of oligonucleotide chemistry is the 
development of diastereospecific synthesis (262-267). 
Attempts to use diastereomerically pure starting mate- 
rials in the usual synthetic approaches resulted in race- 
mization (53, 73, 268, 269). 

When small numbers of isomers are involved, resolu- 
tion is possible by chromatography, and the pure dia- 
stereomers have been used for block condensation. This 
approach has been largely limited to the construction of 
short backbones with alternating unmodified and chiral 
phosphates or longer molecules with a single modifica- 
tion (46,48,270-272). Enzymatic synthesis of phospho- 
rothioates gives the R,  isomer exclusively (50, 51, 273) 
and has enabled studies of polynucleotides with exten- 
sively modified, stereopure backbones (274).  It is not 
yet possible to synthesize by chemical means diastereo- 
merically pure chains of the length necessary for antisense 
inhibition. 

In their early studies of uncharged methylphospho- 
nates and triesters, Miller and Ts'o found that racemic 
di- to tetramers hybridized to unmodified strands with 
greater affinity than the parent phosphodiesters (275,276). 
While diastereoisomers of dimers differed from each other, 
both formed more stable hybrids than the natural, charged 
compounds and were less effected by salt concentration. 
This was attributed to the lack of charge-charge repul- 
sion between the strands of the complex (17, 32).  An 
adverse effect on hybridization as the size of the substit- 
uent increased from PCH3 to POCHB to POCHL!Hs 
seemed to be due to steric interactions. 

Similar improvements in hybridization were reported 
for other low molecular weight triesters and phosphora- 
midates (34, 43, 62).  With substituted amidates, these 
included a positively charged backbone. In some cases, 
however, bulkier substituents improved rather than dimin- 
ished hybridization. 

When a single, uncharged group is incorporated into 
an oligonucleotide, a different effect is seen and the sta- 
bility of the helix is unchanged (191, 271) or reduced in 
most situations (75,254,256,277) .  Possibly the removal 
of a single charge out of many makes little difference to 
the overall electrostatic repulsion between the strands 
and the other destabilizing effects of substitution gain 
in relative importance. The difference between the dias- 
tereomers is more pronounced with greater destabiliza- 
tion when the substituent points into the major groove 
rather than away from the helix (75, 254, 256). 

With longer, extensively modified oligonucleotides, the 
complexity of the mixture becomes much greater and as 
each diastereomer in a pair is slightly different, some het- 
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In an attempt to stabilize hybridization with very short 
oligonucleotides, Letsinger and Schott attached an inter- 
calating agent to the phosphate group of TpT (151). This 
proved successful and, as discussed later, permits the use 
of shorter oligonucleotides than would otherwise be pos- 
sible for antisense studies. The physical chemistry of 
these interactions has been investigated (165, 212, 213, 
285) and it has been shown that an intercalating agent 
at  the end of an oligonucleotide, especially the 3'-end, is 
more beneficial than on an internucleotide phosphate and 
that a second intercalating group offers no further advan- 
tage ( 1  36, 21 3) .  

a-Oligonucleotides and others with methylphospho- 
nate or phosphotriester linkages also benefited from the 
addition of an intercalator (48,64,177,215,218). In these 
conjugates, two different mechanisms for stabilizing the 
duplex are combined. The only intercalator that has been 
combined with a phosphorothioate backbone was of some- 
what uncertain efficacy (134).  No stabilization was 
observed and, if confirmed in other cases, this may reflect 
steric effects of the larger sulfur atom at the site of inter- 
calation. 

B. The Effect of Modification on Nuclease Re- 
sistance. A number of studies have demonstrated deg- 
radation of unmodified oligonucleotides a t  greatly vary- 
ing rates in different cells or in the serum-containing media 
used for cell culture. Survival times vary from minutes 
to days (56,286-293). Consequently, it has been a goal 
in many approaches, particularly in the antisense field, 
to develop nuclease-resistant derivatives on the assump- 
tion that these will be more potent. Of course, there is 
the chance that they will also be more toxic because they 
survive longer. 

I t  was recognized early on that the rate of degradation 
of RNA by exonucleases from snake venom and spleen 
was slowed considerably by phosphorothioate groups (294). 
The former enzyme can cleave the R, diastereomer but 
not the S ,  or adjacent R,S, or S,S, groups (53,262,295- 
297). In contrast, nucleases S1 and P1 are specific for 
the S ,  isomer (53, 297, 298) while ribonucleases A and 
T2 do not distinguish between different configurations 
(296). With DNAse I, sequence or base composition also 
effect the rate of digestion of phosphorothioate-substi- 
tuted polynucleotides (274). 

As a result, oligodeoxynucleotides with a high propor- 
tion of unresolved phosphorothioate groups are almost 
totally resistant to snake venom phosphodiesterase, are 
degraded 2-45 times more slowly than normal by S1 and 
P1 nucleases, and survive many times longer than unsub- 
stituted oligonucleotides in human serum (56). 

All other modifications to internucleoside phosphates 
that have been investigated also inhibit the action of 
nucleases. Most reports suggest complete resistance of 
phosphoramidate (43,45,58,62) ,  phosphonate (18,270),  
or phosphotriester (32, 43, 299) linkages toward the 
nucleases that have been tested. An exception is the very 
slow rate of cleavage by snake venom or spleen phospho- 
diesterases of unsubstituted phosphoramidate observed 
for the sequence d(ApA) but not for TpT (43, 65).  All 
N-substituted phosphoramidates were resistant. An early 
report of slow cleavage of one of the diastereomers of 
phosphonates by snake venom phosphodiesterase could 
not be confirmed (18, 270). 

While the modified linkages themselves may be resis- 
tant, in oligonucleotides containing mixtures of modi- 
fied and natural linkages, exonucleases that work pro- 
gressively from one end of the chain can sometimes skip 
over an isolated phosphonate or triester linkage to cleave 

erogeneity in overall properties is expected. An uncharged 
octamer of thymidine with an ethyl phosphotriester back- 
bone could be separated into fractions with different affin- 
ities for poly(dA) (40). The real test of these com- 
pounds, however, is the effect of extensive substitution 
on the properties of a longer heterosequence. 

The hybrid of a 20-mer containing 18 methylphospho- 
nates melted only 4 "C below the fully charged duplex 
with little broadening of the melting curve in 0.1 M salt 
(278). In another study, a 15-mer containing 11 phos- 
phonate linkages melted 5 "C higher than the diester in 
0.015 M salt and 8 "C lower in 0.15 M salt (64).  Heter- 
ogeneity in hybridization would be reflected in a broad- 
ening of the melting curve which was not appreciable in 
either of these examples. From the limited data pres- 
ently available, it would appear that, in practice, the com- 
plexity of the diastereomeric mixture does not greatly 
reduce or broaden the spectrum of affinity for the tar- 
get sequence of phosphonates when compared to that of 
phosphodiesters. That is not to say that higher melting 
would not result from the optimum, stereopure back- 
bone. 

A t  variance with these findings is the suggestion that 
methylphosphonates are inherently unsuitable for adopt- 
ing a right-handed helical conformation so that melting 
temperature decrease to below 20 "C with chain lengths 
greater than four. Methyl triesters were not found to 
share this property and were proposed as superior antisense 
agents with high melting temperatures that are not influ- 
enced by the chirality of the phosphorus (36,279). How- 
ever, they hybridize poorly with RNA, which is the usual 
target for antisense inhibition (280). 

Extensive substitution of longer oligonucleotides with 
various phosphoramidate linkages gave somewhat less sta- 
ble hybrids than the phosphonates. Those derived from 
primary amines were superior to those from secondary 
amines (64). Cationic amidates showed a reversal in salt 
dependence and formed hybrids that were more stable 
in low salt then phosphodiesters but less stable in high 
salt (63).  

A common finding in many studies of noncharged phos- 
phate modifications is that hybridization to RNA is less 
efficient than that to DNA (40, 43 48, 63, 86, 174, 270, 
280). It has been suggested in the case of ethyl phos- 
photriesters that this results from the inability to form 
an A type helix, where the loss of rotational freedom of 
the ethyl group is greater (40).  

With a single phosphorothioate linkage, only the R, 
isomer with sulfur pointing into the major groove desta- 
bilized the helix (281). Multiple phosphorothioate link- 
ages, either all R, or a racemic mixture, lowered the melt- 
ing temperature by an amount that depended on the base 
composition of the oligonucleotide but was at  least 7 O C  

for a 15-mer (56, 134, 274). 
Modifications other than a t  internucleoside phos- 

phate may also affect hybridization. a-Oligonucle- 
otides, for example, hybridize with @RNA and DNA by 
forming the usual Watson-Crick base pairs. In fact, these 
hybrids are considerably more stable than when both 
strands are p (243). Unlike natural duplexes, however, 
those with an a-chain have parallel strands (215, 216, 
282, 283). An exception is the complex between a-olig- 
othymidylic acid and P-poly(rA), which is antiparallel (239). 
This particular a-oligonucleotide is also unusual in that 
it can form a double-stranded helix with itself contain- 
ing T.T base pairs (284). Similar parallel self-pairing was 
observed on neutralizing the phosphates of 6-oligo- 
thymidylate as methyl triesters (42).  
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the adjacent phosphodiester a t  a reduced rate (27, 270, 
300). This may be more difficult if the phosphonate is 
near the end of the chain and the presence of two adja- 
cent internal methylphosphonates in oligothymidylic acid 
blocked the progress of the enzyme much more effec- 
tively than just one (27, 300). Similarly, blocks of con- 
tiguous phosphorothioates a t  the ends of the chain gave 
resistance to exonucleases while conserving desirable prop- 
erties of the unmodified backbone in between (56). Resis- 
tance to endonucleases may be improved by reducing runs 
of contiguous phosphodiesters, particularly below four 
(300). 

Modifications at  groups other than phosphate may also 
induce resistance to nucleases. a-Oligodeoxynucle- 
otides, for example, proved far more stable than P-oli- 
godeoxynucleotides in a number of different biological 
environments (291, 301). Also, the presence of a bulky 
group such as an intercalating agent or even methyl- 
thiophosphate a t  the appropriate end of an oligonucle- 
otide can preempt exonuclease attack (134, 237, 291). 

RNA was found to be more stable than DNA in nuclear 
cell extracts (302). Methylation of the 2’-hydroxyl group 
increases its resistance to nucleases (303). 

Nucleases are not the only enzymes involved in the 
catabolism of oligonucleotides inside cells. In cultured 
fibroblasts, oligonucleoside ethyl phosphotriesters were 
broken down quite rapidly, probably following deethyl- 
ation. Methylphosphonates survived much better but were 
slowly degraded by a pathway that may begin with degly- 
cosylation (304). 

C. Cellular Uptake of Modified Oligonucleo- 
tides. A problem common to uptake studies is the dif- 
ficulty in distinguishing material inside the cell from that 
bound to the outer membrane. Few studies have man- 
aged to do this convincingly enough to eliminate doubt. 
Consequently, confidence in the literature concerning this 
subject is not as high as is desirable. 

Despite their high charge density, oligonucleotides are 
taken up reasonably well by mammalian cells. This 
appears to be an energy-requiring process and may involve 
receptor proteins on the cell surface. Intracellular con- 
centrations may rise to about 10% of those outside the 
cell within 15 min to 2 h (286, 290, 305, 306). Shorter 
oligonucleotides are taken up somewhat more rapidly and 
phosphorothioates are taken up more slowly than unmod- 
ified oligonucleotides (134). Lipophilic substituents such 
as intercalating agents or cholesterol facilitate uptake (216, 
237, 307). 

Uptake of uncharged methylphosphonates appears to 
be quite different. Intracellular levels of dimers to non- 
amers reached extracellular concentrations within 1.5 h 
(276). This would appear to be passive diffusion across 
the cell membrane. Prokaryotes have not been investi- 
gated extensively, but in contrast, E. coli cells were imper- 
meable to chain lengths greater than four (308). 

D. Modified Antisense Oligonucleotides. Oligo- 
nucleotides complementary to strategic regions of viral 
or messenger RNA’s were first shown by Zamecnik and 
Stephenson to inhibit viral replication (309). The struc- 
tures of these highly specific, biologically active com- 
pounds can be predicted from the sequence of the tar- 
get RNA and are therefore useful for genetic analysis and 
attractive candidates for therapeutic agents. As they gen- 
erally prevent expression of the sense strand, they have 
become known as antisense oligonucleotides. The object 
of this section is not to review the antisense approach or 
to discuss strategies for its use, as this has been done 
elsewhere (310, 311). Rather, attention will be focused 
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on the effects of chemical modification on activity. 
Comparatively few true conjugates have been used for 

antisense studies so far although modifications to the back- 
bone have been used extensively. These will play an 
increasingly important role in designing the next gener- 
ation of compounds where components with particular 
properties will be required. 

The factors that are usually assumed to limit the activ- 
ity of antisense oligonucleotides are cellular uptake, resis- 
tance to nucleases, and the stability of the hybrid formed. 
Modifications are usually chosen to improve one or more 
of these properties, as discussed in the previous sections. 
Overall activity results from the interplay of these and 
other factors whose relative importance is generally not 
known. However, a steady improvement in activity has 
been achieved by using this rational approach that is 
encouraging for the future of designing conjugates to meet 
specified requirements. 

The modifications to the backbone that have been used 
most extensively are those discussed in previous con- 
texts: phosphorothioates, methylphosphonates, phospho- 
ramidates, and phosphotriesters. Chimeric oligonucle- 
otides with several modified linkages a t  each end have 
been more successful with phosphorothioates than meth- 
ylphosphonates (28, 60, 278). 

A fundamental difference between negatively charged 
phosphodiesters or phosphorothioates and the uncharged 
derivatives is their acceptance by ribonuclease H. This 
enzyme degrades the RNA strand of an RNA/DNA duplex 
and has been shown to be an important factor for the 
activity of antisense oligonucleotides in a number of sys- 
tems. In these cases, binding of oligonucleotide at  any 
site on the RNA should lead to cleavage and irreversible 
inactivation. In situations where this enzyme is not avail- 
able, oligonucleotides are thought to inhibit expression 
by passive steric blocking of translation or other events 
(hybridization arrest). The particular binding site is then 
of great importance. With mRNA, for example, it appears 
that oligonucleotides can be readily displaced by ribo- 
somes and were only effective when bound to the 5’-capped 
end or, to a lesser extent, across the AUG initiator (312). 

Ribonuclease H recognizes the charged, unmodified or 
phosphorothioate backbone in oligodeoxynucleotides but 
not the uncharged methylphosphonate or phosphorami- 
dates (56,249,252,300,313-315). Thus, passive hybrid- 
ization arrest is the only known mechanism open to the 
latter compounds and the target site may be of prime 
importance with these modifications. There is a sugges- 
tion, however, that methylphosphonates may be more resis- 
tant to displacement from the RNA by cellular factors 
which could be a property of the uncharged backbone 
and could improve activity by the passive hybridization 
mechanism (316). 

The importance of the binding site is well illustrated 
by the a-deoxyoligonucleotides which, despite their good 
hybridizing ability, do not activate ribonuclease H and 
were found inactive as antisense agents except when com- 
plementary to the 5’-capped end of mRNA (223,314,317- 
320). 

With chain lengths of 20, methylphosphonates, phos- 
phorothioates, and phosphonamidates were found to reduce 
the concentration of oligonucleotide necessary for good 
viral inhibition from over 20 pM to 5 pM or less (58,278). 
Perhaps because of their somewhat weaker hybridiza- 
tion, reducing their chain length to 15 reduced activity 
far more than with the unmodified series. [In another 
study, however, 15 was found to be the optimum chain 
length for phosphonates (3311.1 Methylphosphonates with 
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chain lengths of 10 or less may have to be used a t  con- 
centrations of 100 pM or higher to achieve good results. 
Even so, they are often more active than the unmodified 
compounds (276,308,316,321-326). Inappropriate chain 
length or binding site might be among the reasons for 
poor or no activity found in other examples (28,224,314, 
315, 327). 

In the rib0 series, both methylation of the 2’-hydroxyl 
group and phosphorothioate substitution were neces- 
sary for antiviral activity in one study (60). The 2’-0- 
methyl substituent alone does not permit ribonuclease 
H digestion of the complementary RNA (328). 

With chemical modification, there is always the possi- 
bility of introducing unwanted biological properties. This 
was seen with the phosphorothioates, which can bind rather 
well to a number of proteins and inhibit certain enzymes 
(314, 329, 330). As a result, in some antiviral and other 
assays, inhibition was not restricted to antisense sequences 
(58, 61, 327, 331). In further studies, antisense effects 
were separated from other effects of phosphorothioates 
(332, 333). 

Among the true conjugates are derivaties with acri- 
dine linked at the 3‘-end to stabilize hybridization. This 
modification increases activity and permits the use of 
unusually short oligonucleotides (334-337). 

Conjugates of polylysine were reported to lower the 
concentration necessary for good antiviral activity to 1 
pM or below (59, 221, 224-226). This more than com- 
pensates for the increase in mass of material required 
due to the doubling of molecular weight (the preferred 
molecular weight for the peptide is about the same as 
that of a 20-base oligonucleotide). This approach does 
not work in all cells and polylysine is toxic a t  higher con- 
centrations (225). 

Another group that, like polylysine, is intended to 
increase uptake is cholesterol. This has beneficial effects 
for both unmodified and phosphorothioate backbones as 
well as for alkylating derivatives (61, 307). 

In 1967, Belikova et al. made a dinucleotide carrying 
an alkylating reagent for the modification of complemen- 
tary sequences ( 1  19). This was probably the first exam- 
ple of what would now be called an antisense oligonucle- 
otide. Reactive compounds of this type have been inves- 
tigated extensively by groups in the USSR (229). In recent 
years, attention in the West also has turned to these and 
other derivatives in Table VI that can cross-link or cleave 
the target RNA or DNA. This has come about with the 
need to develop more potent derivatives to improve the 
potential for therapeutic applications. If hybridization 
is reversible, so one argument goes, then a higher con- 
centration of the oligonucleotide is required in the cell 
to maintain the complex than if the process were not 
reversible. Hence oligonucleotides that irreversibly change 
the target may be more potent. 

This was demonstrated using antisense oligonucle- 
otides to inhibit replication of a single-stranded DNA by 
E.  coli DNA polymerase I (227). The enzyme was not 
inhibited by an unmodified oligonucleotide hybridized 
to the template unless the two were cross-linked. Pre- 
sumably, as the enzyme reads the DNA, it can displace 
hybridized oligonucleotide in its path but becomes stalled 
when the oligonucleotide is irreversibly bound to the tem- 
plate. 

Despite the large body of chemical work in this area, 
there are only a few examples of the use of chemically 
reactive oligonucleotides as antisense agents either in vitro 
or in vivo. These include an early inhibition of IgG syn- 
thesis in cells (229). More recently, the photoactivated 
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cross-linker psoralen was attached to oligonucleoside meth- 
ylphosphonates and found to increase their potency by 
20-40-fold in antiviral or inhibition of translation assays 
(249, 326). 

A concern in using reactive conjugates of this type is 
the possibility of nonspecific reaction with other cell com- 
ponents leading to toxicity or, alternatively, self-inacti- 
vation. The latter has been found to limit the use of 
EDTA attached to methylphosphonates due to autocleav- 
age of the conjugate group by the free radicals it gener- 
ates (174). 

5. CONCLUDING COMMENTS 

Much current research at the interface of biology and 
chemistry is directed a t  understanding and predicting 
the effect of molecular structure on biological activity. 
Oligonucleotides are particularly well-suited for this type 
of activity. This is because of the nature of their site of 
action. Unlike most active compounds, this is not some 
hydrophobic pocket on a protein with unique and unpre- 
dictable properties. Rather it is a nucleic acid whose pre- 
cise sequence can be determined and whose interaction 
with the oligonucleotide can be predicted with some con- 
fidence. 

The encouraging finding from the work reviewed here 
is just how robust this mechanism for base pairing is toward 
chemical modification. The nature of the backbone can 
be changed from anionic to uncharged or cationic, from 
hydrophilic to lipophilic without seriously interfering with 
hybridization. Attempts to improve antisense inhibi- 
tion in a rational way by altering specific features of the 
molecule have successfully increased activity. This is prom- 
ising for prospects of tailoring molecules to particular 
purposes. These include improving performance and util- 
ity in areas where oligonucleotides have already found 
application such as diagnosis, genetic analysis, auto- 
mated sequencing, and many others. I t  also includes meet- 
ing the pharmacological requirements for possible future 
drug development. 

Whether or not modified oligonucleotides and their con- 
jugates have the necessary attributes for pharmaceutical 
use, it is clear that they provide an unusual opportunity 
for the rational design of useful molecules with specific 
properties. 
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STRUCTURE OF NUCLEIC ACIDS 
Nucleic acids encode the genetic information of all liv- 

ing organisms and are intimately involved in the conver- 
sion of this information into cellular proteins and enzymes. 
Cellular nucleic acids are polymeric molecules which are 
composed of three basic units: a base, a sugar, and a 
phosphodiester group. The arrangement of these three 
groups to form either DNA or RNA is shown in Figure 
1. 

The nitrogenous, heterocyclic bases are derivatives of 
purine or pyrimidine. The four bases commonly found 
in DNA are adenine, guanine, cytosine, and thymine. These 
same bases are also found in RNA with the exception 
that thymine is replaced by uracil. In addition, a vari- 
ety of modified bases, such as N 4,N 4-dimethyladenine 
and N ‘-methylguanine are found in messenger RNA, 
transfer RNA, and ribosomal RNA. 

The bases are linked to 2’-deoxyribose in DNA or ribose 
in RNA via an N-glycosyl bond to form a nucleoside. The 
nucleosides are named according to the heterocyclic base 
which they contain. The nucleosides found in DNA are 
2’-deoxyadenosine, 2’-deoxyguanosine, 2’-deoxycytidine, 
and thymidine. The nucleosides commonly found in RNA 
are adenosine, guanosine, cytidine, and uridine. 2’-0- 
Methylribosyl nucleosides are also found in RNA, par- 
ticularly in messenger RNA and ribosomal RNA. 

The nucleosides are linked together via phosphate ester 
groups to form the sugar phosphate backbone of the nucleic 
acid. Thus esterification of the 3’-hydroxyl of one nucle- 
oside and the 5’-hydroxyl of the next nucleoside unit results 
in the formation of a 3‘-5‘ internucleotide bond. This 
type of linkage is found in both DNA and RNA. In the 
case of RNA the internucleotide bond could also extend 
from the 2’-hydroxyl to form a 2‘-5‘ internucleotide bond. 
Such 2’--5’ linkages are found in certain oligoadenylates 
which are synthesized in mammalian cells in response to 
interferon ( I ) .  

A single phosphorlyated nucleoside unit is called a nucle- 
otide. The sequence of nucleotides within the nucleic 
acid chain determines the genetic information encoded 
by the nucleic acid. The purine bases, adenine and gua- 

nine, can form hydrogen bonds with the pyrimidine bases, 
thymine (uracil in RNA) and cytosine, respectively (see 
Figure 2). The base pairs formed between these so-called 
complementary bases enable separate chains of nucleic 
acids to interact with one another. In DNA, separate 
nucleic acid strands form a double-helical structure in 
which the sugar phosphate backbones run in an antipar- 
allel direction. Double-helical DNA, which usually exists 
in a right-handed, B-type conformation, can exist in a 
variety of conformational forms including left-handed heli- 
ces (2) .  The particular conformation depends upon the 
nucleotide sequence and the environment of the DNA. 
DNA can also exist in a triple-stranded form in which 
three bases form a triad via hydrogen-bonding interac- 
tions as shown in Figure 2 (2,  3) .  

Although RNA is often thought of as  a single- 
stranded molecule, self-complementary nucleotide 
sequences present within the single strand give rise to 
the formation of intramolecular helical regions. These 
intramolecular interactions can produce a tremendous vari- 
ety of helical and looped structural regions and account 
for the secondary structure within RNA molecules. In 
addition to these secondary structural features, further 
folding and hydrogen-bonding interactions between bases 
in remote parts of the molecule give rise to a tertiary 
structure. The combination of these interactions results 
in overall three dimensional structure, whose complex- 
ity approaches that found in proteins. This complexity 
has been most clearly revealed in the structure of trans- 
fer RNA ( 4 ) .  

Nucleic acid structure has been elucidated at  the atomic 
level of resolution by nuclear magnetic resonance spec- 
troscopy and X-ray diffraction techniques. In addition 
to studying nucleic acid structure, recent X-ray experi- 
ments have been used to examine the interactions of pro- 
teins with nucleic acids. For example, the structures of 
the complex formed between the restriction enzyme EcoR 
I and a deoxyribonucleotide duplex, and of the complex 
formed by glutaminyl tRNA with its cognate aminoacyl 
synthetase have been determined (5,  6). Such studies 
promise to lead to further insights into how nucleic acids 
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STRUCTURE OF NUCLEIC ACIDS
Nucleic acids encode the genetic information of all liv-
ing organisms and are intimately involved in the conver-
sion of this information into cellular proteins and enzymes.
Cellular nucleic acids are polymeric molecules which are
composed of three basic units: a base, a sugar, and a
phosphodiester group. The arrangement of these three
groups to form either DNA or RNA is shown in Figure
1.
The nitrogenous, heterocyclic bases are derivatives of
purine or pyrimidine. The four bases commonly found
in DNA are adenine, guanine, cytosine, and thymine. These
same bases are also found in RNA with the exception
that thymine is replaced by uracil. In addition, a vari-
ety of modified bases, such as N 4,N 4-dimethyladenine
and N ‘-methylguanine are found in messenger RNA,
transfer RNA, and ribosomal RNA.
The bases are linked to 2’-deoxyribose in DNA or ribose
in RNA via an N-glycosyl bond to form a nucleoside. The
nucleosides are named according to the heterocyclic base
which they contain. The nucleosides found in DNA are
2’-deoxyadenosine, 2’-deoxyguanosine, 2’-deoxycytidine,
and thymidine. The nucleosides commonly found in RNA
are adenosine, guanosine, cytidine, and uridine. 2’-0-
Methylribosyl nucleosides are also found in RNA, par-
ticularly in messenger RNA and ribosomal RNA.
The nucleosides are linked together via phosphate ester
groups to form the sugar phosphate backbone of the nucleic
acid. Thus esterification of the 3’-hydroxyl of one nucle-
oside and the 5’-hydroxyl of the next nucleoside unit results
in the formation of a 3‘-5‘ internucleotide bond. This
type of linkage is found in both DNA and RNA. In the
case of RNA the internucleotide bond could also extend
from the 2’-hydroxyl to form a 2‘-5‘ internucleotide bond.
Such 2’--5’ linkages are found in certain oligoadenylates
which are synthesized in mammalian cells in response to
interferon ( I ) .
A single phosphorlyated nucleoside unit is called a nucle-
otide. The sequence of nucleotides within the nucleic
acid chain determines the genetic information encoded
by the nucleic acid. The purine bases, adenine and gua-
nine, can form hydrogen bonds with the pyrimidine bases,
thymine (uracil in RNA) and cytosine, respectively (see
Figure 2). The base pairs formed between these so-called
complementary bases enable separate chains of nucleic
acids to interact with one another. In DNA, separate
nucleic acid strands form a double-helical structure in
which the sugar phosphate backbones run in an antipar-
allel direction. Double-helical DNA, which usually exists
in a right-handed, B-type conformation, can exist in a
variety of conformational forms including left-handed heli-
ces (2). The particular conformation depends upon the
nucleotide sequence and the environment of the DNA.
DNA can also exist in a triple-stranded form in which
three bases form a triad via hydrogen-bonding interac-
tions as shown in Figure 2 (2, 3).
Although RNA is often thought of as a single-
stranded molecule, self-complementary nucleotide
sequences present within the single strand give rise to
the formation of intramolecular helical regions. These
intramolecular interactions can produce a tremendous vari-
ety of helical and looped structural regions and account
for the secondary structure within RNA molecules. In
addition to these secondary structural features, further
folding and hydrogen-bonding interactions between bases
in remote parts of the molecule give rise to a tertiary
structure. The combination of these interactions results
in overall three dimensional structure, whose complex-
ity approaches that found in proteins. This complexity
has been most clearly revealed in the structure of trans-
fer RNA ( 4 ) .
Nucleic acid structure has been elucidated at the atomic
level of resolution by nuclear magnetic resonance spec-
troscopy and X-ray diffraction techniques. In addition
to studying nucleic acid structure, recent X-ray experi-
ments have been used to examine the interactions of pro-
teins with nucleic acids. For example, the structures of
the complex formed between the restriction enzyme EcoR
I and a deoxyribonucleotide duplex, and of the complex
formed by glutaminyl tRNA with its cognate aminoacyl
synthetase have been determined (5, 6). Such studies
promise to lead to further insights into how nucleic acids
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Nucleic acids encode the genetic information of all liv- 

ing organisms and are intimately involved in the conver- 
sion of this information into cellular proteins and enzymes. 
Cellular nucleic acids are polymeric molecules which are 
composed of three basic units: a base, a sugar, and a 
phosphodiester group. The arrangement of these three 
groups to form either DNA or RNA is shown in Figure 
1. 

The  nitrogenous, heterocyclic bases are derivatives of 
purine or pyrimidine. The four bases commonly found 
in DNA are adenine, guanine, cytosine, and thymine. These 
same bases are also found in RNA with the exception 
that thymine is replaced by uracil. In addition, a vari- 
ety of modified bases, such as N 4,N 4-dimethyladenine 
and N ‘-methylguanine are found in messenger RNA, 
transfer RNA, and ribosomal RNA. 

The bases are linked to 2’-deoxyribose in DNA or ribose 
in RNA via an N-glycosyl bond to form a nucleoside. The 
nucleosides are named according to the heterocyclic base 
which they contain. The nucleosides found in DNA are 
2’-deoxyadenosine, 2’-deoxyguanosine, 2’-deoxycytidine, 
and thymidine. The nucleosides commonly found in RNA 
are adenosine, guanosine, cytidine, and uridine. 2’-0- 
Methylribosyl nucleosides are also found in RNA, par- 
ticularly in messenger RNA and ribosomal RNA. 

The nucleosides are linked together via phosphate ester 
groups to form the sugar phosphate backbone of the nucleic 
acid. Thus esterification of the 3’-hydroxyl of one nucle- 
oside and the 5’-hydroxyl of the next nucleoside unit results 
in the formation of a 3‘-5‘ internucleotide bond. This 
type of linkage is found in both DNA and RNA. In the 
case of RNA the internucleotide bond could also extend 
from the 2’-hydroxyl to form a 2‘-5‘ internucleotide bond. 
Such 2’--5’ linkages are found in certain oligoadenylates 
which are synthesized in mammalian cells in response to 
interferon ( I ) .  

A single phosphorlyated nucleoside unit is called a nucle- 
otide. The  sequence of nucleotides within the nucleic 
acid chain determines the genetic information encoded 
by the nucleic acid. The purine bases, adenine and gua- 

nine, can form hydrogen bonds with the pyrimidine bases, 
thymine (uracil in RNA) and cytosine, respectively (see 
Figure 2). The base pairs formed between these so-called 
complementary bases enable separate chains of nucleic 
acids to interact with one another. In DNA, separate 
nucleic acid strands form a double-helical structure in 
which the sugar phosphate backbones run in an antipar- 
allel direction. Double-helical DNA, which usually exists 
in a right-handed, B-type conformation, can exist in a 
variety of conformational forms including left-handed heli- 
ces (2) .  The particular conformation depends upon the 
nucleotide sequence and the environment of the DNA. 
DNA can also exist in a triple-stranded form in which 
three bases form a triad via hydrogen-bonding interac- 
tions as shown in Figure 2 (2,  3) .  

Although RNA is often thought  of a s  a single- 
s t randed  molecule, self-complementary nucleotide 
sequences present within the single strand give rise to 
the formation of intramolecular helical regions. These 
intramolecular interactions can produce a tremendous vari- 
ety of helical and looped structural regions and account 
for the secondary structure within RNA molecules. In 
addition to these secondary structural features, further 
folding and hydrogen-bonding interactions between bases 
in remote parts of the molecule give rise to a tertiary 
structure. The combination of these interactions results 
in overall three dimensional structure, whose complex- 
ity approaches that found in proteins. This complexity 
has been most clearly revealed in the structure of trans- 
fer RNA ( 4 ) .  

Nucleic acid structure has been elucidated at  the atomic 
level of resolution by nuclear magnetic resonance spec- 
troscopy and X-ray diffraction techniques. In addition 
to studying nucleic acid structure, recent X-ray experi- 
ments have been used to examine the interactions of pro- 
teins with nucleic acids. For example, the structures of 
the complex formed between the restriction enzyme EcoR 
I and a deoxyribonucleotide duplex, and of the complex 
formed by glutaminyl tRNA with its cognate aminoacyl 
synthetase have been determined (5,  6). Such studies 
promise to lead to further insights into how nucleic acids 
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Figure 2. Watson-Crick base-pairing interactions between adenine and thymine and guanine and cytosine (a) and triple-strand 
hydrogen-bonding interactions (b). 

function as repositories of genetic information. 

CHEMISTRY OF NUCLEIC ACIDS 
Nucleic acids can undergo a wide variety of reactions 

with chemical reagents, both man-made and naturally 
occurring (7). These reactions can take place at the bases, 
the sugars, and the phosphodiester internucleotide link- 
age. The  heterocyclic bases can be modified by both 
nucleophilic and electrophilic reagents (8). The exocy- 
clic amino groups of adenine, guanine, and cytosine are 
subject to deamination reactions. Reaction at the 5,6- 
double bonds of pyrimidines by nucleophiles such as hydra- 
zine can ultimately lead to breakdown and loss of the 
pyrimidine ring. Alkylating agents such as dimethyl sul- 
fate, alkylnitrosoureas, epoxides, and nitrogen and sul- 
fur mustards can react with ring nitrogens as well as the 
exocyclic nitrogens and oxygens of the bases. In addi- 
tion, a variety of natural products such as aflatoxin and 

mitomycin react with the nucleic acid bases. Adduct for- 
mation can seriously modify or even prevent hydrogen- 
bonding interactions between the bases which can ulti- 
mately lead to mutations and possibly to malignant cell 
transformation. 

Modification of the bases can also lead to  their exci- 
sion from the nucleic acid. The  N-glycosyl bond of deox- 
ynucleosides in DNA is more labile than the correspond- 
ing bond in RNA. Treatment of DNA with acid, for exam- 
ple, results in loss of purine bases. Alkylation of adenine 
and guanine residues in DNA a t  the N-3 or N-7 posi- 
tions produces adducts which can undergo spontaneous 
depurination. 

The susceptibility of the bases to chemical modifica- 
tion depends to some extent upon the structure of the 
nucleic acid. Not surprisingly, single-stranded nucleic 
acids generally react more rapidly than double-stranded 
nucleic acids. In some cases the reactive site may be 
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involved in hydrogen-bonding interactions with a com- 
plementary base and therefore is not subject to modifi- 
cation. The differential reactivity of single- vs double- 
stranded nucleic acids has been exploited to study the 
secondary and tertiary structure of both deoxyribo- and 
ribonucleic acids (9, 10). 

The nucleic acid bases can also undergo photochemi- 
cal reactions (11). For example the 5,g-double bonds of 
adjacent thymine bases in the same strand of DNA can 
undergo a photocycloaddition reaction to form a cyclo- 
butane adduct when DNA is irradiated with 254-nm UV 
light. Such adduct formation leads to distortions of the 
DNA helix. 

The sugars of RNA can undergo reaction with alkylat- 
ing agents to form 2’-O-alkyl ethers. The sugars are also 
subject to radical induced abstraction reactions and sub- 
sequent degradation. Hydroxyl radicals produced as a 
result of ionization radiation or drugs which react via 
radical intermediates, such as the bleomycins and neo- 
carzinostatin, can abstract hydrogen atoms from the C-l’, 
C-4’, or C-5’ positions of deoxyribose or ribose (12, 13). 
The sugar radicals which are produced as a result of these 
hydrogen-abstraction reactions undergo further oxida- 
tion and/or rearrangement which eventually leads to the 
destruction of the sugar skeleton and cleavage of the sugar 
phosphate backbone of the nucleic acid, producing strand 
breaks. 

The phosphodiester internucleotide linkage of RNA is 
sensitive to base-catalyzed hydrolysis in aqueous solu- 
tion, whereas that of DNA is stable under alkaline con- 
ditions. The base lability of the RNA internucleotide 
bond is due to the presence of the 2’-hydroxyl group which 
can participate in an intramolecular attack on the phos- 
phate group, resulting in hydrolysis of the phosphate inter- 
nucleotide bond. 

The phosphodiester internucleotide bond can react with 
alkylating agents, resulting in the formation of alkylphos- 
photriesters (8). Phosphotriester formation creates a new 
chiral center in the nucleic acid backbone. Both R, and 
S, isomers are observed in these reactions. Alkyl phos- 
photriesters in DNA are stable to hydrolysis a t  physio- 
logical pH, although they can be cleaved by treatment 
with strong acid or base. In contrast, alkylphosphotri- 
ester groups in RNA are subject to rapid hydrolysis, even 
a t  neutral pH. This lability is due to intramolecular attack 
by the 2’-hydroxyl group of the sugar on the nonionic 
alkylphosphotriester group. Alkylphosphotriesters of oli- 
gonucleotides in which the 2’-OH is methylated are not 
subject to such hydrolysis (14). 

As described above, abasic sites can be created in nucleic 
acids by degradation of pyrimidine bases with hydrazine 
or by depurination with acid or alkylating agents. When 
treated with base, the sugar phosphate linkages a t  these 
sites undergo @-elimination reactions resulting in cleav- 
age of the backbone. I t  has been possible to develop con- 
ditions under which abasic sites can be created in a base- 
specific manner. This ability has led to the develop- 
ment of chemical procedures which can be used to 
determine the nucleotide sequence of DNA and RNA (15, 
16). 

In addition to being the subject of various chemical 
reactions, recent experiments have shown that certain 
RNA molecules are capable of catalyzing hydrolysis, trans- 
esterification, and polymerization reactions of other nucleic 
acids (17,18). These catalytic RNAs are called ribozymes 
and appear to possess many of the catalytic properties 
previously associated only with enzymes. I t  appears that  
the catalytic properties of ribozymes are dependent upon 
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both the sequence and the secondary and tertiary struc- 
tures of the RNA molecule. 

CHEMICAL SYNTHESIS OF NUCLEIC ACIDS 

The ability to synthesize oligonucleotides and oligonu- 
cleotide analogues of defined nucleotide sequence pro- 
vides materials for a variety of physical and biochemical 
studies. Both single-stranded and double-stranded oli- 
gonucleotides serve as convenient and manageable mod- 
els for studies on the structure and conformation of nucleic 
acids. Oligonucleotides are used as primers for nucleic 
acid polymerizing enzymes and are used to construct arti- 
ficial genes for the preparation of proteins by recombi- 
nant DNA techniques. In addition, oligonucleotides are 
used as probes to detect and characterize cellular nucleic 
acid sequences and as such are finding increasing use as 
clinical, diagnostic tools (19). Recent studies suggest that  
oligonucleotides and oligonucleotide analogues may be 
used to control gene expression in living cells and show 
considerable potential for eventual use as antiviral and 
therapeutic agents (20). Such oligomers have been termed 
antisense oligonucleotides. 

The chemical syntheses of oligonucleotides involve cou- 
pling a suitably protected nucleotide with another suit- 
ably protected nucleotide or oligonucleotide to form a 
3’-5’ internucleotide linkage between the two units (21, 
22). Protecting groups are required on the exocyclic amino 
groups of the bases to prevent them from reacting under 
the coupling conditions. The most commonly used groups 
are the benzoyl group for the protection of the exocyclic 
amino groups of adenine and cytosine and the isobutyryl 
group for the protection of the amino group of guanine 
(see Figure 3a). Other groups such as the amidine and 
phenoxyacetyl protecting groups have also been used (23, 
24). These protecting groups remain in place during the 
course of the synthesis and are removed from the com- 
pleted oligomer a t  the end of the synthesis by treatment 
with aqueous ammonium hydroxide. 

The hydroxyl groups of the sugars are protected in order 
to direct the incoming nucleotide unit to give the 3’-5‘ 
linkage. The 5’-hydroxyl is usually protected with a 
dimethoxytrityl group which can be selectively removed 
by acid treatment during the course of the synthesis. The 
synthesis of oligoribonucleotides presents special prob- 
lems due to the presence of the 2’-hydroxyl group. This 
group is generally protected with an acetal protecting group 
such as the 4-methoxytetrahydropyran-4-yl group or with 
dimethyl-tert-butylsilyl group (25, 26). These protect- 
ing groups remain attached throughout the synthesis and 
are usually removed after the base-protecting groups have 
been removed. The acetal groups are removed by treat- 
ment with acid whereas the silyl protecting group can be 
removed by treatment with tetra-n-butylammonium flu- 
oride in tetrahydrofuran solution. 

Originally oligonucleotide syntheses were carried out 
in solution under anhydrous conditions employing nucle- 
oside 3’- or 5’-monophosphates or phosphate diesters as 
synthons. The coupling reaction was effected by using 
a condensing reagent such as mesitylenesulfonyl chlo- 
ride. These reactions, which required several hours to 
complete, resulted in the formation of oligomers contain- 
ing phosphodiester or phosphotriester linkages. Because 
the coupling reactions were rather inefficient and were 
accompanied by the formation of a number of side prod- 
ucts, time-consuming column chromatography was required 
after each coupling step to purify the desired product. 

The efficiency of oligonucleotide syntheses was con- 
siderably improved with the advent of coupling proce- 
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Figure 3. Base-protecting groups used in oligonucleotide syn- 
thesis (a). The symbol indicates 2’-deoxyribose. Synthesis of 
the internucleotide bond by the phosphoramidite method (b) 
and the H-phosphonate (c) method. The symbols B and R rep- 
resent a protected base and controlled pore glass support, respec- 
tively. 

dures using trivalent phosphorus chemistry (27). Two 
procedures are generally employed as shown in Figure 3. 
Protected nucleoside phosphoramidite synthons (Figure 
3b) readily react with the 5‘-hydroxyl of a nucleoside in 
the presence of tetrazole, which serves as both an acid 
catalyst for the reaction and forms a highly reactive nucle- 
oside tetrazolide phosphinate intermediate (28,29). This 
coupling reaction, which proceeds to virtual completion 
in a matter of minutes at room temperature in the pres- 
ence of a 10-20-fold excess of the phosphoramidite, yields 
a phosphite internucleotide linkage. The phosphite link- 
age is then oxidized quantitatively with aqueous iodine 
to give the 0-(cyanoethy1)phosphotriester internucle- 
otide bond. The 0-cyanoethyl group remains in place 
during the course of the synthesis and is removed by the 
ammonium hydroxide treatment used to remove the base- 
protecting groups. 

Protected nucleoside H-phosphonate synthons (Fig- 
ure 3c) react with nucleoside 5’-hydroxyl groups when 
activated with a condensing agent such as pivaloyl chlo- 
ride (30,31). This coupling reaction proceeds with a yield 
of approximately 95-97% at room temperature. The 
resulting H-phosphonate internucleotide bond is readily 
and quantitatively converted to the phosphodiester inter- 
nucleotide linkage by oxidation with aqueous iodine solu- 
tion. The H-phosphonate linkage is a very versatile inter- 
mediate because it can be used to prepare variety of oli- 
gonucleotide analogues. Thus, for example, oxidation in 
the presence of elemental sulfur produces oligomers con- 
taining a phosphorothioate linkage (32), whereas oxida- 

tion in the presence of amines gives oligomers with phos- 
phoramidate linkages (33). 

The coupling procedures described above enable the 
preparation of oligonucleotides on insoluble polymer sup- 
ports (21,22) .  In this methodology the nucleoside which 
occurs at the 3’-end of the oligomer chain is attached via 
a linker arm to a controlled pore glass support. The tri- 
tyl group is removed from the nucleoside by treatment 
with dichloroacetic acid in methylene chloride and the 
first coupling reaction is carried out. After the coupling/ 
oxidation step, excess reagent is removed by simply wash- 
ing the support. The 5’-hydroxyl of any unreacted nucle- 
oside is “capped” by acylation with acetic anhydride and 
the next round of detritylation and coupling is carried 
out. In this way the oligomer chain is built up one nucle- 
otide at a time from the 3’- to the 5’-end. The entire 
procedure has been automated and a number of oligonu- 
cleotide synthesizers are commercially available which 
are capable of synthesizing oligomers over 100 nucleo- 
tides in length. 
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Bifunctional Ligand 
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We report the labeling of human gamma globulin with the lo5Rh complex of a new pentadentate 
bifunctional ligand, 1,7-bis(2-hydroxybenzyl)-4-(p-aminobenzyl)diethylenetriamine. Complexes of this 
ligand with lo6Rh were prepared by refluxing rhodium carrier spiked with lo5Rh at pH 9 in bicarbon- 
ate buffer. The  complex was treated with a n  excess concentration of thiophosgene to  prepare the 
isothiocyanate derivative which was extracted into CHCls. The  CHC13 extract was dried and dis- 
solved in DMF and reacted with a borate solution of human gamma globulin. Labeling yields were 
generally high and varied from 73% t o  93%, depending upon the concentration of human gamma 
globulin and the isothiocyanate derivative of the complex used. The overall recovery of rhodium 
activity varied from 59% to  75% without taking into account activity lost due to  decay. The conju- 
gation reaction was complete by 4 h. From 0.4 to  8.5 atoms of Rh could be incorporated per molecule 
of protein by this method. The activated isothiocyanate complex did not show any degradation when 
stored at room temperature for u p  to  4 days and then used for conjugation. 

Because of its ideal radionuclidic properties, lo5Rh can 
be developed as a radiotherapeutic isotope (I). We have 
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demonstrated tha t  lo5Rh can be attached to  proteins 
through bifunctional chelating agents and that these meth- 
ods are suitable for the labeling of antibodies with spe- 
cific activities high enough for radioimmunotherapy (2,  
3).  In  those studies we used tridentate bifunctional ligands 
derived from diethylenetriamine. One of our aims has 
been the development of a bifunctional ligand capable 
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We report the labeling of human gamma globulin with the lo5Rh complex of a new pentadentate 
bifunctional ligand, 1,7-bis(2-hydroxybenzyl)-4-(p-aminobenzyl)diethylenetriamine. Complexes of this 
ligand with lo6Rh were prepared by refluxing rhodium carrier spiked with lo5Rh at pH 9 in bicarbon- 
ate buffer. The  complex was treated with a n  excess concentration of thiophosgene to  prepare the 
isothiocyanate derivative which was extracted into CHCls. The  CHC13 extract was dried and dis- 
solved in DMF and reacted with a borate solution of human gamma globulin. Labeling yields were 
generally high and varied from 73% t o  93%, depending upon the concentration of human gamma 
globulin and the isothiocyanate derivative of the complex used. The overall recovery of rhodium 
activity varied from 59% to  75% without taking into account activity lost due to  decay. The conju- 
gation reaction was complete by 4 h. From 0.4 to  8.5 atoms of Rh could be incorporated per molecule 
of protein by this method. The activated isothiocyanate complex did not show any degradation when 
stored at room temperature for u p  to  4 days and then used for conjugation. 

Because of its ideal radionuclidic properties, lo5Rh can 
be developed as a radiotherapeutic isotope (I). We have 
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demonstrated tha t  lo5Rh can be attached to  proteins 
through bifunctional chelating agents and that these meth- 
ods are suitable for the labeling of antibodies with spe- 
cific activities high enough for radioimmunotherapy (2,  
3).  In  those studies we used tridentate bifunctional ligands 
derived from diethylenetriamine. One of our aims has 
been the development of a bifunctional ligand capable 
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Chart I 
X 
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HN NH 

X=NH2 ; 1,7-bis(2-hydroxybenzyI)-4-(p-aminobenzyl) 
dielhylenetriamhe ( B W )  

X=H ; 1,7-bis(2-hydrox@enzyI)4-tenzyl 
dielhylenetriamine (BhMt) 

of chelating 105Rh and also pure y-emitting isotopes like 
111In or 9gmTc for developing radioimmunoimaging agents 
for pretherapy studies to collect information regarding 
the pharmacokinetics of the labeled monoclonal anti- 
body. Such information will help in determining the 
response of the tumor to treatment and also in radiation 
dosimetry calculations for determining the amount of radi- 
onuclide needed for therapy. 

We have observed that  ligands prepared by the reduc- 
tion of the Schiff base formed by the condensation of 
salicylaldehyde with alkyldiamines complex 99mT~ readily 
( 4 )  and undertook the synthesis of a ligand with a simi- 
lar structure to be used as a bifunctional ligand for the 
labeling of monoclonal antibodies with Io5Rh and 99mT~. 
Motekaitis et al. have reported the synthesis of a penta- 
dentate ligand, 1,7-bis(2-hydroxybenzyl)-4-benzyldieth- 
ylenetriamine ( 5 )  and its complexation with CoII. We 
reasoned that this ligand, if made bifunctional, would be 
suitable for both rhodium and technetium. Hence we 
have synthesized the bifunctional analogue 1,7-bis(2-hy- 
droxybenzyl)-4-(p-aminobenzyl)diethylenetriamine 
(bhabdt) (Chart I). This paper describes the synthesis 
of this ligand and labeling of human gamma globulin with 
its lo5Rh complex. Complexation of this ligand with 99"Tc 
and labeling of proteins is described elsewhere (6). We 
have also used the nonbifunctional ligand 1,7-bis(2-hy- 
droxybenzyl)-4-benzyldiethylenetriamine (bhbdt) (Chart 
I) to determine the nonspecific-labeling effects. 

EXPERIMENTAL PROCEDURES 
Reagents. Human gamma globulin (G-4386), Sepha- 

dex G75, and antihuman IgG (y-chain specific) agarose 
(A-6656) were purchased from Sigma Chemical Co. The 
human gamma globulin supplied was reported to be >99 % 
IgG and will be referred to hereafter as IgG. An average 
molecular weight of 150 000 has been used in all calcu- 
lations. Thiophosgene and RhC13.3H20 were from Ald- 
rich Chemicals. All other reagents or solvents used were 
of reagent grade. Saline solution (0.9% ) was prepared 
by dissolving 9 g of NaCl in 1 L of doubly distilled water. 
losRh was prepared a t  the University of Missouri Research 
Reactor (MURR) and supplied as (RhCl (~ -~) .xH20)~-~ .  
Rhodium carrier used in these studies was prepared by 
dissolving RhC13-3H20 in saline solution. 

lH and 13C NMR spectra were recorded on a JEOL 
FX 9OQ spectrometer. Radioactivity was measured on 
a standard 5 x 5 cm NaI(T1) well scintillation counter. 
Elemental analyses were done by Galbraith Laborato- 
ries, Knoxville, TN. 

Synthesis. The ligand bhabdt was prepared by a six- 
step synthetic pathway as shown in Scheme I. 

Step 1. 1,7-0iphthaloyldiethylenetriamine (I) was pre- 
pared as reported by Searle et al. (7). 

111 1 
PNoZ 
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NH 
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HZC b O H v l  HO$ 

1 . 7 t i s l 2 - h y ~ o ~ n ~ ) 4 i ~ m ~ ~ y ~  
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S t e p 2  4-(p-Nitrobenzyl)-l,7-diphthaloyldiethylene- 
triamine ( I I ) .  To a round-bottomed flask were added 
100 mL of absolute ethanol and 1.6 g (28 mmol) of KOH. 
The solution was heated until the KOH dissolved. I (10 
g, 28 mmol) was added to the above solution and the 
mixture was refluxed for 2.5 h. p-Nitrobenzyl bromide 
(5.95 g, 28 mmol) was added to the mixture and reflux- 
ing continued for 16 h. At the end of this period the hot 
solution was filtered. Upon cooling of the filtrate, crys- 
tals of the product appeared (11.0 g), mp 129-130 OC. 
The compound was recrystallized from absolute etha- 
nol: IH NMR (CDC13) 6 (ppm) 2.6-2.9 (t, NCH2, 4 H), 
3.6-3.9 (m, NCHz + benzylic CH2(0H)), 7.1-7.6 (m, aro- 
matic, 12 H). 

Step 3. 4-(p-Nitrobenzyl)diethylenetriamine (III). A 
round-bottomed flask was charged with 3.0 g of I1 and 
60 mL of 6 M HC1. The mixture was heated a t  reflux 
for about 16 h. A clean solution was obtained, and upon 
cooling, a white solid appeared. The solid was filtered 
out and the filtrate was evaporated on a rotary evapora- 
tor to give a white solid (1.9 g, 91"/0), presumably the 
hydrochloride salt of 111. This was neutralized with NaOH 
solution and extracted in CHC13 (3 x 10 mL). The organic 
layers were combined and evaporated to give an oil: 'H 
NMR (CDC13) 6 (ppm) 1.65 (s, NH2, 4 H), 2.4-2.9 (m, 
NCH2, 8 H), 3.7 (s, benzylic CH2, 2 H),  7.3-8.3 (m, aro- 
matic, 4 H). 
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Step 4 .  1,7-Bis(salicylidene)-4-(p-nitrobenzyl)dieth- 
ylenetriamine (ZV). 4-(pNitrobenzyl)diethylenetri- 
amine (111; 700 mg, 2.4 mmol) was dissolved in 50 mL of 
absolute ethanol in a 200-mL round-bottomed flask. Sal- 
icylaldehyde (720 mg, 5.9 mmol) was added in 50 mL of 
absolute ethanol and the mixture was refluxed for 18 h 
a t  room temperature. A bright yellow solution of the 
product was formed and was isolated as an oil by remov- 
ing the solvent by vacuum distillation. The product was 
recrystallized from hot absolute ethanol: mp 86-88 "C; 
'H NMR (CDC13) 6 (ppm) 2.8-3 (t, CH2, 4 H), 3.6-3.9 
(m, CH2, 6 H), 6.8-8 (m, aromatic, 12 H),  8.2 (s, CH, 2 
H); 13C NMR (CDC13) 6 (ppm) 55.27,57.76,58.68,116.87, 
118.55,123.42,128.90,131.17,132.20,147.15,160.97,165.85. 
Step 5. 1,7-Bis(2-hydroxybenzyl)-4-@-nitrobenzyl)di- 

ethylenetriamine (V). Schiff base IV (2 g, 4.5 mmol) 
prepared as above was dissolved in 70 mL of absolute 
ethanol. NaBH4 (0.3 g, 8.1 mmol) was added to the solu- 
tion and the mixture was stirred for 2 h a t  room temper- 
ature. A white solid appeared which was washed with 
aqueous ethanol and filtered. The product was recrys- 
tallized from hot absolute ethanol: mp 108-110 "C; 'H 
NMR (CDC13) 6 (ppm) 2.6 (s, CH2, 8 H), 3.6 (s, 2 H),  3.9 
(s, CH2, 4 H), 6.3 (br, amine, 2 H), 6.7-8.2 (m, aromatic, 
1 2  H); 13C NMR (CDCl3) 6 (ppm) 46.01,52.45,54.08,58.85, 
116.27,118.98,122.18,123.69,128.24,128.73,129.33, 146.61, 
158.04. Anal. Calcd for C25H30N604: C, 66.67; H, 6.67; 
N, 12.44. Found: C, 66.18; H, 6.77; N, 12.44. 
Step 6. 1,7--Bis(2-hydroxybenzyl)-4-(p-aminobenzyl)di- 

ethylenetriamine (bhabdt, VI). Nitro compound V (170 
mg) prepared above was dissolved in 100 mL of absolute 
ethanol and 100 mg of palladium on activated charcoal 
(10% Pd) was added. The mixture was hydrogenated a t  
40 psi for 24 h. The catalyst was filtered and the etha- 
nolic solution was used without further purification: lH 
NMR (CDCl3) 6 (ppm) 2.6 (s, CH2, 8 H),  3.4 (s, CH2, 2 
H) ,  3.8 (s, CH2, 4 H), 6.4-7.2 (m, aromatic, 12 H); I3C 
NMR (CDCl3) 6 (ppm) 46.06, 52.35, 53.48, 58.74, 115.08, 
116.33,118.87, 122.50, 128.35,128.62,130.03,145.74, 158.31. 

1,7-Bis(2-hydroxybenzyl)-4-benzyldiethylenetri- 
amine (Bhbdt). The synthesis of ligand bhbdt is described 
by Motekaitis e t  al. (5). We have prepared the interme- 
diate 1,7-bis( 2-salicylidene)-4-benzyldiethylenetriamine by 
following their procedure. The Schiff base obtained thus 
was reduced to the amine 1,7-bis(2-hydroxybenzyl)-4- 
benzyldiethylenetriamine (bhbdt) by using NaBH4 instead 
of hydrogenation: 1H NMR (CDCl3) 6 (ppm) 2.6 (s, CH2, 
8 H), 3.4 (s, CH2, 2 H), 3.7 (s, CH2, 4 H), 6.5-7.2 (m,aro- 
matic, 12 H); 13C NMR (CDC13) 6 (ppm) 46.01, 52.35, 
53.75,59.34, 116.27,118.87,127.38, 128.30, 128.51, 128.84. 

Complexation. Complexation of bhabdt with rhod- 
ium was attempted a t  different concentrations of ligand 
as well as of carrier rhodium. Typically, 0.5 mL of sodium 
bicarbonate buffer (0.5 M, pH 9), 0.1 mL of 105Rh (-15 
MBq), and 0.05 mL of RhCl3 (1.25 X mmol) were 
mixed together and refluxed for about 10 min in a 10-mL 
round-bottomed flask fitted with a glass condenser over 
a boiling-water bath. An ethanolic solution of the ligand 
(0.5 mL, 1.5 X 10-3 mmol) was added to this and the 
mixture was further refluxed for 2 h. The solution turned 
yellow on refluxing. 

The solution was cooled to room temperature and trans- 
ferred to a 10-mL centrifuge tube. The color of the com- 
plex solution turns green on cooling. A portion of the 
solution (10 pL) was withdrawn and the remaining solu- 
tion was centrifuged for 15 min. The clear supernatant 
solution was transferred to  a clean vial. A 10-pL aliquot 
of this solution was also withdrawn and counted for radio- 
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activity in a NaI(T1) scintillation counter after suitable 
modification of the geometry. By comparing the activ- 
ity in 10 pL of the supernatant after centrifugation, the 
amount of activity lost as solid was calculated. The final 
concentration of rhodium in the complex solution was 
calculated by taking into account this loss of activity and 
the total volume after heating. 

The lo5Rh complex of the nonconjugating ligand (bhbdt) 
was also prepared similarly with 1 X mmol of rhod- 
ium carrier and 1.25 X 

Complex yields were estimated by an MgO-adsorption 
technique (8). This method is based on the observation 
that inorganic rhodium complexes are adsorbed by MgO, 
leaving behind the organic complexes in solution. Typ- 
ically 10 pL of the complex solution was diluted to 0.4 
mL and about 50 mg of MgO powder (USP, light pow- 
der) was added and this was mixed over a vortex mixer 
for - 2 min followed by a 5-min centrifugation. The super- 
natant was separated, and both fractions were counted. 
The fraction of the activity in the supernatant can be 
used as an estimate of the amount of complex present. 

Preparation of the Isothiocyanate Derivative. The 
isothiocyanate derivative of the complex was prepared 
by treating an aqueous solution of the complex with an 
excess of thiophosgene in CHCl3. The isothiocyanate deriv- 
ative of the complex is referred to as the activated com- 
plex throughout this paper. 

mmol) pre- 
pared above was mixed with 0.1 mL (1.3 X mmol) 
of thiophosgene diluted in CHCL for 2-5 min over a vor- 
tex mixer. The bulk of the activity, which was pre- 
sumed to  be the activated complex, was transferred into 
the organic layer. The aqueous layer was carefully with- 
drawn into another test tube. The amount of activity 
transferred into the organic layer was calculated by count- 
ing a 10-yL aliquot of the aqueous layer before and after 
activation. The organic layer was dried under a stream 
of nitrogen gas to remove CHCl3 and excess CSClp. The 
dried activated complex was redissolved in 200 pL of DMF 
and used for conjugation. 

mmol) dissolved in 2 
mL of 0.1 M borate buffer, pH 9, in 0.15 M NaCl was 
mixed with 30 pL mmol, in a typical run) of the 
DMF solution of the activated complex and the mixture 
was incubated a t  room temperature for 4-5 h. 

Estimation of Conjugation Yield. The conjugation 
yields were estimated by gel-filtration chromatography. 
A 30 X 1.4 cm column was packed with presoaked Sepha- 
dex G75 gel and equilibrated by passing a t  least 100 mL 
of 0.15 M NaCl solution through it. The reaction mix- 
ture (0.1 mL) was applied to the top of the column and 
eluted with 0.15 M NaCl solution. Two-milliliter frac- 
tions were collected, and the activity was measured in a 
NaI(T1) scintillation counter. Recovery from the col- 
umn was monitored by counting an equal aliquot as applied 
to the column after dilution to 2 mL and by comparing 
it with the sum of activity eluted from the column. Activ- 
ity associated with the protein peak was summed and 
compared to the total activity to estimate the yield of 
conjugation. Total activity recovered from the column 
was 94 f 4 %  of the added activity. 

Nonspecific Labeling. The following three types of 
nonspecific-labeling effects were studied. 

The unactivated complex of bhabdt (5 X mmol) 
was incubated with 1 mL of IgG solution (5 X mmol) 
for 24 h and separated by gel-filtration chromatography. 

The complex of the nonconjugating ligand bhbdt was 
incubated with IgG as above. 

mmol of ligand. 

Typically 1 mL of the complex (-7 X 

Conjugation. IgG (15 mg, 
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Table I. Comulexation Yields at Different Ratios of Rh/Bhabdta 
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c 7' or activity % % 
[RhIb [bhabdt] [bhabdt]/ % activity 57 complex complex in organic 0 overall c; Rh/IgG affinity 

(1) (11) (111) (IV) (V) (VI) (VIU (VIII) (IX) (X) (XI) 
x 104 x 103 [Rh] in solution' in solutiond yield' fraction, conjugation yield8 incorporatedh adsorption 

12.5 1.25 1 85 91 I 8  82 81 61 1.7 60 
5 1.25 2.5 91 90 82 85 92 71 0.8 63 
2.5 1.25 5 88 85 15 79 90 62 0.4 66 

1.25 NCAi 95 87 83 76 92 66 60 
a All reactions used - 15 MBq of 105Rh. Conjugation reactions were carried out with 5 X 10-5 M IgG and 1.4 X 10-4 M ligand. Rhodium 

M. Total volume of reaction was 2.1 mL. e Estimated by centrifugation after complex- 
Estimated by MgO-adsorption technique. e VI = IV X V. f Percent activity in organic layer after activation. 8 IX = IV x VI1 x VIII. 

X = (1.4/0.5) X (IX/III). NCA = no carrier added. 

concentrations varied from 0.4 X 
ation. 

to 2 X 

Table 11. Comulexation Yields at Different Concentrations of Bhabdt and Rhodium' 
~~ ~ 

70 
[RhIb [bhabdt]* % activity % complex complex activity in C' /O overall % Rh/IgG affinity 
X lo4 X lo4 in solution" in solutiond yield' organic fraction, conjugation yields incorporatedh adsorption 

(1) (11) (111) (IV) (VI (VI) (VII) (VIII) (IX) (XI 
12.5 12.5 96 94 90 84 86 IO 0.8 60 
5 5 96 90 85 83 93 75 0.8 74 
2.5 2.5 100 81 81 82 90 14 0.8 77 
NCA 2.5 100 88 81 69 90 62 71 

a Rhodium to bhabdt ratio was kept constant at - 1 in all cases except for the no-carrier-added (NCA) reaction. Conjugation reactions 
were carried out with 5 X M except for the 
no-carrier-added reaction. Total volume of reaction was 2.1 mL. Estimated by centrifugation after complexation. d Estimated by MgO- 
adsorption technique. e V = I11 X IV. f Percent activity of organic layer after activation. 8 VI11 = I11 X VI X VII. h IX = (5.6/5) X VIII. 

w 
/O 

M IgG and 5.6 x M ligand. Rhodium concentration varied from 4.5 X to 6.9 X 

The complex of bhbdt was also treated with thiophos- 
gene under identical conditions as that  of bhabdt and 
incubated with IgG in order to estimate any conjugation 
through functional groups other than the primary amine 
in the benzyl side chain. The complex (5 X mmol) 
treated with CSC12 was mixed with 1 mL of IgG solution 
(5 X mmol) and incubated for 24 h. The conjuga- 
tion yield was estimated as before. 

EDTA Challenge. Two milliliters of the gel filtra- 
tion purified labeled protein equivalent to 4.5 X mmol 
of the complex was mixed with 20 pL of 0.1 M EDTA 
solution and incubated for 24 h. The activities associ- 
ated with the protein and EDTA fractions were esti- 
mated by gel-filtration chromatography. 

Affinity Gel Adsorption. As another method of esti- 
mating yields, affinity chromatography was done on an 
anti-IgG agarose gel column. Two milliliters of the gel 
was packed into a syringe column and equilibrated with 
20 mL of 0.01 M phosphate buffer, pH 7.2. Fifty micro- 
liters of the solution from the conjugation reaction mix- 
ture was applied to the top of the column. Nonbound 
fractions were collected in 10 mL of phosphate buffer. 
Bound IgG was eluted with 0.05 M acetic acid contain- 
ing 0.2 M sodium acetate, pH -5.5. One-milliliter frac- 
tions were collected in both cases, and activity was mon- 
itored on a NaI(T1) y-scintillation counter. 

In other studies, 1 mL of the affinity gel was incu- 
bated with 25 pL (-0.2 mg of IgG) of the solution from 
the conjugation reaction for 15 min with gentle shaking. 
The gel was washed three times with 2 mL of phosphate 
buffer to remove unbound activity. After the third wash 
the gel was counted for radioactivity. A 25-pL aliquot 
of the original solution was also counted for radioactiv- 
ity under identical geometry. The percentage retention 
of activity on the gel was calculated by comparing the 
activity in the gel with the total activity. 

Conjugation Kinetics. The time dependence of the 
conjugation reaction was studied by incubating 80 pL of 
the activated complex (1.5 X mmol) with 3 mL of 
IgG solution (1.5 x mmol). Portions (100 pL) of 
this solution were withdrawn a t  different time intervals 
and conjugation yields were estimated by gel-filtration 

chromatography. 
Stability of the Activated Complex. Forty microli- 

ters of the CHCL extract of the activated complex ( N 

mmol) was dispensed in test tubes and dried under nitro- 
gen. The tubes containing the activated complex were 
sealed and stored a t  room temperature. One reaction 
tube each was taken a t  different time intervals, the con- 
tents were dissolved in 50 pL of DMF, and 25 pL of this 
solution was added to 1 mL of an IgG solution (5 X 10-5 
mmol). The conjugation reaction was carried out for 5 
h and the conjugation yield was estimated by gel-filtra- 
tion chromatography. 

RESULTS 
Complexation. Results of the complexation, conju- 

gation, and affinity adsorption studies with different 
batches of complex are summarized in Tables I and 11. 

Table I gives the results of the complex prepared with 
different rhodium to ligand ratios. Bhabdt/Rh ratios var- 
ied from 1 to 5 in experiments with rhodium carrier. In 
the no-carrier-added experiment the ligand concentra- 
tion was almost 106 times higher than that of the rhod- 
ium. The amount of rhodium activity lost as solids var- 
ied from 5% to 15%. Column V of Table I gives the 
complexation yield estimated by the MgO-adsorption tech- 
nique. The complex yield in solution after removal of 
the solids varied between 85% and 91%. The overall 
complex yields (column VI, Table I) were calculated by 
taking into account the activity in solution after removal 
of solids and the complex yield in solution and varied 
between 75 70 and 83 % . 

Table I1 gives the complexation yield studied for reac- 
tions carried out a t  different concentrations of bhabdt 
and rhodium. The bhabdt to rhodium ratio was kept 
constant a t  about 1 except for the reaction with no-car- 
rier-added rhodium. The complexation reaction was clean 
in all these cases with greater than 96% of the activity 
in solution after centrifugation. The complex yield in 
solution varied between 87 % and 94%. Overall com- 
plex yields varied between 85% and 90%. 

The extractability of the complex in CHC13 varied from 
20'c to 35"( in different batches. A back-extraction of 
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atoms of 
@' Rh/molecule /e 

c of IgG overall Rh [WI [Rhl [RhI/ I O  

x 106 X 106 [IgG] conjugation incorporated" yieldb 
(1) (11) (111) (IV) (V) (VI) 
50 25 0.5 
50 50 1 
50 100 2 
50 250 5 
50 500 10 
50 50 1 
20 50 2.5 
10 50 5 
5 50 10 

91 
93 
93 
92 
85 
91 
87 
84 
73 

0.5 
0.9 
1.9 
4.6 
8.5 
0.9 
1.8 
4.2 
7.3 

74 
75 
75 
74 
69 
74 
70 
68 
59 

0 V = I11 X IV. b Overall yield includes losses during complex- 
ation and preparation of the activated complex. 

the complex from the organic layer into saline gave 67 5% 
of the activity still remaining in the organic layer. How- 
ever, the second extraction of the aqueous layer gave only 
9% of the activity in organic layer. These results sug- 
gest the possibility of the presence of more than one spe- 
cies of complex in solution, one which was readily extracted 
and one which was not. 

Tables I (column VII) and I1 (coiumn VI) show the 
activity transferred to the organic layer during the reac- 
tion with thiophosgene. Note that only 0.1 mL of CHCb 
was used for extraction as against 1 mL of complex solu- 
tion. The bulk of the activity was transferred into the 
organic layer. As the extractability of the complex itself 
was not this high, the higher extractability seen after acti- 
vation was assumed to be due to the higher partition coef- 
ficient of the activated complex. The partition coeffi- 
cient of the isothiocyanate derivative of the complex was 
estimated by repeated back-extractions into saline and 
was found to be -60. 

The rhodium complex of the nonconjugating ligand 
bhbdt showed 67 5% extraction into CHCL, and after treat- 
ment with CSC12, 75% extraction was observed. 

Conjugation. Conjugation studies with complex pre- 
pared a t  different bhabdt to rhodium ratios and a t  dif- 
ferent concentrations of rhodium showed high yields. Yields 
varied from 86% to 93% in these cases and were found 
to be independent of the complexation condition. Con- 
jugation experiments with different bhabdt to rhodium 
ratios were done with a ligand/IgG ratio of 2.5/1. In 
these studies, since excess ligand was used for complex- 
ation, all the ligand was not utilized and there was free 
ligand present. The average number of rhodium atoms 
per IgG incorporated in these studies varied from 0.4 to 
1.7, depending upon the initial rhodium concentration. 
The overall rhodium recovery a t  the end of the conjuga- 
tion reaction varied from 61% to 71% without taking 
into account the activity lost due to decay. 

In conjugation experiments with complexes in which 
the bhabdt to rhodium ratio was kept constant a t  1 (Table 
111, the number of rhodium atoms incorporated per mol- 
ecule of IgG varied from 0.8 to 0.9. Note that the rhod- 
ium to IgG ratio was kept constant a t  1 in these experi- 
ments. The final rhodium recovery varied from 70% to 
75% * 

Table I11 gives the results of conjugation studies with 
different rhodium to IgG ratios a t  a constant IgG con- 
centration. The conjugation yield varied from 85% to 
93Y and 0.5-8.5 rhodiums per IgG were incorporated. 
The overall rhodium yield in these studies varied from 
69% to 7596, taking into account the activity lost in all 
steps. The concentration of complex was also kept con- 

8o 1 - Conjugated - blank 

0 
0 20 40 60 80 

Elution vol , mL 
Figure 1. Gel filtration chromatography pattern of specifi- 
cally and nonspecifically labeled IgG with the complexes of bhabdt 
on a Sephadex G75 column (30 X 1.4 cm). 

stant and the concentration of IgG varied. Rhodium to 
IgG ratios ranged from 1 to 10. The yield decreased from 
91 % to 73 % when the IgG concentration was reduced 
from 5 X to 5 X lo+ mmol/mL. The number of 
rhodiums incorporated per IgG molecule varied from 0.9 
to 7.3 in this set of experiments. The above results sug- 
gest that  there is greater dependence on the concentra- 
tion of IgG than on that  of the activated complex for 
conjugation. 

Figure 1 gives the gel filtration chromatography pat- 
tern of IgG incubated with activated and unactivated com- 
plexes of bhabdt. The nonspecific labeling obtained with 
the unactivated complex of bhabdt was less than 1%. 
The unactivated complex of the nonconjugating ligand 
bhbdt gave nonspecific labeling of about 3 % . However, 
-30% conjugation with IgG after reaction with thiophos- 
gene was observed. 

The results of EDTA-challenge studies show little 
exchange of rhodium between the labeled protein and 
EDTA. After a 24 h challenge study, 92% of the activ- 
ity was still seen with the protein peak on chromatogra- 
phy. No separate peak was seen for EDTA or free com- 
plex when labeled-protein solution challenged with EDTA 
was rechromatographed. 

Affinity chromatography of the labeled IgG from run 
2 (Table 11) gave 82% retention of the activity in the 
affinity column as against a 92 % conjugation yield, indi- 
cating that -90% of the labeled IgG was bound to the 
column. Labeled proteins from all the runs were not stud- 
ied by affinity chromatography but instead by an affin- 
ity batch adsorption study which is less time consuming 
and has the advantage that multiple samples can be han- 
dled a t  a time. This method may not give the actual 
percentage of present but only an indication of the extent 
of labeling. The results of affinity adsorption studies are 
given as part of Tables I and 11. Labeled IgG prepared 
in different batches showed greater than 61% adsorp- 
tion to the affinity gel. The affinity adsorption for IgG 
from run 2 (Table 11) was 73 73 as against 82 7% observed 
in affinity chromatography. The average of all the exper- 
iments listed in Tables I and I1 for the relative binding 
to the affinity gel compared to the gel filtration results 
is 75 f 1090, showing that  the method can be used as a 
rough measure of whether or not conjugation has occurred. 
We also treated the unactivated complex of bhabdt with 
the affinity gel under similar condition and found that 
less than 5% of the activity was retained on the affinity 
gel after the third wash. 

Figure 2 gives the kinetics of the conjugation reaction. 
Although the saturation was achieved a t  -4 h, -2-h con- 
jugation should be ideal, as the advantage gained by the 
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Figure 2. Kinetics of the conjugation reaction using 5 X 10-5 
mmol of activated complex and IgG. Yield was estimated by 
gel-filtration chromatography. 

Table IV. Stability of Dried Activated Complex after 
Storage at 4 OC* 

storage ?6 storage 5% 
time, h coniuaation time, h coniuaation 

0 90 72 94 
24 89 96 92 
48 90 

The stored complex was redissolved in DMF and used to con- 
jugate IgG. Concentrations of both protein and complex were 
-5 X M. 

increase in conjugation is lost by the decay of activity. 
Table IV gives the results of conjugation studies car- 

ried out with activated complex stored for different time 
intervals. No significant difference in conjugation was 
seen with activated complex stored up to 4 days. 

DISCUSSION 
These experiments show that  bhabdt forms rhodium 

complexes which can be conjugated to IgG in high yield. 
From Tables I and I1 the yield of the complex itself was 
83 f 5 Si, conversion of this complex to the isothiocy- 
anate derivative was 90 f 5 % ,  and the conjugation of 
this isothiocyanate derivative to IgG was 90 f 2 % ,  giv- 
ing an overall yield of -67 70. Results shown in Tables 
I11 and IV are also consistent with these. Results from 
the four tables also show that from 0.4 to 8 atoms of rhod- 
ium can be incorporated per molecule of IgG. Although 
these experiments were done with rhodium spiked with 
lo5Rh, our goal was to show that proteins can be labeled 
with lo5Rh in specific activities high enough to produce 
radiotherapeutic agents. We have shown earlier (1) that  
Io5Rh can be produced a t  >26 X lo6 MBq/mmol from 
natural ruthenium targets irradiated in a flux of 8 X 1013 
n/cm2 s. That  is a conservative estimate, allowing for a 
chemical recovery of only 50% and 2 days for process- 
ing and delivery and assuming that ruthenium impuri- 
ties compete with rhodium for chelation sites. If one 
assumes further that  an average of one rhodium (or impu- 
rity atom) can be added per antibody and that 1 half- 
life decay occurs during complexation, conjugation, and 
purification before use, labeling a t  greater than 74 MBq 
of lo5Rh/mg of antibody can be obtained, allowing treat- 
ment a t  the 3700-MBq level with less than 50 mg of anti- 
body. Note again that  these are conservative estimates. 
Use of 99% -enriched Io4Ru, irradiation in a flux of 4 x 
1014 n/cm2 s, and an average of two rhodiums per IgG 
would lead to specific activities of -3000 MBq of IOSRh/mg 
of IgG. 

In order to treat a single patient with 3700 MBq, tak- 
ing into account all the factors mentioned above, it would 

be necessary to produce a t  EOB (end of bombardment) - 37 000 MBq of lo5Rh. This amount could be decreased 
by decreasing the total time between EOB and patient 
use, by increasing the radiochemical yield during purifi- 
cation, and by increasing the overall conjugation yield. 

The observation that  the dried activated complex 
appears useful for a t  least 4 days after preparation sug- 
gests the possibility of a “kit” ready for reconstitution 
and conjugation. Again allowing for 1 half-life decay and 
-67% yield, 11 000 MBq would be required for a kit 
providing 3700 MBq a t  time of use. Radiolytic damage 
during storage could reduce the effectiveness of the kit 
and require larger initial amounts. 

We have not chemically characterized the rhodium com- 
plexes. Refosco et al. (9) have shown that the Schiff base 
forms of similar ligands form pentadentate complexes 
around the TcO3+ core with one hydroxy group trans to 
the oxo. We postulate a similar structure for these com- 
plexes, with a RhC12+ core. However, there may be dinu- 
clear species similar to those shown for Cu2+ (10). 

X-ray structures done in this laboratory (11) for rhod- 
ium complexes with tetradentate, bis(bidentate), and tri- 
dentate amines show coordination of nitrogen atoms. We 
expect that  the phenols are also coordinated. A similar 
structure is postulated (5)  for Co” complexes. However, 
there may also be species in which only three or four of 
the potential coordinating groups are utilized, leaving oth- 
ers free to form an isothiocyanate derivative. The blank 
experiments suggest that  this may be true. While there 
was, as expected, very little apparent conjugation when 
complexes of bhabdt or bhbdt were used in the absence 
of thiophosgene, there was 30% conjugation when the 
complex of bhbdt was activated. We believe that in the 
absence of a p-aminobenzyl group, an uncoordinated phe- 
nol group may be activated and conjugated by means of 
a thiocarbamate (12). Similar results were obtained (13) 
with bis(salicyla1dehyde) ligands of diaminopropane and 
5-methyldipropylenetriamine. 

These experiments were designed to prove the feasi- 
bility of using the ligand described here to couple rhod- 
ium to large proteins. They do not address the question 
of whether the use of DMF as a solvent and the conju- 
gation itself lead to loss of immunoreactivity or the inert- 
ness of the complexes in vivo. Those experiments will 
follow later. They do confirm, however, our earlier work 
( 2 , 3 )  showing that rhodium can be linked to proteins by 
a preformed chelate method. They also suggest a sim- 
ple and versatile scheme for synthesis of bifunctional pen- 
tadentate ligands with a wide range of linking groups and 
terminal coordinating groups. 
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There is increasing interest in the development of daunomycin-antibody immunoconjugates for the 
targeting of drug to  specific cells or tissues. T o  this end, we have examined the factors influencing 
the synthesis of daunomycin-monoclonal antibody conjugates linked covalently by an acid-labile cis- 
aconitic spacer (which is considered to aid drug release from immunoconjugates in the lysosomes and 
thus enhance their cytotoxic potential). A rapid and efficient procedure for the purification of drug 
from contaminants and stabilizers was first developed; conditions for the optimal preparation of cis- 
aconityldaunomycin were established; products were analyzed and identified by TLC and HPLC. 
The coupling of cis-aconityldaunomycin to  antibody was accomplished by activating the modified 
drug with a carbodiimide before addition to antibody. Several factors were identified which influ- 
enced the efficiency of the conjugation; in particular, the compositional features of the antibody which 
determine its electrophoretic charge characteristics were of profound effect. However, by appropri- 
ate choice and control of buffer p H  during conjugation, i t  was possible to define conditions resulting 
in the controlled substitution of antibody with drug. The consequent effects upon the cell-binding 
activity of immunoconjugates were established and related to  the extent of substitution. The proce- 
dures described enable appropriate reaction conditions to  be selected for the linkage of daunomycin 
to antibody (at set druglantibody molar ratios) and in good yield, based upon consideration of the 
compositional and charge properties of the antibody. 

Several strategies have been reported for the delivery 
of daunomycin to specific target cells. Daunomycin has 
been complexed to  high molecular weight DNA (11, encap- 
sulated in immunoliposomes (2), attached covalently to  
proteins such as hormones (3-5), enzymes (6), concanava- 
lin A (7), casein (6), asialofetuin (6), histone (6), lactal- 
bumin (5 ) ,  serum albumin (6, 8, 9), ferritin (IO), succi- 
nylated BSAl(I1) or agglutinin (12), galactosylated HSA 
( I ) ,  and hapten-coupled ovalbumin (13), and conjugated 
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University, Budapest 112, P.O. Box 32, H-1518 Hungary. 

to polymers like poly[Lys] (14,151, poly[Asp] (16), N-(2-  
hydroxypropy1)methacrylamide (HPMA) (1 7), poly[acry- 
loyl-2-amido-2-(hydroxymethyl)-1,3-propanediol] (18), or 

1 Abbreviations (In order of appearance in the text): BSA, 
bovine serum albumin; HSA, human serum albumin; HPMA, 
N-(2-hydroxypropyl)methacrylamide; SPDP, N-succinimidyl3-(2- 
pyridy1dithio)propionate; MBS, m-maleimidobenzoic acid N-hy- 
droxysuccinimide ester; CAD, cis-aconityldaunomycin; MoAb, 
monoclonal antibody; CMC, N-cyclohexyl-N’-(2-N-morpholino- 
ethy1)carbodiimide methyl p-toluenesulfonate; EDC, N-ethyl- 
N’-[ 3-(dimethylamino)propyl]carbodiimide hydrochloride; PBS, 
phosphate-buffered saline, pH 7.3; MSR, molar substitution ratio; 
FITC, fluorescein isothiocyanate; Dau, daunomycin. 
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activity of immunoconjugates were established a n d  related t o  t h e  extent of substi tution. T h e  proce- 
dures  described enable appropriate reaction conditions t o  be selected for t he  linkage of daunomycin 
to  antibody (a t  set  d ruglan t ibody molar ratios) and  in good yield, based upon consideration of t he  
compositional a n d  charge properties of t he  antibody. 

Several strategies have been reported for t h e  delivery 
of daunomycin to  specific target cells. Daunomycin has  
been complexed t o  high molecular weight DNA (11, encap- 
sulated in immunoliposomes (2), attached covalently t o  
proteins such as hormones (3-5), enzymes (6), concanava- 
lin A (7), casein (6), asialofetuin (6), histone (6), lactal- 
bumin (5 ) ,  serum albumin (6, 8, 9), ferritin (IO), succi- 
nylated B S A l ( I 1 )  or agglutinin (12), galactosylated HSA 
( I ) ,  a n d  hapten-coupled ovalbumin (13), a n d  conjugated 

* To whom correspondence should be addressed. 
+ Present address: Department of Organic Chemistry, Eotvos,L. 

University, Budapest 112, P.O. Box 32, H-1518 Hungary. 

t o  polymers like poly[Lys] (14,151, poly[Asp] (16), N-(2-  
hydroxypropy1)methacrylamide (HPMA) (1 7), poly[acry- 
loyl-2-amido-2-(hydroxymethyl)-1,3-propanediol] (18), or 

1 Abbreviations (In order of appearance in the text): BSA, 
bovine serum albumin; HSA, human serum albumin; HPMA, 
N-(2-hydroxypropyl)methacrylamide; SPDP, N-succinimidyl3-(2- 
pyridy1dithio)propionate; MBS, m-maleimidobenzoic acid N-hy- 
droxysuccinimide ester; CAD, cis-aconityldaunomycin; MoAb, 
monoclonal antibody; CMC, N-cyclohexyl-N’-(2-N-morpholino- 
ethy1)carbodiimide methyl p-toluenesulfonate; EDC, N-ethyl- 
N’-[ 3-(dimethylamino)propyl]carbodiimide hydrochloride; PBS, 
phosphate-buffered saline, pH 7.3; MSR, molar substitution ratio; 
FITC, fluorescein isothiocyanate; Dau, daunomycin. 
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dextran (19). Daunomycin has also been linked directly 
to cell-specific poly- or monoclonal antibodies (20,21) or 
coupled to macromolecules such as HSA (22), dextran 
(231, HPMA (24), or poly[Glu] (25), which were then con- 
jugated to antibodies to increase the degree of substitu- 
tion with drug to enhance specific toxicity. More recent 
studies demonstrated that immunoconjugates contain- 
ing daunomycin could be suitable not only for site-spe- 
cific targeting, but also for modulating immune responses 
induced by immunoglobulin (26) or the T-cell mitogen 
concanavalin A (13). 

The methods used for linking daunomycin to macro- 
molecules have involved (a) cleavage of the bond between 
C-3 and C-4 of daunosamine producing carbonyl groups 
capable of reacting with the free amino groups of the 
protein (3, 5, 7, 10, 23, 27), (b) reaction at  the amino 
group of the amino-sugar moiety (1 7,24) using the cross- 
linking agents glutaraldehyde (8, 9, 19, 27, 28), carbodi- 
imide (9,25,27), SPDP (21), and MBS (4), or (c) attach- 
ment to the methyl ketone side chain of the aglycon by 
nucleophilic substitution on its 14-bromo derivatives (6, 
16, 21). Attachment of daunomycin was also achieved 
by the introduction of a peptidyl (11,12,18), maleyl (14), 
succinyl (15), or acid-labile cis-aconityl (13, 14, 21, 29) 
spacer. Although extensive work has been carried out 
with cis-aconityldaunomycin-monoclonal antibody (CAD- 
MoAb) conjugates, no systematic studies have been per- 
formed to define the optimal conditions with respect to 
coupling agent, reaction time, and concentration for their 
preparation. 

In the present paper, we describe how a structurally 
defined CAD-MoAb conjugate can be synthesized and puri- 
fied in a reproducible manner with an adequate yield and 
with a desired substitution ratio. The antibody reactiv- 
ity of conjugates was also evaluated. This conjugation 
method was tested with two clinically relevant mono- 
clonal antibodies, 791T/36 (30) and H65 (31), with dif- 
ferent target cell specificities and chemical characteris- 
tics. 

EXPERIMENTAL PROCEDURES 
Materials. Daunomycin hydrochloride was obtained 

from Sigma or from May and Baker (Manchester, U.K.); 
cis-aconitic anhydride and  N-cyclohexyl-N'-(2-N- 
morpholinoethy1)carbodiimide methyl p- toluene-  
sulfonate (CMC) were from BDH (U.K.); N-ethyl-N'-[3- 
(dimethylamino)propyl]carbodiimide hydrochloride (EDC) 
was from Pierce. 

Monoclonal Antibodies. The 791T/36 antibody 
(IgG2b) was obtained from a hybridoma produced by fus- 
ing spleen cells from a mouse immunized against the osteo- 
genic sarcoma cell line 791T with the mouse myeloma 
cell line P3-NS1-Ag4 (30). The monoclonal antibody was 
purified from hybridoma tissue culture supernatant fluid 
by affinity chromatography using Sepharose-Protein A 
(Pharmacia, Uppsala, Sweden). 

The H65 antibody (IgG1) reacting with CD5 antigen 
on normal and malignant human T cells (31) was puri- 
fied from mouse ascites. 

The antibodies 791T/36 and H65 were characterized 
by their amino acid compositions, isoelectric point val- 
ues, and electrophoretic titration curves. Amino acid anal- 
yses were carried out on a LKB 4400 amino acid ana- 
lyzer (LKB Biochrom, Cambridge, U.K.). The samples 
were subjected to hydrolysis with 6 M HC1 in sealed tubes 
a t  110 "C for 16 h. Isoelectric point determinations and 
titration curve analyses were performed by a PhastGel 
IEF 3-9 method using coomassie blue and silver staining 
procedures (Pharmacia, Uppsala, Sweden). 
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Preparation of cis-Aconityldaunomycin (CAD). 
Daunomycin hydrochloride and CAD samples were checked 
for purity by thin-layer chromatography (TLC), by ele- 
mental analysis, by IR spectroscopy, and by HPLC. TLC 
was done with silica gel containing fluorescent indicator 
(Polygram SIL G/UVzX, 0.25 mm Macherey-Nagel, FRG) 
on 3 X 5 cm precoated plastic sheets either in chloroform- 
methanol-water a t  80:30:3 (by vol) (A) and in chloroform- 
ethanol-acetic acid at  70:20:15 (by vol) (B) systems in 
the case of daunomycin hydrochloride or in ethyl acetate- 
pyridine-acetic acid-water a t  30:21:6:11 (by vol) (C) and 
in chloroform-methanol-acetonitrile-water a t  50:50:14: 12 
(by vol) (D) systems in the case of CAD samples. Spots 
were detected with UV light and with 0.5% KMn04 solu- 
tion in water. 

Daunomycin hydrochloride preparations containing 
daunomycinone, daunosamine (Sigma, and May and 
Baker), and also mannitol (May and Baker) were puri- 
fied by flash chromatography (32). Samples (20-100 mg) 
dissolved in the  mixture (3-15 mL) of methanol- 
distilled water ( l : l ,  v/v) were chromatographed on a 3.5 
X 5 cm column of silica gel with average pore diameter 
of 60 b, (TLC standard grade without binder, Aldrich, 
U.K.) with chloroform-methanol-water a t  80:303 (by vol) 
as eluent. Fractions (5-8 mL) were collected and ana- 
lyzed by TLC. Fractions containing only daunomycin 
were pooled, evaporated, dissolved in distilled water, and 
freeze-dried (yield 65-80 5% 1. Purified daunomycin hydro- 
chloride was stored in the dark at  4 "C. 

cis-Aconityldaunomycin was prepared by using a mod- 
ification of the method of Shen and Ryser (14). Puri- 
fied daunomycin hydrochloride (50 mg-88.5 pmol) was 
dissolved in 6.0 mL of 0.1 N NaHC03/NaZC03 buffer 
(pH 9.4) and cooled to 0 "C. A 70-mg portion (488 pmol) 
of cis-aconitic anhydride dissolved in 0.6 mL of anhy- 
drous dioxane was added dropwise with vigorous stir- 
ring and a pH of 9.0 was maintained by addition of cold 
0.5 N NaOH. When all the anhydride had been added, 
the reaction mixture was stirred at  0 "C for 15 min and 
the pH was kept between 9.0 and 9.2. To isolate the 
product, the cooled solution was acidified with cold 1.0 
N HC1 to pH 3. The precipitate formed was isolated by 
centrifugation at  room temperature and redissolved in 
water, and the pH was adjusted to 6.8-7.4 with 0.2 N 
NaOH. The solution was then freeze-dried. The resi- 
due was stored in the dark at 4 "C. Samples for elemen- 
tal analysis, melting point, and t value determination were 
further purified on reversed-phase HPLC (yield 97.5 % ). 
Before conjugation, CAD was dissolved in distilled water 
(20 mg/mL) and extracted five times with a mixture of 
chloroform-methanol (95:5). The aqueous layer was evap- 
orated and residue was dissolved in 1 mL of PBS and 
the CAD concentration was determined spectrophotomet- 
rically at 476 nm ( e  = 8000). 

Coupling of cis-Aconityldaunomycin to Mono- 
clonal Antibody. Coupling was performed with either 
N-cyclohexyl-iV'-(2-N-morpholino)ethylcarbodiimide 
methyl p-toluenesulfonate (CMC) (procedure A) or 
N-ethyl-" [ (3-dimethylamino)propyl]carbodiimide hydro- 
chloride (EDC) (procedure B) in PBS using a 1.5 times 
molar excess of carbodiimide. The coupling of activated 
CAD to antibodies was carried out with cAD/Ab at molar 
ratios between 30:l and 100:l. After conjugation, the reac- 
tion mixture was centrifuged when necessary to remove 
any visible precipitate and the supernatant was applied 
to a Sephadex G-25 (medium grade) column equili- 
brated with PBS. The appropriate macromolecular peak 
as defined by UV detection at  275 nm was collected. The 
average ratio of molar substitution (MSR) was esti- 
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mated spectrophotometrically with the following formu- 
la: 

MSR = (A476 222200)/{8000[A2,, - (A476Q)]] 
where A4,6 and A280 are the absorbances of the conju- 
gate at  476 and 280 nm. The extinction coefficients of 
cis-aconityldaunomycin at  476 and 280 nm are 8000 and 
5890 M-' cm-1, respectively, and Q is defined as 5890/ 
8000 = 0.736. The extinction coefficient of immunoglo- 
bulin a t  280 nm is 222 200 M-l cm-l. 

Procedure A. A 1.9-5.2 pmol portion (1.3-3.6 mg) of 
CAD in 86-216 pL of PBS was diluted with PBS, pH 6.0, 
to a final concentration of 0.25 mg/mL. The solution 
was stirred and treated with 2.85-7.8 pmol (1.2-3.3 mg) 
of CMC dissolved in 120-330 pL of distilled water (i.e. a 
1.5 times molar excess of carbodiimide reagent). After 
stirring for 30 min at  room temperature, 64.5 nmol (10 
mg) of antibody in 1.2-2.9 mL of PBS was added to the 
solution and the pH was adjusted to 6.0, 8.0, or 9.0. The 
final concentration of antibody was 1.6 mg/mL. The reac- 
tion was allowed to proceed for 16 h at  room tempera- 
ture. 

Procedure B. A 3.2-6.4-pmol portion (2.2-4.4 mg) of 
CAD was dissolved in 145-290 pL of PBS (at 15 mg/mL) 
and diluted with PBS, buffered to pH 7.0, 6.0, or 5.0. 
The stirred solution was treated with 4.8-9.6 pmol (0.92- 
1.94 mg) of EDC dissolved in 92-194 pL of distilled water. 
The reaction mixture was stirred for 30 min at  room tem- 
perature and then 64.5 nmol (10 mg) of antibody in 1.2- 
2.9 mL of PBS was added and the pH was adjusted to 
6.0, 8.0, or 9.0. The final concentration of antibody was 
1.6-1.7 mg/mL. The reaction was allowed to stand for 
3 h at  room temperature. 

HPLC Analysis of CAD-Antibody Conjugates. 
Instrumentation. The HPLC system consisted of one 
Model 302 and one Model 303 liquid delivery modules, 
a Model HM/HPLC Holochrome UV-visible detector, a 
Model 811 dynamic mixer, a Model 802 manometric mod- 
ule, a Model N1 recorder (all from Gilson France S.A., 
Villiers, France), a Model 7125 injector valve, and 100-pL 
and 200-pL sample loops (Rheodyne, Inc., Cotati, CA). 
A 25 cm X 4.6 mm column and a 3 cm X 4.6 mm Aqua- 
pore RP-300 guard column (Brownlee Labs, Inc., Santa 
Clara, CA) were used. Both columns contained spheri- 
cal 7-pm silica (300 A pore size) with a hydrophobic bonded 
phase. 

Conditions. The mobile phase consisted of 0.2 M 
ammonium carbonate in water and of methanol (50:50, 
v/v) .  Ammonium carbonate solution was prepared daily 
with high-purity (Analar) salt and distilled, deionized water 
and was mixed with methanol 20 min before use. The 
injection volume was 100 pL containing 0.3 pg (0.53 nmol) 
of daunomycin and/or 0.3 pg (0.44 nmol) of CAD dis- 
solved in eluent or 200 pL containing 1.3-4.7 pg (1.8-8.3 
nmol) of CAD coupled to antibody in PBS. Daunomy- 
cin hydrochloride and CAD were used separately as stan- 
dards and their retention times were determined. UV 
absorbance was monitored at  a wavelength of 280 nm. 
All analyses were carried out a t  room temperature with 
a flow rate of 1.0 mL/min. 

Assay of Conjugate Immunoreactivity. Cell-bind- 
ing activity of conjugates was estimated by a flow cyto- 
metric competition assay essentially as previously described 
(33).  Briefly, conjugates were diluted so that the equiv- 
alent of 4, 2, 1, or 0.5 pg of antibody were mixed with 1 
pg of fluorescein-labeled antibody. A standard unla- 
beled antibody was tested in parallel with conjugates in 
each assay. After mixing of labeled and unlabeled anti- 
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Table I. TLC Chromatographic Rf Values of Daunomycin, 
Its Derivatives, and of Mannitol 

Rf  value0 
compound A B C D 

daunomycin hydrochloride 0.49 0.12 0.60 0.80 
daunomycinone 0.80 0.86 0.87 0.91 
cis-aconityldaunomycin ntb nt 0.44 0.54 
daunosamine 0.00 0.00 0.00 0.00 
mannitol 0.13 0.00 n t  n t  

a Solvent systems: A, chloroform-methanol-water 80303 (by vol); 
B, chloroform-ethanol-acetic acid 70:20:15 (by vol); C, ethyl ace- 
tate-pyridine-acetic acid-water 30:21:6:11 (by vol); D, chloroform- 
methanol-acetonitrile-water 50:50:1412 (by vol). * Nt = not tested. 

bodies, 105 target cells expressing the appropriate anti- 
gen were added, and the mixture was incubated for 1 h 
a t  4 "C. 791T/36 conjugates were tested on 791T cells 
and H65 conjugates were tested on MOLT-4 (MSKCC) 
cells; prior to use, target cells were fixed in 1% paraform- 
aldehyde for 10 min. 

Cell-bound fluorescence was quantitated with a FACS 
IV flow cytometer (Becton Dickinson). Under the con- 
ditions used (i.e. with antibody a t  saturation), the inhi- 
bition of binding of fluorescein-labeled antibody by non- 
fluorescent conjugate, or by standard antibody, is pro- 
portional to their binding activity; antibody activity of 
conjugate relative to standard antibody was determined 
by comparison of regression lines of antibody concentra- 
tion plotted against the reciprocal of cellular fluores- 
cence. 

RESULTS 

Synthesis and Characterization of cis-Aconi- 
tyldaunomycin (CAD). Daunomycin hydrochloride prep- 
arations containing contaminants (daunosamine, dauno- 
mycinone, etc.) or stabilizers (e.g. mannitol) were puri- 
fied by flash chromatography on a silica column by 
applying a chloroform-ethanol-water (80:30:3, by vol) sol- 
vent mixture as eluent. This procedure produced an effi- 
cient and rapid separation with simple apparatus and 
operation. After purification no contaminants were 
detected by TLC on silica gel in two independent sol- 
vent systems (Table I). 

CAD was synthesized according to the literature (14) 
with modifications. In daunomycin, phenolic ionization 
occurs with the pK, value near 10.0 and the ammonium 
group deprotonates with pK, = 8.6 (34).  In respect of 
these pK, values, pH = 9.0 was selected for the prepara- 
tion of CAD and strictly maintained by pH-stat during 
and after addition of cis-aconitic anhydride. The reac- 
tion was followed by TLC on silica gel in two indepen- 
dent solvent systems (Table I). In order to remove unre- 
acted daunomycin, the aqueous solution of crude CAD 
was extracted with chloroform-methanol (95:5 v/v)  to 
produce a homogeneous product (yield 97.5 % ). Further 
purification was performed on reversed-phase HPLC to 
prepare material for elemental analysis, melting point, 
and t value determinations; the results were as follows: 
mp 215-225 "C; Rf  values are detailed in Table I; UV 
A,,, (in PBS) = 476 nm ( 6  = 8000)). Anal. Calcd for 
C33H33015N (683.635): C, 57.98; H, 4.87; N, 2.05. Found: 
C, 57.68; H, 4.82; N, 1.73. Although CAD showed only 
spot in TLC, it may contain two a- and 0-monoamide 
isomers with carboxyl groups in cis position as hypothe- 
sized earlier (14).  In order to investigate this, an HPLC 
method has been developed for quantitative analysis of 
CAD preparations. Chromatographic conditions were opti- 
mized to achieve base-line separation and high resolu- 
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Table 11. Amino Acid Composition of Monoclonal 
Antibodies 791T/36 and H65 

amino monoclonal antibody amino monoclonal antibody 
acid 791T/36 H65 acid 791T/36 H65 

Asp/Asn 
Glu/Gln 
Thr 
Ser 
Pro 
GlY 
Ala 
Val 

1.88" 
1.71 
1.89 
2.17 
1.53 
1.20 
1.00 
1.17 

1.95 
1.80 
1.88 
1.70 
1.40 
1.30 
1.00 
1.22 

Leu 
Ile 
Met 
TYr 
Phe 
His 
LYS 
Arg 

1.23 
0.60 
0.23 
0.80 
0.64 
0.55 
1.58 
1.02 

1.02 
0.75 
0.18 
0.98 
0.97 
0.40 
1.65 
0.46 

a Expressed as mol of amino acid/mol of alanine. 

tion with an isocratic methanol-water-ammonium car- 
bonate eluent system. The purified CAD dissolved in meth- 
anol was run on an Aquapore RP-300 column and two 
components with proper separation coefficient (a = 1.3) 
were detected. On the basis of peak areas and assuming 
a common extinction coefficient for both components, 
the isomer composition of CAD samples was estimated 
to be 1:1. 

Characterization of Monoclonal Antibodies 
(MoAb). The amino acid composition and charge char- 
acteristics of 791T/36 and H65 monoclonal antibodies 
were investigated so that the influence of their biochem- 
ical features with respect t o  the  synthesis of cis- 
aconityldaunomycin-antibody conjugates could be estab- 
lished. The amino acid sequence of these proteins is not 
known. 

The polypeptides were hydrolyzed to the constituent 
amino acids by standard procedures using acidic condi- 
tions (35). The results, expressed as molar ratio of each 
amino acid relative to alanine, are presented in Table 11. 
These data indicate marked differences in the amino acid 
composition of the MoAbs. 791T/36 contains more Arg, 
Ser, and Leu, while the polypeptide chains of H65 are 
predominated by aromatic amino acids (Tyr, Phe, and 
Ile). Significant differences were noted by comparison 
of the basic amino acid residues (Lys + Arg + His). The 
elevated level of these residues in the 791T/36 antibody 
is accompanied by a slightly decreased amount of acidic 
amino acid residues (Asp/Asn + Glu/Gln). 

The charge characteristics of the MoAbs were ana- 
lyzed over a broad range of pH by isoelectric focusing in 
polyacrylamide gels (36). This technique has been used 
to determine the isoelectric points and electrophoretic 
titration curve of 791T/36 and H65. Figure 1 shows that 
the 791T/36 aritibody preparation consisted of five major 
and one minor bands within a p l  region from 7.7 to 8.6 
(lane 2). I t  is evident from Figure 1 that H65 antibody 
was also found to display six bands with a range of iso- 
electric points from 6.3 to 6.7 (lane 1). I t  should be noted 
that in this case the p l  range was somewhat less wide 
(with an average value of 6.5) than in the case of the 
791T/36 antibody with a characteristic average p l  value 
of 8.2. The multiple-band spectrum of various mono- 
clonal antibodies has been demonstrated in the litera- 
ture (e.g. ref 37). The origin of this phenomenon is likely 
to be due to posttranslational modification of biosynthet- 
ically homogeneous protein (glycosylation, etc.) or to labil- 
ity after synthesis (deamidation, etc.), though this has 
not been investigated. 

The comparison of the p l  ranges and average p l  Val- 
ues of 7911'/36 and H65 demonstrates that  these pro- 
teins are very different in their electrophoretic behavior. 
This observation was supported by their titration curve 
analysis. In our experiments, the electrophoretic mobil- 
ity of these proteins throughout the gradient pH 3-9 was 

8.45 
**n 

' 4 7-35 

0 
1. 2.  

Figure 1. Monoclonal antibodies focused on PhastGel IEF 3-9. 
The gel was run according to the method in separation tech- 
nique file number 100 using silver staining: lane 1, H65 mon- 
oclonal antibody; lane 2, 791T/36 monoclonal antibody. 

Figure 2. Electrophoretic titration of monoclonal antibodies 
on PhastGel IEF 3-9 with coomassie blue staining: curve 1, 
791T/36 monoclonal antibody; curve 2, H65 monoclonal anti- 
body. 

investigated by running MoAbs individually or in a 1:l 
(w/w) mixture. In the titration curve of the mixture of 
791T/36 and H65, shown in Figure 2, both antibodies 
produced a fuzzy, but similar, patterns below their iso- 
electric point. Significant differences were recorded in 
the shape and position of bands above the pl, and this 
was attributed to a pronounced polycationic character 
of the 791T/36 antibody. 

Preparation and Characterization of cis-Aconi- 
t y ldaunomycin-Monoclonal Anti body (c AD-MOA b) 
Conjugates. The coupling of CAD t o  proteins was 
achieved by a carbodiimide method in which one car- 
boxyl group of the drug was linked to the eamino group 
of the lysine side chain of the antibody to provide cova- 
lent amide bonding. The synthesis of a conjugate was 
performed in two steps. First, the carboxyl groups of 
CAD were activated by water-soluble carbodiimide (either 
CMC or EDC) under identical conditions (i.e. 1.5 times 
molar excess of carbodiimide, temperature, concentra- 
tion, reaction time). The pH dependence of this activa- 
tion process was studied under a neutral (pH 7.0) or acidic 
(pH 6.0 or 5.0) environment. In the second step, the car- 
boxyl-activated derivative was added to the amino com- 
ponent (protein) and the coupling reaction proceeded in 
acidic (pH 6.0) or in alkaline solution (pH 8.0 or 9.0). 
The conjugates composed of CAD and 791T/36 or H65 
monoclonal antibody were purified by gel-filtration col- 
umn chromatography and characterized by reversed- 
phase HPLC and by specific target cell binding activity. 
The synthetic procedures and the chemical properties of 
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Table 111. Preparation and Characterization of cAD-791T/36 Conjugates 

PH 
conjugate prepn procedure molar ratio of cAD/Ab (mol/mol) coupling agent activation coupling 7;' yield 91 freeo cAD/Dau MSR* 

1 A 30 CMC 6 8 85.5 <4.0 2.1 
2 A 50 CMC 6 8 85.0 <3.0 2.9 
3 A 50 CMC 6 9 90.0 <3.0 4.0 
4 A 80 CMC 6 8 50.1c <4.0 5.0 
5 B 50 EDC 7 9 95.0 <2.5 0.9 
6 B 100 EDC 7 9 88.0 ntd 2.3 
7 B 50 EDC 6 9 87.2 <3.0 4.6 
8 B 100 EDC 6 9 93.0 1.9 9.1 
9 B 50 EDC 6 8 90.6 2.9 2.5 

10 B 100 EDC 6 8 39.4' <3.0 14.9 
1 1  B 50 EDC 5 9 90.0 <3.0 8.8 
12 B 100 EDC 5 9 84.7 <3.0 17.2 

0 Determined by reversed-phase HPLC as described in the Experimental Procedures. Average ratio of molar substitution. Precipita- 
tion was observed. 

Table IV. Preparation and Characterization of CAD-H65 Conjugates 

Nt = not tested. 

conjugate prepn procedure molar ratio of cAD/Ab (mol/mol) coupling agent activation coupling % yield % freeo cAD/Dau MSR* 
1 A 50 CMC 6 8 82.0 ntc 1.7 
2 A 100 CMC 6 8 91.7 <3.0 4.1 
3 A 50 CMC 5 8 86.0 4.1 2.6 
4 A 100 CMC 5 8 90.0 <4.0 8.4 
5 A 100 CMC 5 6 83.6 nt  2.5 
6 B 50 EDC 6 8 81.0 nt  2.2 
7 B 100 EDC 6 8 97.0 2.2 11.9 
8 B 50 EDC 5 8 86.0 2.8 3.4 
9 B 75 EDC 5 8 99.0 2.3 12.7 

10 B 100 EDC 5 8 98.5 2.7 29.0 
11 B 50 EDC 5 6 95.4 nt  0.6 
12 B 100 EDC 5 6 88.5 nt  4.0 
Determined by reversed-phase HPLC as described in the Experimental Procedures. Average ratio of molar substitution. c Nt = not 

tested. 

conjugates are summarized in Tables I11 and IV. The 
results presented in these tables indicate that the amount 
of CAD incorporation into the protein conjugate depends 
on the ratio of CAD to MoAb used in the reaction mix- 
ture. The highest coupling efficacy quantitated by aver- 
age molar substitution ratio (MSR) was obtained with a 
100-fold molar excess of CAD over the protein. The choice 
of carbodiimide could also influence the composition of 
the conjugates. Under comparable conditions EDC-me- 
diated synthesis of CAD-MoAb conjugates could lead to 
higher MSR values (Table IV, conjugates 6-8, 10, and 
12). The activation of CAD proved to be favored a t  lower 
p H  as  demonstrated in Tables I11 and IV. CAD- 
791T/36 conjugated with high MSR (17.2) could be syn- 
thesized with a CAD intermediate prepared a t  pH 5.0. In 
contrast, the drug incorporation sharply decreased (MSR 
= 2.3) when this reaction was performed in neutral (pH 
7.0) solution. A similar tendency was observed with CAD- 
H65 conjugates (Table IV, conjugates 7 and 10 or 2 and 
4). 

The pH sensitivity of the coupling step was also ana- 
lyzed with cAD-791T/36 preparations. Conjugation at  
pH 8.0 resulted in lower drug incorporation as compared 
to coupling performed a t  pH 9.0 (Table 111, conjugates 2 
and 3 or 7 and 9) or nonreproducible amounts of precip- 
itation (Table 111, conjugates 4 and 10). It  should be noted 
that no precipitate was observed during the synthesis of 
CAD-H65 conjugate under identical circumstances (Table 
IV, conjugate 7). The same findings could be demon- 
strated in the comparison of the cAD-791T/36 prepara- 
tion (Table 111, conjugate 4) with the CAD-H65 prepara- 
tion (Table IV, conjugate 2). A heavy precipitate was 
formed in the course of the synthesis of cAD-791T/36 
conjugate (yield 50.1 76 ), while the reaction mixture 
remained clear after 16 h in case of CAD-H65 prepara- 

tions (yield 91.7%) using even higher input molar ratio. 
These observations can be explained by the different charge 
characteristics of 791T/36 and H65. Isoelectric precip- 
itation of cAD-791T/36 would occur a t  a pH 8.0, because 
the average pZ of the antibody (PI = 8.2) is close to  this 
value. No such phenomena would be expected with CAD- 
H65 preparations at  this pH, due to the lower average 
isoelectric point of the antibody (PI = 6.2). An increase 
in pH of the coupling reaction (from pH 8.0 to 9.0) proved 
to be sufficient for precipitate-free synthesis of CAD- 
791T/36 conjugate (Table 111, conjugate 8). 

Following purification by gel filtration, HPLC was used 
to detect free anthracycline derivatives in the samples of 
CAD-MoAb conjugates. Quantitative analysis, per- 
formed on a reversed-phase column (pore size of 300 A, 
isocratic elution), indicated no detectable amount of free 
daunomycin, but the presence of 1-5% of CAD could be 
demonstrated in the conjugates using peak-area measure- 
ment calibrated with appropriate standards. 

To examine the retention of target cell binding activ- 
ity, conjugates were tested in a competitive inhibition 
assay. With this, the capacity of conjugate to inhibit the 
binding of FITC-labeled 791T/36 antibody to 791T cells 
and FITC-labeled H65 antibody to MOLT-4 (MSKCC) 
cells was determined by flow cytometry and compared 
with the capacity of unlabeled antibody. As shown in 
Figure 3, cAD-791T136 conjugates with low incorpora- 
tion (MSR < 5) displayed greater binding activity than 
conjugates with a higher degree of substitution MSR > 
10). The recovery of activity in conjugates belonging to 
the former group was between 25% and 6596, and with 
preparations of the latter group, recoveries of cell-bind- 
ing activity less than 10% were recorded. In contrast, 
the cell-binding activity of H65 monoclonal antibody with 
the antigen-positive cell line was largely retained after 
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BINCiNG 
ACTIVITY have a polycationic character containing more Arg and 

less acidic amino acid residues (mean p l  = 8.2), while 
H65 was found to be almost amphoteric (mean p l  = 6.5). 

A number of CAD-MoAb conjugates were prepared in 
order to analyze the dependence of coupling efficacy and 
target specific binding activity upon the physicochemi- 
cal features of the drug and of the antibodies, and con- 
sequently upon the reaction conditions (i.e. coupling agent, 
cAD/protein input molar ratio, pH). The carbodiimide- 
mediated activation of CAD and the coupling procedure 
were studied separately. Our results clearly demon- 
strate that  the efficacy of conjugation could be con- 
trolled by the input druglprotein ratio or by the choice 
of carbodiimide. These data also suggest that  the degree 
of drug incorporation could be influenced dramatically 
by the ionization state of both CAD and monoclonal anti- 
bodies. The above studies led to the following conclu- 
sions: (1) CAD could be effectively activated by a carbo- 
diimide at  lower pH probably due to the protonation of 
one of the two carboxylate groups in the molecule. No 
data are available for the acidity of CAD. Acidity con- 
stants only for aconitic acid are known (pKal = 2.8, PKaZ 
= 4.6). ( 2 )  Coupling of activated CAD to monoclonal anti- 
body could be optimized by performing this procedure 
at  a pH above the average PI of the uncoupled antibody. 
As suggested by the comparison of our cAD-791T/36 and 
CAD-H65 studies, a reproducible synthetic strategy could 
be designed for each individual MoAb. I t  should be noted 
that the MSRs are not necessarily linearly related to the 
input cAD/MoAb ratios, probably due to some confor- 
mational changes during the sequential process of cou- 
pling. On the basis of these considerations, it is feasible 
to prepare CAD-MoAb conjugates with desired average 
molar substitution ratio. However, there are some limi- 
tations with this particular model system using CAD (which 
itself is a mixture of two isomers), which contains two 
types of carboxyl group with unknown relative reactiv- 
ity. 

With respect of the retention of cell-binding activity 
we determined that cAD-791T/36 conjugates differed from 
the CAD-H65 preparations. In the former group, the aver- 
age molar substitution ratio was almost inversely propor- 
tional to the antibody reactivity, which may be related 
to the particular distribution of lysine residues within 
the Fab regions of the 791T/36 antibody. Similar obser- 
vations have been made by other investigators using var- 
ious monoclonal antibody-drug conjugates (20). CAD- 
H65 conjugates with high MSR were exceptionally active. 
The reason for this is unknown and further studies are 
required to determine whether domains exposed and/or 
generated by CAD attachment are more accessible for 
hydrophobic interaction with the target-cell surface fol- 
lowing the binding of antibody to its target antigens. Alter- 
natively, modification of the net charge of the conjugate 
compared with that of antibody may also influence the 
specific binding activity of conjugates, and it  is further 
feasible that preferential substitution of H65 antibody 
in nonantigen binding regions of the protein may occur. 

10 m E 
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Figure 3. Correlation of antibody reactivity with mean sub- 
stitution ratio in (1) H65 and (2) 791T/36 conjugates. Anti- 
body reactivity is expressed as a percentage of the binding activ- 
ity of unconjugated antibody to fixed cells expressing the appro- 
priate antigen. 

conjugation. As is indicated in Figure 3, a reduction in 
reactivity of 30-3574 was observed with target cells, but 
this was almost independent, regardless of the degree of 
substitution achieved (up to 30 mol of cAD/mol of pro- 
tein). 

DISCUSSION 
The clinical potential of daunomycin-MoAb conju- 

gates includes the immunochemotherapy of cancer (29) 
and modulation of immune responses (13,26). Many stud- 
ies have demonstrated the specific toxicity of daunomy- 
cin or adriamycin on tumor cells when coupled to MoAb 
raised to tumor-associated antigens (38, 39). However, 
less emphasis has been directed toward the reliable and 
reproducible synthesis of anthracycline-MoAb conju- 
gates. Attempts to compare the effect of various link- 
age between daunomycin and MoAb have been made (211, 
but no systematic studies were performed to optimize 
conjugation by using any particular method. One objec- 
tive of this work has been to develop procedures suitable 
for the preparation of conjugates with predictable MSR 
and cell-binding activity. In order to achieve this, a model 
system was established, in which the cis-aconityl deriv- 
ative of daunomycin and two MoAbs with different chem- 
ical characteristics were used. 

Highly purified daunomycin, obtained following effi- 
cient and rapid flash chromatography, was reacted with 
cis-aconitic anhydride. In respect of the pKa of ammo- 
nium and phenol groups of daunomycin, this reaction 
was kept under pH control to avoid decomposition (pH 
>9.5) or low yield (pH <9.0). Although CAD proved to 
be homogeneous on TLC, HPLC analysis revealed the 
presence of two isomers in a 1:l molar ratio. Since these 
isomers could have different physicochemical proper- 
ties, their isolation and characterization would be an appro- 
priate objective in further experiments. Determination 
of the molar absorptivity of daunomycin in the X = 475- 
480-nm range varies from 9100 (40) to 11 500 M-' cm-' 
(41) in the literature. I t  is generally accepted that the 
same molar absorptivity is relevant for CAD, but no exper- 
imental data have been reported. Our results with highly 
purified CAD did not support this assumption and a sig- 
nificantly lower t value (8000 M-l cm-l) was determined. 

Monoclonal antibodies used for these studies were char- 
acterized by their amino acid composition and charge prop- 
erties. These results indicated pronounced structural dif- 
ferences between the two antibodies; 7911'136 proved to 
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N,N'-Bis(2-hydroxybenzyl) - 1 - (4-bromoacetamidobenzyl) - 1,2-ethylene- 
diamine-N,N'-diacetic Acid: A New Bifunctional Chelate for 
Radiolabeling Antibodies 
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N,N'-Bis(2-hydroxybenzyl)-l-(4-bromoacetamidobenzyl)-l,2-ethylenediamine-N,Nf-diacetic acid 
(BraHBED) was synthesized to bind trivalent metals with high stability constants and to bifunction- 
ally link the radiometal with antibodies (Ab). This ligand has advantages over our previously reported 
N-( 2-hydroxy-3,5-dimethylbenzyl)-Nf- (2-hydroxy-5-bromoacetamidobenzyl)ethylenediamine-N,N'- 
diacetic acid (BrMe2HBED). BraHBED has the protein coupling group BrCHzCONH removed from 
the sterically hindered ring position with the addition of a benzyl group in the linker arm; this pro- 
vides further distance between the protein and the chelate. We have also observed that the chelate 
was more stable than BrMezHBED, so it can be stored longer without loss of observed chemical 
properties. The improved chelate design allows for more rapid radiolabeling with [ lllIn]indium tit- 
rate (1 h at  room temperature) with higher radiochemical yields. BraHBED was conjugated with an 
anticolorectal carcinoma monoclonal antibody (1A3) where radiolabeling yields of 75-90 % were obtained 
and the antibody retained its immunoreactivity (ca. 90 % ) under all labeling conditions studied. Bio- 
distribution studies in a hamster transplanted tumor (GW39) model demonstrated a high tumor uptake 
when compared to those of lz51-lA3 or l'lIn-DTPA cyclic anhydride-1A3. Blood clearance of "'In- 
BraHBED-lA3 was rapid and combined with its high target uptake has higher target to nontarget 
ratios in vivo a t  various time intervals when compared with that of 1A3 radiolabeled with either 
"'In-DTPA cyclic anhydride or 1251. 

Proteins and antibodies (Abs) have been radiolabeled 
with various radiometals (eg, I11In, 67g68Ga, 153Gd, 67Cu) 
with the use of bifunctional chelates (1-15). Although 
high radiolabeling yields can be obtained, because of slow 
nontarget tissue clearance in vivo, these radiolabeled Abs 
demonstrate less than the desired localization after a rea- 
sonable time. This high nontarget uptake coupled with 
relatively slow nontarget tissue clearance, may poten- 
tially mask Ab accumulation, in addition to the unnec- 
essary radiation dose to the clearance organs. A bifunc- 
tional chelate that is capable of rapid clearance of the 
conjugated Ab from the blood and nontarget organs, does 
not interfere with the Ab immunoreactivity, and has a 
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very high metal stability constant would be ideal. Indium- 
111 has been widely utilized to radiolabel Abs; its 2.8 
day physical half-life is sufficiently long to obtain high 
target to nontarget ratios and its medium energy y-rays 
are reasonable for imaging with conventional nuclear med- 
icine equipment. Diethylenetriaminepentaacetic acid 
(DTPA) cyclic anhydride has been utilized to bind lllIn 
to proteins and Abs (16-20); however, in vivo, the radi- 
olabeled proteins have slow clearance and some or most 
of the radioactivity remains in the liver or kidneys (21, 
22). Many investigators have described this incomplete 
clearance from the liver (intact antibody) or kidneys (anti- 
body fragments) when "'In-DTPA-conjugated Ab was 
used (23-26). Other approaches to radiolabeling anti- 
bodies which used functionalized DTPA or EDTA (eth- 
ylenediaminetetraacetic acid) to covalently attach the che- 
late to the antibody have been utilized with similar results 

Recent work on in vivo biodistribution of the radio- 
metal complexes of HBED [N,Nf-bis(2-hydroxybenz- 
y1)ethylenediamine-N,Nf-diacetic acid] and its ana- 

(13-15, 27-32). 
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ally link the radiometal with antibodies (Ab). This ligand has advantages over our previously reported
N-( 2-hydroxy-3,5-dimethylbenzyl)-Nf- (2-hydroxy-5-bromoacetamidobenzyl)ethylenediamine-N,N'-
diacetic acid (BrMe2HBED). BraHBED has the protein coupling group BrCHzCONH removed from
the sterically hindered ring position with the addition of a benzyl group in the linker arm; this pro-
vides further distance between the protein and the chelate. We have also observed that the chelate
was more stable than BrMezHBED, so it can be stored longer without loss of observed chemical
properties. The improved chelate design allows for more rapid radiolabeling with [ lllIn]indium tit-
rate (1 h at room temperature) with higher radiochemical yields. BraHBED was conjugated with an
anticolorectal carcinoma monoclonal antibody (1A3) where radiolabeling yields of 75-90 % were obtained
and the antibody retained its immunoreactivity (ca. 90 % ) under all labeling conditions studied. Bio-
distribution studies in a hamster transplanted tumor (GW39) model demonstrated a high tumor uptake
when compared to those of lz51-lA3 or l'lIn-DTPA cyclic anhydride-1A3. Blood clearance of "'In-
BraHBED-lA3 was rapid and combined with its high target uptake has higher target to nontarget
ratios in vivo a t various time intervals when compared with that of 1A3 radiolabeled with either
"'In-DTPA cyclic anhydride or 1251.
Proteins and antibodies (Abs) have been radiolabeled
with various radiometals (eg, I11In, 67g68Ga, 153Gd, 67Cu)
with the use of bifunctional chelates (1-15). Although
high radiolabeling yields can be obtained, because of slow
nontarget tissue clearance in vivo, these radiolabeled Abs
demonstrate less than the desired localization after a rea-
sonable time. This high nontarget uptake coupled with
relatively slow nontarget tissue clearance, may poten-
tially mask Ab accumulation, in addition to the unnec-
essary radiation dose to the clearance organs. A bifunc-
tional chelate that is capable of rapid clearance of the
conjugated Ab from the blood and nontarget organs, does
not interfere with the Ab immunoreactivity, and has a
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Edward Mallinckrodt Institute of Radiology, Washington Uni-
versity School of Medicine, 510 South Kingshighway Blvd., Box
8131, St. Louis, MO 63110.
+ Washington University School of Medicine. * Texas A&M University.
5 Jewish Hospital.
very high metal stability constant would be ideal. Indium-
111 has been widely utilized to radiolabel Abs; its 2.8
day physical half-life is sufficiently long to obtain high
target to nontarget ratios and its medium energy y-rays
are reasonable for imaging with conventional nuclear med-
icine equipment. Diethylenetriaminepentaacetic acid
(DTPA) cyclic anhydride has been utilized to bind lllIn
to proteins and Abs (16-20); however, in vivo, the radi-
olabeled proteins have slow clearance and some or most
of the radioactivity remains in the liver or kidneys (21,
22). Many investigators have described this incomplete
clearance from the liver (intact antibody) or kidneys (anti-
body fragments) when "'In-DTPA-conjugated Ab was
used (23-26). Other approaches to radiolabeling anti-
bodies which used functionalized DTPA or EDTA (eth-
ylenediaminetetraacetic acid) to covalently attach the che-
late to the antibody have been utilized with similar results
Recent work on in vivo biodistribution of the radio-
metal complexes of HBED [N,Nf-bis(2-hydroxybenz-
y1)ethylenediamine-N,Nf-diacetic acid] and its ana-
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N,N'-Bis(2-hydroxybenzyl)-l-(4-bromoacetamidobenzyl)-l,2-ethylenediamine-N,Nf-diacetic acid 
(BraHBED) was synthesized to bind trivalent metals with high stability constants and to bifunction- 
ally link the radiometal with antibodies (Ab). This ligand has advantages over our previously reported 
N-( 2-hydroxy-3,5-dimethylbenzyl)-Nf- (2-hydroxy-5-bromoacetamidobenzyl)ethylenediamine-N,N'- 
diacetic acid (BrMe2HBED). BraHBED has the protein coupling group BrCHzCONH removed from 
the sterically hindered ring position with the addition of a benzyl group in the linker arm; this pro- 
vides further distance between the protein and the chelate. We have also observed that the chelate 
was more stable than BrMezHBED, so it can be stored longer without loss of observed chemical 
properties. The improved chelate design allows for more rapid radiolabeling with [ lllIn]indium tit- 
rate (1 h at  room temperature) with higher radiochemical yields. BraHBED was conjugated with an 
anticolorectal carcinoma monoclonal antibody (1A3) where radiolabeling yields of 75-90 % were obtained 
and the antibody retained its immunoreactivity (ca. 90 % ) under all labeling conditions studied. Bio- 
distribution studies in a hamster transplanted tumor (GW39) model demonstrated a high tumor uptake 
when compared to those of lz51-lA3 or l'lIn-DTPA cyclic anhydride-1A3. Blood clearance of "'In- 
BraHBED-lA3 was rapid and combined with its high target uptake has higher target to nontarget 
ratios in vivo a t  various time intervals when compared with that of 1A3 radiolabeled with either 
"'In-DTPA cyclic anhydride or 1251. 

Proteins and antibodies (Abs) have been radiolabeled 
with various radiometals (eg, I11In, 67g68Ga, 153Gd, 67Cu) 
with the use of bifunctional chelates (1-15). Although 
high radiolabeling yields can be obtained, because of slow 
nontarget tissue clearance in vivo, these radiolabeled Abs 
demonstrate less than the desired localization after a rea- 
sonable time. This high nontarget uptake coupled with 
relatively slow nontarget tissue clearance, may poten- 
tially mask Ab accumulation, in addition to the unnec- 
essary radiation dose to the clearance organs. A bifunc- 
tional chelate that is capable of rapid clearance of the 
conjugated Ab from the blood and nontarget organs, does 
not interfere with the Ab immunoreactivity, and has a 
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very high metal stability constant would be ideal. Indium- 
111 has been widely utilized to radiolabel Abs; its 2.8 
day physical half-life is sufficiently long to obtain high 
target to nontarget ratios and its medium energy y-rays 
are reasonable for imaging with conventional nuclear med- 
icine equipment. Diethylenetriaminepentaacetic acid 
(DTPA) cyclic anhydride has been utilized to bind lllIn 
to proteins and Abs (16-20); however, in vivo, the radi- 
olabeled proteins have slow clearance and some or most 
of the radioactivity remains in the liver or kidneys (21, 
22). Many investigators have described this incomplete 
clearance from the liver (intact antibody) or kidneys (anti- 
body fragments) when "'In-DTPA-conjugated Ab was 
used (23-26). Other approaches to radiolabeling anti- 
bodies which used functionalized DTPA or EDTA (eth- 
ylenediaminetetraacetic acid) to covalently attach the che- 
late to the antibody have been utilized with similar results 
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Chart I.  Structural Comparison of the Parent Multi- 
dentate Ligands (33), BrMezHBED (40),  and BraHBED 

R 4  

HOOC 7 r COOH 
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tal conditions, initial radiolabeling efficacy, and conju- 
gation efficiency. The monoclonal antibody (MAb) used 
in the animal studies, 1A3, is a murine MAb (IgG1, K ) ,  

which binds to a lipid antigen found enriched in human 
colon cancer cells (36-38). Hybridoma cells producing 
1A3 were grown as ascites in pristane-primed BALB/c 
mice. 1A3 was precipitated with 40% (NH4)2S04 and 
purified by Sephadex G-150 and DEAE Sephacryl chro- 
matography. SDS-PAGE (7.5% ) has shown that these 
MAbs are ca. 90 % pure. The 1A3 was stored frozen (-80 
"C) in PBS at  ca. 7.5 mg/mL; prior to radiolabeling, the 
1A3 solution was either washed in a small-volume spin 
column to effectively switch to the buffer appropriate to 
the exact conditions or radioiodinated in PBS. IgG was 
diluted in either 0.01 M citrate or 0.04 M acetate buffer. 

The proton NMR spectra were recorded with a Varian 
XL-200 NMR spectrometer operating at  200 MHz, and 
chemical shifts were reported in ppm relative to tetra- 
methylsilane. The mass spectra were obtained with VG 
analytical 70s high-resolution double-focusing magnet- 
ic-sector spectrometer, with an attached VG analytical 
11/250J data system. The C, H, N analyses were per- 
formed by Galbraith Laboratories, Inc., Knoxville, TN. 

Synthesis of Br9HBED was carried out as shown in 
Scheme I and as described. 

1- (4-Nitrobenzyl) -N,N-bis (2-  hydroxybenzylide- 
ne)ethylenediamine (I) and 1-(4-Nitrobenzyl)-N,N- 
bis(2-hydroxybenzy1)ethylenediamine (11). 1-(4-Ni- 
trobenzy1)ethylenediamine (1.46 g, 7.5 mmol) was added 
to a solution of 1.83 g of salicylaldehyde (15 mmol) and 
2 mL of absolute ethanol. After heating at  80 "C for 20 
min, the reaction mixture was cooled with an ice-water 
bath. The yellow, crystalline product was collected by 
filtration, washed with absolute ethanol and dry ethyl 
ether, and vacuum dried under P z O ~  overnight; 2.4 g of 
product was obtained (yield = 80% ). lH NMR (in DMSO- 
&): 8.59 and 8.37 (s, s, 1 H, 1 H,  -CH=N-), 8.16 (d, 
2 H, 3-proton, and 5-proton of 4-nitrobenzyl), 7.55 (d, 2 
H, 2-proton, and 6-proton of 4-nitrobenzyl), 6.8-7.5 (m, 
8 H, 3,4,5,6-protons of the 2-hydroxybenzylidene), 3.3 and 
4.0 (m, m, 5 H, -CHzCHCHz-) ppm. 

A 3.54-g portion of the above Schiff base (I) was sus- 
pended in a solvent consisting of 25 mL of absolute eth- 
anol and 25 mL of ethylene glycol dimethyl ether. I t  
formed a bright yellow solid suspended in a yellow solu- 
tion. To this suspension was added ca. 0.7 g of NaBH4 
portionwise. The reaction mixture was stirred at  room 
temperature for 2 h (still pale yellow). The solvent was 
removed by distillation under reduced pressure. To the 
yellow oil which remained was added 20 mL of water and 
the product was extracted four times with 50 mL of 
CH2ClZ. The CHZC12 solutions were combined and decol- 
orized with 2 g of activated charcoal. The mixture was 
warmed for 5-10 min. After filtration a nearly colorless 
CHzC12 solution was obtained. This solution was dried 
with anhydrous MgS04 for 24 h. After removal of 
MgSOcxHzO and the solvent, 3.5 g of a pale yellow, oily 
product was obtained (yield = 95%). 'H NMR (in CDCl3): 
8.12 (d, 2 H, 3-proton and 5-proton of 4-nitrobenzyl), 7.28 
(d, 2 H, 2-proton, and 6-proton of 4-nitrobenzyl), 6.8-7.2 
(m, 8 H, 3,4,5,6-protons of the 2-hydroxybenzyl), 3.9 and 
2.6-3.1 (m, 5 H,  -CHzCHCHz-) ppm. 
1-(4-Nitrobenzyl)-N,N-bis(2-hydroxybenzyl)eth- 

ylenediamine-N,N-diacetic Acid (111). To 1.7 g (4.2 
mmol) of 1-(4-nitrobenzyl)-N,N'-bis(2-hydroxybenzyl)- 
ethylenediamine, under argon gas, was added 25-30 mL 
of BSA, and the reaction mixture was heated with a 60-70 
"C oil bath for 2 h and then at  90 "C for 1 h. I t  was then 

R4 

Me,HBED CH3 CH3 CH3 H 

BrMe,HBED CH3 H NHCOCH,Br H 

- R3 - R1 R, -- 
HBED H H H  H 

Br@HBED H H H  CH,@NHCOCH,Br 

logues (alkyl groups added to the aromatic rings), where 
rapid liver and blood clearance was observed (33),  led to 
the selection of a multidentate ligand, Me4HBED, as the 
ligand to be derivatized for protein labeling (Chart I). 
This ligand was modified by functionalizing a benzene 
ring with NHCOCHzBr to form an effective protein link- 
ing group (401, which forms a covalent bond between free 
amino groups in the protein (after alkylation) and the 
active bromoacetamido group (31, 34). Although this 
ligand (BrMeZHBED) had characteristics superior to iodi- 
nated and lllIn-DTPA-labeled antibodies, it suffered from 
several deficiencies. Among these were the instability 
of BrMeZHBED, along with the fact that long incuba- 
tion times were needed to achieve high labeling yields. 
For this reason, we have developed the title compound, 
a new bifunctional chelate where the bromoacetamido 
group was situated on the ethylene backbone of the HBED 
structure a t  a greater distance from the chelating groups. 

EXPERIMENTAL PROCEDURES 

Materials and Methods. 4-Nitro-d,l-phenylalanine, 
salicylaldehyde, sodium borohydride, palladium on acti- 
vated carbon (10% 1, borane-tetrahydrofuran complex (1.0 
M solution in tetrahydrofuran), bis(trimethylsily1)ace- 
tamide (BSA), trimethylsilyl bromoacetate, 2,4,6- 
collidine, and bromoacetyl bromide were purchased from 
Aldrich Chemical Co. and were used without further puri- 
fication. Benzene and methanol were dried with 4A molec- 
ular sieves. Ethylene glycol dimethyl ether, and tetrahy- 
drofuran were refluxed with LiA1H4 and redistilled. 1-(4- 
Nitrobenzy1)ethylenediamine was prepared by the method 
of DeReimer et  al. (14) .  [lllIn]Indium chloride (50 
mCi/mL in sodium chloride, pH 1-2) was provided by 
Mallinckrodt, Inc. Ultrapure sodium acetate, indi- 
um(II1) acetate (99.99 70 1, and indium(II1) chloride 
(99.999% ) were purchased (Morton Thiokol, Aesar, and 
Aldrich Chemical Co., respectively). Diethylenetriamine- 
pentaacetic acid (DTPA) anhydride was purchased (Sigma 
Chemical Co.) and dissolved in chloroform. Solutions of 
indium(II1) were prepared by dissolving known amounts 
of either indium(II1) acetate in glacial acetic acid or indi- 
um(II1) chloride in hydrochloric acid (0.1 N). Buffer solu- 
tions were prepared with HPLC-grade water (>17 Mn/cm; 
Milli-Q System, Millipore Division, Waters Associates). 
Solutions of sodium citrate, 0.1 M and 0.01 M, pH 8, 
and sodium acetate, 0.4 M and 0.04 M, pH 5 ,  were used 
throughout. Phosphate-buffered saline (PBS) consisted 
of 137 mM sodium chloride, 8.1 mM sodium phosphate, 
1.46 mM potassium phosphate, and 2.7 mM potassium 
chloride, pH = 7.3-7.4. Sephadex G-25 and G-50 (Sigma 
Chemical Co.) was utilized to prepare small volume (1-3 
mL) spin columns (35). Bovine immunoglobulin G (IgG, 
Sigma Chemical Co.) was used to determine experimen- 
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allowed to stand at room temperature for 16 h. The excess 
BSA was removed by distillation a t  65 "C (25 mmHg). 
The byproduct (silylated acetamide) was removed a t  45 
"C (1 mmHg). To  the yellow sticky residue were added 
4 mL of dry benzene, 7 mL (43 mmol) of trimethylsilyl 
bromoacetate, and 5.5 mL (42 mmol) of 2,4,6-collidine, 
successively. The reaction mixture was heated in a 40-50 
"C bath for 5 h and then allowed to stand a t  room tem- 
perature for 15 h. 

The benzene, excess BrCH2COOSiMe3, and 2,4,6-col- 
lidine were removed by distillation under reduced pres- 
sure. To  the residue was added 100 mL of 6 N HC1, the 
mixture was stirred a t  room temperature for 15 h, and a 
clear solution was obtained. Four portions of 50 mL of 
ethyl ether were used to extract the acidic byproduct. 
To  the aqueous phase was added 50% aqueous NaOH 
to increase the pH to 11. Four portions of 50 mL of ether 
were used to extract the collidine and other basic impu- 
rities. The aqueous phase was separated and filtered, 
and 6 N HCl was then added to precipitate I11 at pH 
8-9. The precipitation was complete a t  pH 2.5. This 
product was redissolved in an aqueous solution at pH 11 
and reprecipitated a t  pH 2.5 with HC1. The product was 
collected by filtration, washed with 0.01 N HCl, and dried 
in a desiccator over P205 for 16 h; 1.69 g of pure product 
was obtained (yield = 77%).  FAB MS ( m / e ) :  (M + H)+ 
= 524. Anal. Calcd for C27H29N30gH20: C, 59.89; H, 
5.73; N, 7.76. Found: C, 60.02; H, 5.62; N, 7.36. The 
disodium salt was also prepared by recrystallization from 
an aqueous methanol solution. FAB MS (m/e )  (M + 
H)+ = 546 and 568, which corresponds to the mono- and 
disodium salts. Anal. Calcd for C27H2,N308Na2-2.5Hz0: 
C, 52.94; H,  5.23; N, 6.86. Found: C, 53.17; H, 5.78; N, 
6.85. 
l-(4-Aminobenzyl)-N,W-bis(2-hydroxybenzyl)- 

ethylenediamine-N,N-diacetic Acid (IV). To a 50-mL 
round-bottomed flask were added 20 mL of methanol and 
0.21 g (0.4 mmol) of 111. To this suspension was added 
0.341 mL of 2.68 M NaOH, and a clear yellow solution 
was obtained. While the solution was covered with argon, 
150 mg of 10% Pd/C was added. This reaction mixture 
was reacted with Hz a t  1 atm of pressure in an ice-water 
bath for 5 h until the calculated amount of H:! was con- 
sumed. Under argon gas, 0.70 mL of 2.5 M HCl was then 

V 
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BrCH,COHN 

BrCH,COBr N N  
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added to the reaction mixture. The catalyst was removed 
by two successive filtrations with Whatman No. 42 filter 
paper. The filtrate was evaporated to near dryness over 
a water bath at 40 "C under reduced pressure. 

'H NMR (in D20) showed that the 8.0 ppm doublet 
of the nitrobenzyl group had disappeared and the two 
aminobenzyl doublets a t  about 6.8-7.4 ppm overlapped 
with the other aromatic protons peaks (yield > 95%). 
The aqueous solution is nearly colorless. 
1-(4-Bromoacetamidober~zyl)-N,N-bis(2-hydroxy- 

be n z y 1 )et h y 1 en e d i a m i ne - N, N' - d i a c e t i c Acid ( V ) . 
About 0.4 mmol of the IV, the monohydrochloride salt, 
which was obtained from the catalytic hydrogenation of 
0.21 g (0.4 mmol) of nitro compound 111, was placed in a 
25-mL beaker and was dissolved in 4 mL of water. About 
1.2 mL of 1 M NaOH was added until the pH reached 
7.5. Eight to nine portions of 20 FL of bromoacetyl bro- 
mide were added to the beaker, which was cooled by an 
ice-water bath. When the pH dropped below 7, addi- 
tional 1 M NaOH was added. The reaction mixture was 
stirred thoroughly with a glass stirring rod. The solu- 
tion was checked for the presence of the amino group 
with fluorescamine (39) until the test was negative. 

When the reaction was complete, two 8-mL portions 
of ether were used to extract the excess bromoacetyl bro- 
mide. The aqueous phase was filtered and 2.5 M HC1 
was added dropwise to the solution until the pH was 
reduced to 2.5. The pale pink precipitate was filtered 
and washed successively with cold 0.01 M HC1 and ether. 
It was vacuum dried over P205 a t  room temperature in 
a desiccator for 2-3 h; 0.22 g of product was obtained 
(yield = 89%). FAB MS (mle) :  (M + H)+ = 614, the 
isotopic patterns show that this molecule contains one 
Br atom. Anal. Calcd for C B H ~ Z N ~ O ~ B ~ J / Z H Z O :  C, 55.86; 
H,  5.30; N, 6.74. Found: C, 55.96; H, 5.42; N, 6.76. 

Conjugation of BrQHBED with Ab. BraHBED (V) 
was dissolved in 0.01 M citrate buffer (2 mg/mL) imme- 
diately prior to use. The pH of the 0.01 M and 0.1 M 
citrate buffer was varied from 5 to 8 to determine opti- 
mal conditions; the pH was maintained throughout the 
conjugation, radiolabeling, and purification procedures. 
The appropriate volume of Br9HBED solution was added 
to the Ab in 0.01 M citrate buffer (concentration > 2  
mg/mL). The amounts of ligand (L) and Ab were var- 
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ied to achieve mole ratios varying from 1:l to 1OO:l (L:Ab). 
The Ab was incubated with BrQHBED at room temper- 
ature for 24 h. The unbound BrQHBED was removed 
from the conjugated Ab-BrQHBED by gel chromatogra- 
phy separation on a Sephadex G-50 spin column in 0.01 
M citrate buffer. The separation was completed after a 
7-min centrifugation (GLC-2B Sorvall centrifuge with HL-4 
swing ing-bucke t  r o t o r )  a t  1OOOg. T h e  e l u t e d  
Ab-BrQHBED conjugate was collected and the protein 
concentration was determined by colorimetric assay (Bio- 
Rad Protein Assay). The conjugated Ab can be stored 
at  -80 "C for several months without decomposition as 
determined by radiolabeling efficiency. The conjuga- 
tion efficiency was determined by titration of BrQHBED- 
IgG with indium(II1) as described elsewhere (40). 

Radiolabeling BraHBED-Ab with lllIn was accom- 
plished by mixing [lllIn]indium chloride in citrate buffer 
(0.1 M, pH 8, less than 100 pL) with the purified, conju- 
gated Ab. The labeling solution was incubated a t  room 
temperature for 1-24 h, when a final purification was 
carried out with an additional 1-mL Sephadex G-50 spin 
column ( in  0.01 M c i t r a t e  bu f fe r ) .  T h e  "'In- 
BraHBED-Ab passed through the column while unbound 
lllIn remained on the gel bed. Control separations of 
["'Inlindium citrate alone, [lllIn]indium citrate incu- 
bated with unconjugated Ab, and conjugated Ab alone 
were also carried out; [lllIn]indium citrate does not elute, 
but Ab and/or conjugated Ab are collected with ca. 90% 
protein recovery (by colorimetric assay). Radiolabeling 
was measured as the fraction of radiolabeled material that 
eluted through the spin column from the total amount 
applied to the column. 

Conjugation and radiolabeling with DTPA cyclic 
anhydride (0.5 mg/mL chloroform) was carried out by 
evaporating the desired amounts of the DTPA solution 
(23.8 pg/mg Ab to obtain a 1O:l mole ratio) with nitro- 
gen. The Ab (1 mg/200 mL in 0.04 M acetate buffer pH 
5) was added to the tube with the ligand film and mixed 
gently. This reaction was allowed to proceed for 1 h at  
room temperature; after the incubation, the conjugated 
Ab was purified on a 1-mL Sephadex G-50 spin column 
equilibrated with 0.04 M acetate buffer, pH 5. The con- 
jugated Ab was mixed with ll1In in 0.4 M acetate buffer 
(less than 100 pL of volume) and allowed to incubate at  
room temperature for 1 h. The 111In-labeled Ab was col- 
lected in the eluent from an additional 1-mL Sephadex 
G-50 spin column in 0.04 M acetate buffer. The conju- 
gation efficiency was determined by the isotope-dilution 
technique using indium(II1) to which "'In had been added 
(40). 

Iodinated 1A3 was prepared by using a conventional 
lactoperoxidase (41) or iodogen technique (42). lz5I- 
1A3 was separated from unbound lZ5I by use of a Sepha- 
dex G-25 spin column (35). With the use of this method, 
the specific activity of radiolabeled 1A3 after dilution 
with unlabeled 1A3 was 0.97 pCi/pg with 95% of the radio- 
activity recovered in a precipitable protein fraction (by 
TCA precipitation) (43) .  

An in vitro immunoreactivity assay (IRA) was devel- 
oped so the immunoreactivity of each radiolabeled-1A3 
preparation could be tested prior to in vivo use. The 
immunoreactive fraction of radiolabeled MAbs was deter- 
mined by linear extrapolation to binding a t  infinite anti- 
gen excess ( 4 4 )  with the following conditions: GW39 
human colon cancer cells (ca. 2.5 X lo8) were implanted 
in the right thigh musculature of male Golden Syrian 
hamsters, tumors were harvested 10-14 days later, and 
single-cell suspensions were obtained by processing the 
tissue through wire-mesh screens. The isolated tumor 
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cells were stored in liquid nitrogen as a 50 5% cell suspen- 
sion (v/v) in McCoy's 5A medium containing 10% di- 
methyl sulfoxide. Upon thawing, these cell suspensions 
were demonstrated to have more than 90% viability as 
determined by trypan blue dye exclusion. Significant 
decreases in cell viability were not observed over the course 
of this assay (4 h average). One concentration of labeled 
antibody (40 ng) and various dilutions of GW39 cells 
(range: 1.25 x lo7-2.5 x lo8) were incubated together 
for 1 h at  37 "C. Extensively washed cells were counted 
and the binding data were plotted. 

Animal biodistribution experiments were carried out 
in 3-6 week old immunocompetent male Golden Syrian 
hamsters with GW39 human colon carcinoma tumors (45). 
Tumor cell suspensions (50%, v/v; 0.5 mL ca. 2.5 X lo8 
cells) were injected in the right thigh musculature of the 
hamsters and allowed to grow for 2-5 days before radio- 
labeled 1A3 was injected. The hamsters received KI in 
their drinking water (24 h prior) to block thyroid uptake 
of any unbound 1251, Hamsters were coinjected intra- 
cardially with 25 pg of ll1In-1A3, BrQHBED or DTPA 
conjugated, and 25 pg of lZ5I-1A3. Tumors were har- 
vested 3 or 5 days after the radiolabeled 1A3 injection. 
The entire tumor, bladder, heart, stomach, kidneys, spleen, 
and thyroid were removed, as well as samples of blood, 
skin, muscle, liver, lung, and intestine. All organs were 
rinsed in PBS, blotted, weighed, and then counted in an 
automated y-scintillation NaI(T1) well-type counter. 

RESULTS 
The procedure employed for the synthesis of the bifunc- 

tional ligand BrQHBED is somewhat different from that 
reported previously for BrMezHBED (40), mostly due 
to the greater chemical stability of BrQHBED. The amino 
intermediate of BrMeZHBED formed by hydrogenation 
of the nitro precursor was not isolated and character- 
ized, but was immediately acylated with BrCHzCOBr to 
give the final product, which precipitated from acid solu- 
tion. While stable in contact with acid, it undergoes per- 
ceptible deterioration when kept in aqueous solution a t  
acylation pH (-7.5). Even in the acid form BrMezHBED 
underwent slow decomposition when maintained for long 
periods of time (days) at  room temperature. Therefore, 
it was not characterized by elemental analysis or by NMR 
(which would have required dissolution in alkaline DzO 
solution) but mass spectrometry provided the required 
criteria of purity (40). With respect to BrQHBED, the 
greater stability of intermediate amino compound IV made 
possible its isolation and characterization by NMR (see 
the Experimental Procedures). Also, the final product 
(V) (which was prepared by acylation of the amine with 
BrCHZCOBr and finally isolated by precipitation with 
acid under the same conditions as those employed for 
the preparation of BrMeZHBED) was sufficiently stable 
for more complete characterization. While NMR was still 
preempted for solubility reasons, as in the previous case, 
it was possible to obtain an excellent elemental analysis, 
demonstrating the purity of the compound. The analyt- 
ical results are further supported by mass spectral deter- 
mination (FAB) showing two nearly equivalent peaks, the 
isotopic distribution of bromine, a t  mass M + H+ = 614 
and 616. There were no peaks which corresponded to 
the presence of two bromine atoms, demonstrating that 
additional 0-acylation of the phenolic groups did not take 
place. Also, there were no bromine-free peaks corre- 
sponding to alkylation of the ligand by BrCHZCOBr, fol- 
lowed by hydrolysis to a NHCHzCOOH function. 

The radiolabeling parameters were determined by eval- 
uation with IgG or 1A3 in 0.01 M citrate buffer. The 
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Table I. Effect of pH on Radiolabeling" of BraHBED- 
IgGb with [lllIn]Indium CitrateC 

Mathias et al. 

PH c~ radiolabeling 
38.8 f 18.7 
42.6 i 10.5 
52.6 f 4.1 
71.1 f 4.7 

0 One hour a t  room temperature. 1O: l  mole ratio, 24-h incuba- 
tion. c X * SD, n = 3. 

Table 11. Effect of Conjugation Time on Radiolabeling of 
BraHBED-IgG" 

% radiolabeled ( X  f SD, n = 3) 
L:Ab l h  3 h  8 h  24 h 

0 : l b  1.88 z t  0.11 
1:l 18.1 f 4.2 
2:l 10.1 f 0.6 19.9f 1.9 29.1 f 1.9 14.5 f 0.8 
5: 1 32.2 f 4.7 

1O:l 29 f 0.4 37.2 f 0.3 57.6 f 0.4 71.5 f 9.7 
50: 1 68.2 f 11.6 

1OO:l 26.2f0.5 19.0f2.3 37.6f1.1 75.5f6.1 

* One-hour incubation time with [lllIn]indium citrate (pH 8). 
Unconjugated Ab was incubated with [lllIn]indium citrate, con- 

ditions as described above. 

effect of pH on the conjugation and radiolabeling effi- 
ciencies was examined and the optimum pH for the con- 
jugation and radiolabeling was found to be pH 8 (Table 
I). The effect of incubation time (1, 3, 18, and 24 h at  
room temperature) for conjugation of BraHBED with 
Ab on the radiolabeling efficiency was determined at  pH 
7-8 (Table 111, as well as the effect of the amount of 
BraHBED (mole ratio with respect to Ab; conjugated 
for 24 h at room temperature). A 1-h incubation (at room 
temperature) of "'In with BraHBED-IgG ( l O : l ,  conju- 
gated for 24 h at  room temperature in 0.01 M citrate 
buffer, pH 8) was sufficient to achieve 75-90% radiola- 
beling; the efficiency was not improved with longer incu- 
bations, which were determined after 5, 18, and 24 h. 
The control Sephadex G-50 spin column separations dem- 
onstrate the effectiveness of these radiolabeling condi- 
tions; only 0.13 f 0.12% (n  = 3) of the radioactivity is 
eluted when [lllIn]indium citrate alone was applied, and 
when unconjugated Ab was incubated with [ lllIn]indium 
citrate only 1.88% of the radioactivity was recovered with 
the protein (Table 11). The conjugation efficiency was 
determined by binding conjugated IgG with ["'Inlindium 
at various specific activities. From the titration curves, 
assuming a 1:l (M:L) relationship, 1.1 (n  = 2) mol of 
BraHBED conjugates with 1 mol of IgG when 10 mol of 
BraHBED were used per mole of Ab. Under identical 
conditions, the conjugation efficiency of IgG with DTPA 
cyclic anhydride was determined to be 3.46 f 0.78 ( n  = 
4). 

The immunoreactivity (IR) values were determined from 
the plotted results of the cell-binding assay. The IR is 
the value of B / T  at  infinite dilution. For the example 
plotted in Figure 1 the radiolabeled 1A3 had an IR of 
82 ?b. A double reciprocal plot of the fraction of total 
added radioactivity bound to cells ([T]/[B]) as a func- 
tion of the inverse cell concentration can also be plotted 
(Figure 1). In this case, the IR = ( l / y  intercept) X 100, 
where the slope is a measure of the binding affinity. None 
of the described labeling techniques altered the binding 
affinity. The IR of l1'In-BraHBED-1A3 was compared 
with both ll1In-BrMezHBED-1A3 and lllIn-DTPA- 
1A3 (Figure 2). The effect on IR of the amount of ligand 
incubated with the Ab (mole ratio in reaction mixture) 
was also examined. Insignificant differences in IR were 

0.2 o.e i d  
0 20 40 BO 80 

l /ceIls (mIl10 million) 
I I 

0 0.4 0.8 1.2 1.6 2.0 2.4 
Number of Cells x l o 8  

Figure 1. A representative plot to  determine immunoreactiv- 
ity of radiolabeled 1A3. The IR is the value B / T  at infinite 
antigen concentration. The  double reciprocal plot (inset) of cell 
binding ([T]/[B]) vs cell concentration (l/cell no.) is also shown. 
The IR can be calculated from the intercept and the binding 
affinity can be calculated from the slope. 

loo 
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Table 111. Biodistribution of 1111n-BraHBED-1A3 and  12SI-Radiolabeled lA3 Coinjected in Hamsters with GW39 Tumors 
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% ID/g (X f SD, n = 5): time since tumor implantation, time after iniection 
2 days, 3 days 2 days, 5 days 5 days, 3 days 5 days, 5 days 

blood 
tumor 
liver 
kidney 
muscle 
tumor/ blood 
tumor/muscle 

111In-Br@HBED-lA3 (IR = 97 76 ) 
1.57 f 0.27 0.83 f 0.04 1.92 f 0.18 0.95 f 0.17 
7.94 f 1.28 6.00 f 0.83 4.63 f 0.51 3.69 f 0.35 
1.65 f 0.13 1.47 f 0.12 1.64 f 0.23 1.50 f 0.32 
2.77 f 0.32 2.80 f 0.19 2.46 f 1.21 2.81 f 0.55 
0.26 f 0.07 0.23 f 0.03 0.28 f 0.02 0.24 f 0.01 
5.15 f 1.05 7.27 f 0.99 2.43 f 0.31 3.96 * 0.59 

28.16 f 7.74 25.92 f 1.62 16.37 f 2.66 15.47 f 1.70 
1 

blood 2.25 f 0.36 
tumor 7.16 f 1.35 
liver 0.63 f 0.16 
kidney 0.44 f 0.06 
muscle 0.16 f 0.01 
tumor/ blood 3.23 f 0.74 
tumor/muscle 45.79 f 13.14 

261-1A3 (IR = 8576) 
1.46 f 0.07 2.81 f 0.26 1.70 f 0.31 
4.34 f 1.22 2.78 f 0.77 2.09 f 0.26 
0.38 f 0.07 0.65 f 0.08 0.41 f 0.08 
0.31 f 0.01 0.46 f 0.07 0.32 f 0.04 
0.10 f 0.01 0.18 f 0.03 0.13 f 0.01 
2.98 f 0.81 1.00 f 0.33 1.27 f 0.30 

43.07 f 12.76 15.88 f 5.73 16.67 * 2.64 

tumor weight (g) 0.553 f 0.078 0.835 f 0.081 0.895 f 0.210 1.324 f 0.542 

tumor P = 
blood P = 

>0.1 
<0.01 

<0.05 
<0.001 

<0.01 
<0.001 

<0.001 
<0.01 

Table IV. Biodistribution of 1111n-DTPA-lA3 and  12SI-Radiolabeled lA3 Coinjected in  Hamsters with GW39 Tumors 
% ID/% (X f SD, n = 5): time since tumor implantation, time after injection 

2 days, 3 days 2 days, 5 days 

ll'In-DTPA-lA3 (IR = 57%) 

5 days, 3 days 5 days, 5 days 

blood 1.55 f 0.07 0.80 f 0.05 1.06 f 0.04 0.56 f 0.06 
2.70 f 0.45 tumor 5.96 f 0.62 4.50 f 0.19 

liver 1.44 f 0.06 1.08 f 0.15 1.29 f 0.09 1.26 f 0.19 
kidney 2.84 f 0.37 2.99 f 0.22 4.14 f 0.18 4.03 f 0.70 
muscle 0.27 f 0.07 0.26 f 0.03 0.27 f 0.04 0.22 f 0.02 
tumor/ blood 3.84 * 0.36 5.66 f 0.34 2.93 f 0.17 4.91 f 1.07 
tumor / muscle 22.93 f 4.72 17.30 f 1.89 11.99 f 2.34 12.00 f 1.77 

blood 3.29 f 0.25 2.22 f 0.17 3.15 f 0.10 2.21 f 0.26 
tumor 8.25 f 1.61 4.61 f 0.38 3.10 f 0.44 3.07 f 0.50 
liver 0.83 f 0.10 0.47 f 0.07 0.56 f 0.06 0.41 f 0.04 
kidney 0.57 f 0.08 0.37 f 0.03 0.45 f 0.11 0.35 f 0.05 
muscle 0.20 f 0.04 0.14 f 0.02 0.17 f 0.03 0.12 * 0.02 
tumor/ blood 2.50 f 0.36 2.09 f 0.27 0.98 f 0.14 1.40 f 0.27 
tumor / muscle 40.94 f 3.49 33.49 f 5.45 18.20 f 2.65 26.20 f 2.58 

tumor weight (g) 0.437 f 0.068 0.552 f 0.039 0.525 f 0.103 1.42 f 0.502 

3.21 f 0.33 

'251-1A3 (IR = 90%) 

tumor P = <0.02 >0.5 
blood P = <0.001 <0.001 

(>4 days old) are perhaps a model for primary tumor 
evaluation. 

DISCUSSION 

The optimal radiolabeling conditions were derived from 
the experiments with BraHBED-conjugated IgG. The 
ligand was conjugated to Ab a t  a 1O: l  mole ratio in 0.01 
M citrate buffer (pH 8) incubated a t  room temperature 
for 24 h. The relatively high (70-9096) radiolabeling with 
[lllIn]indium citrate was accomplished after a 1-h incu- 
bation at  room temperature. These parameters provide 
a radiolabeled Ab with high retained immunoreactivity 
(ca. 90%) and a specific activity of 5 mCi/mg Ab can 
easily be obtained after purification. 

Immunoreactivity with 111In-BraHBED-lA3 is slightly 
greater than that of ll1In-BrMe2HBED-1A3 and signif- 
icantly greater than that of 1l1In-DTPA-1A3 at  similar 
attached ligands/mole Ab. Higher radiolabeling yields 
are obtained with 1:l attachment of BraHBED than with 
DTPA, presumably due to the higher stability constant 
for BraHBED. Sufficient numbers of HBED-substi- 
tuted analogues have been prepared and stability con- 
stants have been determined. A reasonable estimate of 

>0.5 <0.5 
<O.OOL <0.001 

the lllIn-BraHBED stability constant would be log K 

The conjugation efficiency with BraHBED (1.1) is less 
than that with DTPA cyclic anhydride (3.46)) but slightly 
greater than that with BrMezHBED (0.8). The lower effi- 
ciency can be anticipated since bromoacetamide reactiv- 
ity is less with amino groups than with SH groups (46) 
and because we are utilizing intact Ab. The greater reac- 
tivity compared to BrMe2HBED is probably due to steric 
reasons. 

The biodistribution of l1lIn-BrQHBED-1A3 com- 
pares favorably with l"In-DTPA-lA3 and 1251-1A3 
(Tables I11 and IV). The absolute uptake of the ll1In- 
BraHBED-lA3 in tumor tissue is significantly greater 
than that of 111In-DTPA-lA3 (in 2 day old tumors p < 
0.02 at  3 and 5 days after injection, p < 0.001 3 days 
after injection, <0.01 5 days after injection in 5 day old 
tumors). Also, lllIn-BraHBED-lA3 has decreased blood 
concentration when compared directly with iodinated Ab 
(Table 111) and a more rapid blood clearance rate than 
lllIn-DTPA-lA3 ( p  < 0.001 in animals with 5 day old 
tumors), which provides a potentially improved bifunc- 
tional chelate for radiolabeling Ab. In considering the 

1031. 
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clinical situation, the 5 day old tumor at  injection is prob- 
ably more representative of an established primary tumor 
whereas the 2 day old tumor may well represent early 
tumor metastases (47) .  Histological studies have previ- 
ously shown (38) that by 5 days after implantation, tumor 
differentiation patterns are similar to those of 14 day 
old tumors. 

11*In-Br@HBED-1A3 exhibits advantages over DTPA 
cyclic anhydride conjugated Ab and/or iodinated Ab that 
include higher tumor/blood ratios (particularly at later 
times) and slower washout of tumor radioactivity. 
BraHBED has significant technical advantages over 
BrMeZHBED as it can be stored (desicated at  -80 "C) 
for a t  least 20 months without loss of conjugation/ 
radiolabeling efficiency. For the latter, the sensitivity 
of the compound was ascribed to the fact that it con- 
ta ins  an oxidation-prone group, consisting of an 
NHCOCH2Br function para to a phenolic group, and is 
thus similar in structure to many well-known antioxi- 
dants. Such a structure could probably explain the slow 
deterioration of the solid in contact with air. In the case 
of BraHBED, this situation does not exist, and long stor- 
age times without deterioration are possible. Finally, the 
shortened radiolabeling time (1 h) is vastly improved over 
the 24-h incubation required with BrMezHBED to achieve 
similar radiolabeling yields. The  precursor, IV, of 
BraHBED could be functionalized by other activating 
groups to enable different coupling reactions to be car- 
ried out. 
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Preparation and Characterization of Immunoconjugates for 
Anti body -Targe t ed Phot ol ysis 
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Monoclonal antibody (MAb)-dextran-tin(1V) chlorin e6 (SnCe6) immunoconjugates were prepared 
by a new technique involving the use of reducing, terminal-modified dextran carriers and site-spe- 
cific modification of the Fc oligosaccharide moiety on the antibodies. Dextran carriers were synthe- 
sized to increase the number of SnCe6 molecules attached to a MAb. The dextran carriers were cou- 
pled to the MAb via a single, chain-terminal hydrazide group to prevent aggregation of MAbs. Con- 
jugates were prepared with antimelanoma MAb 2.1 containing up to 18.9 SnCe6 molecules per MAb. 
Under neutral conditions, no hydrolysis of the hydrazone bond between the MAb and the dextran 
carrier could be detected, and the hydrazone was not stabilized by reduction with NaCNBH3 or NaBH4. 
Analysis of the purified immunoconjugates showed that approximately two dextran carrier chains 
were attached to a MAb regardless of the number of SnCe6 molecules linked to a dextran carrier. 
Site-specific covalent attachment of the SnCe6-dextran chains to the MAb was confirmed by SDS- 
PAGE. HPLC analysis of the conjugates gave a single species eluting in the range of 200-240 kDa. 
As determined by a competitive inhibition radioimmunoassay using viable SK-MEL-2 human malig- 
nant melanoma cells, the conjugates showed excellent retention of antigen-binding activity relative 
to unconjugated MAb. 

INTRODUCTION 
Methods for coupling active agents to antibodies can 

be grouped into two categories: (1) those which attach 
the agent directly to the antibody, and (2) those which 
rely on an intermediary for attachment. To date, most 
of the direct coupling procedures involve modification 
of amino acid side chains (1,2). These approaches gen- 
erally lack specificity of the coupling reaction in that the 
active agent cannot be directed to a particular site on 
the antibody. To  exert control in this regard, direct meth- 
ods which target the Fc oligosaccharide moiety of the 
antibody for coupling have been developed (3) .  While 
site-directed coupling to the heavy-chain carbohydrate 
has served to produce more well-defined immunoconju- 
gates (4-61, the ratio of active agent to antibody is lim- 
ited by the amount of periodate-oxidizable carbohy- 
drate expressed by the immunoglobulin. 

To  increase the number of active agents coupled to 
each molecule of antibody, indirect attachment approaches 
have been developed. Most reported methods have linked 
the active agent of interest to a carrier biopolymer, fol- 
lowed by attachment of the resulting macromolecule to 
the immunoglobulin in a manner which does not offer 
site-directed control. Immunoconjugates prepared with 
carrier polymers such as poly amino acids (71, serum albu- 
mins (8) ,  and dextran derivatives (9, I O )  have been 
described. Recently, methods which attempted to com- 
bine the indirect carrier approach with site-directed con- 
trol of the coupling reaction between carrier and anti- 
body have been reported ( I I , I 2 ) .  Attachment of a agent- 

* Address correspondence and reprint requests to Dr. Mar- 
tin L. Yarmush, Rutgers University, P.O. Box 909, Piscataway, 
NJ  08854. 

+ Harvard Medical School. * Present address: E. I. du Pont de Nemours, Experimental 

5 Rutgers University. 
Station, Wilmington, DE 19880-0304. 

substituted dextran to the antibody was accomplished 
via Schiff base formation between the  periodate- 
oxidized Fc oligosaccharide and an excess of free amino 
groups on the carrier dextran. No attempt, however, was 
made to limit the number of free amino groups on the 
carrier, raising the possibility of carrier-mediated cross- 
linking of antibodies to form high molecular weight aggre- 
gates. In addition, conjugation via Schiff base forma- 
tion requires stabilization of the bond with reducing agents 
such as NaCNBH3 or NaBH4. Reductive stabilization 
of Schiff base bonds has been reported to often result in 
undesirable modification of some amino acids in the immu- 
noglobulin (3) .  

The present work was undertaken to synthesize a mon- 
oclonal antibody (MAb)l immunoconjugate which (1) pos- 
sessed a favorable active agent to antibody ratio by using 
the carrier approach, (2) demonstrated a site-directed cou- 
pling of the carrier by a single, chain-terminal group to 
the Fc carbohydrate moiety of the immunoglobulin, and 
(3) could be reproducibly prepared with retention of both 
active agent and antibody activity. By limiting the link- 
age of the antibody and carrier to a single area in each 
molecule, the possibility of carrier-mediated aggregate 
formation is reduced. 

EXPERIMENTAL PROCEDURES 
Chemicals. Unless noted otherwise, all organic chem- 

icals were obtained from Aldrich (Milwaukee) and were 
used without further purification. Chlorin e6 was obtained 

Abbreviations: MAb, monoclonal antibody; SnCe6, tin(1V) 
chlorin e6; DCC, dicyclohexylcarbodiimide; HOBt, N-hydroxy- 
benzotriazole; EDAC, 1-ethyl-3- [3-(dimethylamino)propyl]car- 
bodiimide; Trt, triphenylmethyl (trityl) group, DPBS, Dulbec- 
CO’S phosphate-buffered saline; DMSO, dimethyl sulfoxide; DMF, 
dimethylformamide; BSA, bovine serum albumin; SDS- 
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophore- 
sis. 
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Scheme I. Synthetic Scheme for the Preparation of the Dextran Carrier Containing SnCe6 and a Chain-Terminal 
Hydrazide Group for Attachment to the MAba 
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from Porphyrin Products (Logan, UT). The organic sol- 
vents were purchased from EM Science (Omnisolv grade) 
and were stored over molecular sieves to remove water. 

MAb Purification. An antimelanoma MAb 2.1 (a kind 
gift of R. E. Saxton, UCLA Medical Center) was puri- 
fied from ascites by affinity chromatography on a pro- 
tein G column (13). A purified antilymphoma MAb 2.130 
was obtained from Damon Biotechnology (Needham, MA). 
The purity of all of the IgG antibodies was checked by 
HPLC on a Du Pont Zorbax GF-250 column eluted with 
0.20 M phosphate, pH 7.2, and by both SDS-PAGE and 
isoelectric focusing electrophoresis on a PHAST system 
(Pharmacia, Piscataway, NJ).  

I. Synthesis of the Dextran Carrier. A dextran 
carrier was synthesized to attach the photosensitizer tin(1V) 
chlorin e6 (SnCe6) to the MAbs. The primary aim of 
the synthesis was to generate a single group on the dex- 
tran carrier for attachment to the Fc carbohydride moi- 
ety of the MAb. A chain-terminal hydrazide group was 
inserted at  the reducing terminus of the dextran carrier 
and then protected by a triphenylmethyl (Trt) group while 
subsequent chemistry was performed on the carrier. After 
coupling of multiple SnCe6 molecules and capping of excess 
SnCe6 linkage moieties on the carrier chain, the Trt  group 
was removed to expose the terminal hydrazide group. The 
deprotected carrier was then attached to the periodate- 
oxidized oligosaccharide group on the MAb via forma- 
tion of an intermolecular hydrazone bond. The syn- 
thetic schemes used in the present work are outlined in 
Schemes 1-111. Roman numerals correspond to the com- 

pounds whose structures are illustrated in these schemes. 
( A )  At tachment  of a Terminal Group onto Dextran 

uia Reductiue Amination. Dextran T40 (Pharmacia, 50 
g, -1.43 mmol, M ,  = 35 kDa) and adipic acid dihy- 
drazide (41.1 g, 236 mmol) were dissolved in 0.2 M ace- 
tate buffer pH 4.75 (500 mL). The resulting solution was 
heated to 40 " C  at  which point NaCNBH3 (12.5 g, 200 
mmol) was added. The reaction mixture was stirred at  
40 "C for 48 h with maintenance of the pH a t  4.75 f 0.2 
by addition of concentrated HCl as needed. Hydrazin- 
odextran I1 was precipitated by portionwise addition of 
the reaction mixture to 4 L of vigorously stirred metha- 
nol. The crude precipitate was dissolved in 300 mL of 
deionized water and extensively dialyzed (tubing MWCO 
12-14 kDa) against several changes of deionized water 
for 2 days. Lyophilization of the dialysate yielded the 
product as a flaky, white powder (46.2 g, 92.4% yield). 
The extent of reducing-end modification was estimated 
by dinitrosalicylate titration (14) versus standards of the 
unmodified starting material dextran T40. 

(B)  Preparation of a n  N-Trityl  Active Ester (V) for  
Protection of the  Terminal Hydrazide i n  Hydrazino- 
dextran I I .  Adipic acid monethyl ester was converted 
into the sodium salt of its monohydrazide by using the 
method of Hurd and co-workers (15) .  Briefly, mono- 
ethyl adipate (15 g, 86.1 mmol) was neutralized with 1 
equiv of sodium ethoxide in ethanol. The salt was recov- 
ered by rotary vacuum evaporation followed by tritura- 
tion of the residue with a mixture of ether and ethanol 
(yield 91%,). Sodium ethyl adipate (10 g, 51 mmol) was 
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refluxed in hydrazine hydrate (85 '% ) for 1 h, poured into 
ethanol/ether ( l : l ) ,  and evaporated to dryness in vacuo. 
The residue was treated with ethanol and vacuum evap- 
orated until the odor of hydrazine could no longer be 
detected. The residue (111) was triturated with a mix- 
ture of ethanol and ether and collected (8.56 g, 92 %, mp 
149-151 "C dec). 

Tritylhydrazo diformate IV was prepared by using a 
previously reported procedure with appropriate modifi- 
cations (16). To  a suspension of finely ground I11 (1.82 
g, 10 mmol) in 20 mL of chloroform/acetonitrile (5:l) 
was added trimethylsilyl chloride (1.27 mL, 10 mmol). 
The mixture was refluxed for 2 h and cooled to room 
temperature, and triethylamine (2.79 mL, 20 mmol) and 
a solution of trityl chloride (2.79 g, 10 mmol) in 20 mL 
of chloroform were sequentially added. After stirring for 
1 h, methanol ( 5  mL) was added with an additional 15 
min of stirring to effect the hydrolysis of the trimethyl- 
silyl ester. The light yellow solution was poured into ether 
and quickly washed with chilled 5 % citric acid. The aque- 
ous phase was discarded, and the organic phase was 
extracted twice with 1 N NaOH (50 mL). The com- 
bined alkaline extracts were cooled overnight a t  4 "C and 
shaken with fresh ether (50 mL). Upon cooling of the 
separated aqueous layer to 0 "C and neutralization with 
glacial acetic acid, a dense white precipitate was formed. 

Scheme 111. Synthetic Scheme for the Preparation of 
the in Situ Active Ester of SnCe6 Used To Couple the 
Photosensitizer to Carbazate Groups on the Dextran 
Carrier (Scheme 1)a 
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a The axial ligands associated with the central Sn ion have 
been omitted for clarity. The axial ligands are chloride anions 
for the anhydrous preparation of X, but are thought to be (OH-)* 
when SnCe6 is dissolved in water. Roman numerals refer to 
the structures of compounds described in this paper and shown 
in the schemes. 

The solid was resuspended in ethyl acetate (2 X 150 mL), 
washed with water, and dried over anhydrous MgS04. 
Rotary evaporation of the solvent yielded a gummy res- 
idue, which was dissolved in T H F  and slowly poured into 
rapidly stirred hexane to yield 1.75 g (44%) of a white 
solid (IV), which was used without further characteriza- 
tion. 

To  a solution of IV (1.75 g, 4.35 mmol) in dry T H F  
(100 mL) was added N-hydroxyphthalimide (0.71 g, 4.36 
mmol) followed by a solution of dicyclohexylcarbodiim- 
ide (896 mg, 4.35 mmol) in 20 mL of THF. The reac- 
tion contents were stirred for 20 h a t  room temperature, 
and the urea was removed by filtration. The filter cake 
was washed extensively with THF. Evaporation in vacuo 
of the combined filtrate and washes left a residue which 
was immediately taken up in chloroform (150 mL) and 
washed sequentially with saturated sodium bicarbonate 
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(2 x 100 mL), saturated NaCl (100 mL), and water (2 X 
100 mL). The organic layer was dried over MgS04 and 
evaporated to a syrup which was slowly run into vigor- 
ously stirred hexane to yield V: 1.73 g; 73% yield; mp 
168-170 O C ;  IR 1813,1788,1749,1618 (C=O), 1534 (NH), 
1490 (aryl) cm-1; TLC on silica gel with a mobile phase 
of CH2Clz/MeOH/acetic acid (9:l:trace) showed a sin- 
gle band a t  Rf  0.92. Theory: C, 72.4; H,  5.3; N, 7.7. 
Found: C, 71.8; H, 5.9; N, 7.8. A [3H]glycine analogue 
of V was prepared as described above by substituting 
tritiated glycine for the monohydrazide of adipic acid (111). 
The [SHIglycine analogue was used to label the position 
of the terminal hydrazide for strutural studies. 

(C) Terminal Blocking of Hydrazinodextran ZZ with 
the Protected Active Ester V.  The trityl-protected active 
ester V (530 mg, 0.97 mmol) was added to a solution of 
I1 (5.0 g, 0.14 mmol) in 25 mL of dry DMSO. The mix- 
ture was stirred for 3.5 h a t  room temperature during 
which time a slight, pale yellow tint developed due to 
release of N-hydroxyphthalimide upon reaction of the 
terminal hydrazide in I1 with the active ester. The reac- 
tion was terminated by pouring the contents into 500 
mL of methanol, which caused precipitation of tritylhy- 
drazinodextran VI. The product was collected by filtra- 
tion and washed extensively with methanol. The filter 
cake was dissolved in deionized water (100 mL) and the 
solution was filtered to remove a small amount of insol- 
uble material. The filtrate was dialyzed (tubing MWCO 
12-14 kDa) versus several changes of deionized water for 
2 days and lyophilized to yield 4.32 g (86.4 9; ) of VI. 

Digestion of purified VI with dextranase (17) for 30 
min in 0.1 phosphate buffer, pH 6.0, a t  room tempera- 
ture followed by TLC of the sugar fragments on silica 
gel plates (Analtech, Newark, DE) with ethyl acetate/ 
methanol/water (4:2:1) produced three bands with 
anthrone detection (18): Rf  0.06 (smear), 0.20 (isomal- 
tose), and 0.39 (glucose). A preparative plate was run 
and bands corresponding to the Rf  values above were 
scraped from the plate. The compounds were eluted with 
excess mobile phase, and the solvent was evaporated to 
yield residues, which were dissolved in 60% perchloric 
acid. The Rf  0.06 band was the only fraction that exhib- 
ited the intense yellow color of the Tr t  cation. Tr t  con- 
tent of the Rf  0.06 band (60% HC104; 430 nm, € = 32 000 
M-' cm-' for triphenylmethyl cation) was determined spec- 
trophotometrically, and total carbohydrate content for 
each band was determined by using the anthrone assay 
(18). 

To confirm the position of the hydrazide group in the 
dextran chain, a sample of I1 was reacted with the tri- 
tyl-protected [3H]glycine active ester described previ- 
ously. The resulting tritiated hydrazinodextran was 
digested for 30 min with 400 mM NaI04 a t  pH 6.5, and 
the digestion mixture was applied to a Sephadex G-25 
column (2.5 X 40 cm) equilibrated with deionized water. 
The collected fractions were assayed for 3H content by 
liquid-scintillation counting and trityl content by acidi- 
fication with 60% HC104 and spectrophotometry, and 
total carbohydrate content was determined by the anthrone 
method (18). 

( D )  Preparation of (Trity1hydrazino)dextran trans- 
Carbonate (VZZ). The cyclic trans-carbonate was pre- 
pared according to the general procedure of Doane et al. 
(19). A portion of VI (4.0 g) was dissolved in dry DMSO 
(40 mL) to which dioxane (4.8 mL) and triethylamine 
(20 mL) were subsequently added. The mixture was cooled 
in an ice bath under vigorous stirring while ethyl chloro- 
formate (12 mL) was added dropwise over 4 min. The 
turbid mixture was stirred an additional 5 min, and the 
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product was precipitated by pouring into 1 L of rapidly 
stirred methanol. The solid was collected by filtration 
followed by extensive washing with fresh methanol. The 
product (VII) was air-dried on the filter after washing 
with ether: yield 3.92 g; IR 1810 (cyclic carbonate); 1752 
(acyclic carbonate) cm-'. The product was slightly sol- 
uble in water, but readily soluble in DMSO. The degree 
of substitution of the carbonate groups on the dextran 
chain was determined by acidic titration of VI1 that had 
been digested with barium hydroxide (19). 

( E )  Conversion of VZI to (Trity1hydrazino)dextran 
Carbazate (VZZZ) by Hydrazinolysis. Dextran trans- 
carbonate VI1 (3.50 g) was ground to a fine powder and 
shaken with 30 mL of hydrazine hydrate (85%). The 
initial powder dissolved over the course of about 5 min, 
yielding a homogeneous solution, which was shaken for 
an additional minute, and poured into 1 L of methanol 
to effect precipitation of carbazate VIII. The solid was 
collected by filtration, washed with methanol, and air- 
dried on the filter. The white powder was dissolved in 
100 mL of deionized water, dialyzed overnight versus sev- 
eral changes of deionized water, and lyophilized to yield 
3.38 g. The infrared spectrum of the product showed a 
single strong carbonyl band at  1717 cm-' and the appear- 
ance of a new NH band at  1513 cm-'. Addition of a drop 
of benzaldehyde to a solution of the product in 0.2 M 
acetate buffer, pH 4.75, containing 10% ethanol led to 
rapid formation of a precipitate, which was found to con- 
tain aromatic components by UV spectroscopy. 

11. In Situ Preparation of the Tin(1V) Chlorin e6 
Active Ester. The photosensitizer chlorin e6 was con- 
verted to its tin(1V) metallochlorin analogue and then 
activated for coupling to the side-chain carbazate groups 
on dextran carrier VIII. Activation of the SnCe6 was 
accomplished by in situ generation of an active ester by 
reaction with a carbodiimide and N-hydroxybenzotriaz- 
ole in molar amounts equivalent to the amount of SnCe6 
used. The in situ active ester (probable structure XI) 
was not isolated and characterized but used immedi- 
ately to couple SnCe6 to the carrier. 

(A)  Preparation of Tin(ZV) Chlorin e6. Chlorin e6 (IX; 
500 mg, 0.837 mmol) was dissolved in 100 mL of 1% (w/w) 
anhydrous sodium acetate in glacial acetic acid and heated 
to 60 "C under nitrogen in darkness. Finely powdered 
SnC12 (1.0 g, 5.26 mmol) was charged into the reaction 
vessel with stirring. The incorporation of tin into the 
chlorin was followed by vis spectroscopy over the course 
of 1.5 h, during which time the red peak underwent a 
hypsochromic shift to 640 nm (pyridine) from the met- 
al-free value of 664 nm (pyridine). Upon complete dis- 
appearance of the 664-nm peak, the reaction was cooled 
to room temperature with exposure to air (oxidation of 
SnI1 to SnIV) and poured into 1 L of chloroform. The 
dark green solution was extracted three times with 3 N 
HCl(300 mL) and twice with water (300 mL). The organic 
layer was evaporated in vacuo to dryness. The residue 
was dissolved in absolute ethanol (300 mL) and evapo- 
rated again in vacuo. The ethanol evaporation proce- 
dure was repeated twice more to strip any remaining water. 
The residue was triturated in hexane to produce dark 
blue-green plates, which were recrystallized from ethyl 
acetate to yield tin(1V) chlorin e6 dichloride (SnCe6; X): 
391 mg; 59.5% yield; vis (pyridine) A,,, 415 nm; €415 = 
1.50 X 105; 640 nm €640 = 6.00 X lo4. TLC of the prod- 
uct on silica gel plates with 2.6-lutidine/water (6:4 v/v) 
in an atmosphere saturated with NH3 vapor gave a sin- 
gle band at  Rf  0.59. To facilitate quantitation, X was 
also prepared with a trace l13Sn y-radiolabel in the man- 
ner described above using l13SnC16*- (New England 
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Nuclear, Boston) prereduced with a small amount of mag- 
nesium metal in glacial acetic acid. 

(B)  I n  Situ Generation of the SnCe6 Active Ester. In 
order to produce the SnCe6 active ester, N-hydroxyben- 
zotriazole (HOBt; 14 mg, 0.104 mmol) was initially added 
to a solution of SnCe6 (X; 30 mg, 0.042 mmol) in 1.0 mL 
of DMF and 700 pL of acetonitrile. After 5 min, l-ethyl- 
3- [ 3- (dimethylamino)propyl]carbodiimide (EDAC; 8 mg, 
0.042 mmol) was added to initiate the reaction. The reac- 
tion was continued for 3 h in the dark at  room temper- 
ature to generate XI, which was not isolated but used in 
situ in the next step to couple to dextran carbazate VIII. 

111. Coupling of In Situ SnCe6 Active Ester XI to 
Dextran Carbazate VIII. In a separate vessel, a solu- 
tion of the terminally protected carbazate VI11 (120 mg, 
-3.43 pmol) in 7.0 mL of dry DMSO was prepared just 
prior to the completion of the 3-h reaction time required 
for in situ generation of the chlorin active ester XI. Upon 
complete dissolution of VIII, the entire in situ active ester 
solution from above was added. The dark green mix- 
ture was allowed to react for 2 h in darkness a t  room 
temperature under tumbling agitation. Triethylamine (500 
pL) was then added, and the filtered reaction mixture 
was applied to a Sephadex G-50 column (2.5 X 45 cm) 
and eluted with deionized water. Two peaks showing 
strong absorbance at  634 nm (water) were observed. The 
first peak (XII), which eluted at  the void volume and 
contained the majority of the green pigment, was col- 
lected for use in further reactions. The low molecular 
weight peak, which contained unbound X, was dis- 
carded. 

To render excess side chain hydrazide groups on XI1 
unreactive after coupling of the SnCe6, the remaining 
hydrazides were capped by reactions with excess acetal- 
dehyde under reduction trapping conditions. To the 
pooled high molecular weight SnCe6-dextran fractions 
from above was added enough sodium acetate to bring 
the concentration to 300 mM. Cold acetaldehyde (2.0 
mL, 35.8 mmol) was added, and the reaction mixture was 
adjusted to  pH 5.0 with glacial acetic acid. Sodium 
cyanoborohydride was then added to a final concentra- 
tion of 200 mM. The reaction was stirred at room tem- 
perature in the dark for 3 h. The pH, which changed 
rapidly at  first due to consumption of protons by the 
reductive amination capping, was maintained at  5.0 by 
addition of acetic acid. Excess capping reagents were 
removed by extensive dialysis (tubing MWCO 12-14 kD) 
of the reaction solution against deionized water. The dia- 
lyzed material was lyophilized to yield 106 mg of a fluffy, 
green solid (XIII) readily soluble in water, DMSO, and 
neutral or alkaline buffers, but only slightly soluble in 
acidic buffers. The product was stored in darkness at 
-20 "C until further use. 

IV. Removal of the Chain-Terminal Trityl Block- 
ing Group to Expose the Hydrazide Group. The lyo- 
philized product from above (XIII; 100 mg) was dis- 
solved in dry DMSO (5.0 mL), and trifluoroacetic acid 
(250 pL) was added to cleave the chain-terminal trityl 
protection group. After 5 min, the reaction was termi- 
nated by addition of triethylamine (500 KL), and the fil- 
tered mixture was eluted from a Sephadex G-50 column 
(2.5 x 45 cm) with deionized water. A single strong green 
peak (A,,, 405,634 nm; XIV) eluted at  the void volume 
followed by an intense yellow peak (A,,, 430 nm in 60%) 
HC104; trityl cation) which eluted at  the low molecular 
weight retention limit. The high molecular weight green 
peak was collected and lyophilized to yield 93 mg of SnCe6- 
dextran XIV, which was stored in the dark at  -20 "C 
until needed. 
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V. Coupling of SnCe6-Dextran to the Fc Carbo- 
hydrate Moiety in Antibodies. In preparation for cou- 
pling, the MAb (10 mg) was brought to a concentration 
of 5 mg/mL in 0.15 M acetate buffer, pH 4.75, by pas- 
sage through a PD-10 desalting column (Pharmacia) fol- 
lowed by ultrafiltration as needed. Oxidation of the Fc 
carbohydrate moiety was performed as previously described 
with some modifications (3 ,  4 ) .  Sodium metaperiodate 
was added to the MAb solution to a final concentration 
of 20 mM. The oxidation was allowed to proceed in dark- 
ness for 15 min at  room temperature, followed by the 
addition of ethylene glycol (50 pL/mL MAb solution) 
with 15 min of further incubation to scavenge excess peri- 
odate. The oxidized MAb was purified by passage through 
PD-10 gel filtration column (Pharmacia) eluted with ace- 
tate buffer. Protein-containing fractions (determined by 
appreciable A2801 were pooled. 

In a separate vessel, a solution of XIV (40 mg, -1.04 
pmol) in 1.0 mL of deionized water was prepared. This 
solution was added immediately to the oxidized MAb in 
acetate buffer and incubated for 48 h at  4 "C in dark- 
ness. Following completion of the coupling, the reaction 
mixture was brought to pH 7.5 by dropwise addition of 
1.0 M K2HP04. The immunoconjugates were purified 
by a two-step procedure. First, the coupling mixture was 
applied to a protein G-Sepharose column (Pharmacia) 
to remove unbound SnCe6-dextran XIV. After elution 
of the bound material with 0.15 M glycine pH 2.5 and 
immediate neutralization with 1.0 M K2HPO4, unconju- 
gated MAb was separated from the immunoconjugate by 
passage through a Sephacryl S-300 (1.5 X 25 cm) col- 
umn. The high molecular weight conjugate fractions were 
pooled and dialyzed against PBS overnight a t  4 "C. The 
immunoconjugates were stable a t  4 "C for up to 1 week, 
and they could be stored frozen indefinitely a t  -70 "C. 

VI. Analysis of Immunoconjugates. Substitution 
ratios of SnCe6 per MAb were determined by y-count- 
ing (l13Sn radiolabeled SnCe6) and A280 (MAb content). 
The measurement of MAb concentration was corrected 
for SnCe6-dextran absorbance at  280 nm with a stan- 
dard curve produced from known concentrations of l13Sn- 
labeled SnCe6-dextran. Conjugate structures were ana- 
lyzed with SDS-PAGE (8-25 % continuous gradient, mer- 
captoethanol) on a PHAST electrophoresis system 
(Pharmacia) with silver staining for protein visualiza- 
tion. Conjugate isoelectric points were determined with 
the same system using PI 3-9 gradient gels. HPLC of 
the purified conjugates was performed with a Du Pont 
Zorbax GF-250 column with 0.2 M phosphate buffer, pH 
7.2 (1.0 mL/min). 

The binding activity of the antimelanoma MAb 2.1 for 
its cell surface antigen (20) was measured by radioimmu- 
noassay (RIA) (21) using 1251-labeled MAb and a suspen- 
sion of SK-MEL-2 human malignant melanoma cells (22). 
Previous results indicated that saturation of the avail- 
able cell surface antigens occurred at  a total MAb con- 
centration of 20 nM for a suspension of 250 000 SK-MEL-2 
cells. The binding activities of both the specific conju- 
gate (antimelanoma 2.1-dextran-SnCe6) and the con- 
trol conjugate (antilymphoma 2.130-dextran-SnCe6) were 
assessed by a competitive inhibition radioimmunoassay 
(21) in which increasing concentrations of the conju- 
gates were incubated simultaneously with a nonsaturat- 
ing amount (total MAb concentration of 10 nm) of uncon- 
jugated 1251-labeled antimelanoma 2.1 and a suspension 
of 265 000 SK-MEL-2 melanoma cells. RIA data was plot- 
ted according to the following equation: 

A =  1 + ~ / K A  
I 
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where I = percentage of inhibition expressed as a deci- 
mal, A = total molar concentration of the unlabeled inhib- 
itor MAb, and K is the equilibrium affinity constant of 
the unlabeled MAb. Under conditions in which the total 
antibody concentration is sufficient to occupy all cell sur- 
face antigen, the slope of the inhibition curve 1 / K  is pro- 
portional to the average affinity constant of the inhibi- 
tor MAb relative to the 1251-labeled reference MAb antimel- 
anoma 2.1. 

RESULTS 
Synthesis of the SnCe6-Dextran Carrier. The syn- 

thetic schemes used in the present work are detailed in 
Schemes 1-111. A reactive hydrazide group was added to 
the reducing terminus of dextran via reductive amina- 
tion with a large excess of adipic acid dihydrazide in the 
presence of NaCNBH3. Titration of the unmodified reduc- 
ing end in I1 using the dinitrosalicylate method (14) showed 
a 92%' modification of the terminal aldehyde. Presum- 
ably, a hydrazone is formed by condensation of the dihy- 
drazide with the small equilibrium amount of terminal 
acyclic aldehyde in dextran. The hydrazone is trapped 
to a hydrazide by reduction with NaCNBH3 (23). The 
hydrazide group functions as the point of attachment of 
the dextran chain to the MAb. 

To prevent modification of the chain-terminal hydrazide 
in I1 during the subsequent synthetic steps, a triphenyl- 
methyl (Trt) protection group was introduced via an active 
ester of carboxypentanoic hydrazide (V, Scheme 11). Diges- 
tion of purified VI with dextranase (1 7) followed by TLC 
of the sugar fragments on silica gel plates produced three 
bands of Rf 0.06 (smear, minor), 0.20 (isomaltose, major), 
and 0.39 (glucose, minor). The Rf  0.06 band was the 
only fraction that exhibited the intense yellow color of 
the Tr t  cation. Spectrophotometric measurement of the 
Tr t  content of the Rf  0.06 band combined with total car- 
bohydrate content for each band yielded an average ratio 
of 125 mol of glucose per mol of Trt. This value was in 
good agreement with the number average molecular weight 
of 21.2 kDa (degree of polymerization = 131) previously 
determined by gel-permeation chromatography against 
dextran standards, suggesting that only one molecule of 
T r t  was attached to each dextran chain. 

To confirm the position of the hydrazide group in the 
dextran chain, a [3H]glycine analogue of the  Tr t -  
protected active ester was reacted with 11. Periodate diges- 
tion of the tritiated analogue followed by chromatogra- 
phy of the fragments on Sephadex G-25 showed virtu- 
ally all of the 3H activity in the low molecular weight 
peak, while the bulk of the carbohydrate content was found 
in the void fractions (Figure 1). The observed chromato- 
graphic behavior can be explained by release of a low 
molecular weight tritiated fragment from the terminal 
glucose residue. Because the hydrazide group has been 
attached to the chain by reductive amination, the termi- 
nal glucose residue can no longer cyclize. Treatment of 
the chain with periodate cleaves the glucose subunit ring 
between the vicinal diols releasing C-3 as formic acid, 
and C-1 and C-2 as part of a tritiated low molecular weight 
fragment containing the trityl group. Although the remain- 
ing glucose subunits are also cleaved between the vicinal 
diol positions, the presence of the high molecular weight 
peak in the chromatogram of the digestion mixture (Fig- 
ure 1) indicates that the dextran backbone remains intact. 

Trt-protected hydrazinodextran VI was reacted with 
ethyl chloroformate in DMSO by using the general method 
of Doane and co-workers (19). The reaction yielded a 
mixture of cyclic and acyclic carbonates, which were evi- 
dent from the IR spectra (carbonyl bands at  1810, 1752 

OH 
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Figure 1. Chromatography of the mixture resulting from diges- 
tion of an 3H-labeled analogue of the trityl-protected hydrazi- 
nodextran VI (Scheme I) with 400 mM NaI04 in pH 6.5 ace- 
tate buffer (reaction shown). The chromatograms were gener- 
ated by passage of the digestion mixture through a Sephadex 
G-25 column (2.5 X 38 cm) equilibrated with deionized water. 
Fractions (5 mL) were collected, and each fraction was divided 
into three equal aliquots (1.67 mL). The refractive index of 
one aliquot was determined by an Abbe refractometer. The 
second aliquot was acidified with 60% perchloric acid and its 
absorbance a t  430 nm was determined. The final aliquot was 
combined with 19 mL of liquid-scintillation cocktail (Hydro- 
fluor, National Diagnostics) and 3H content was determined. 
(A) A chromatogram of the refractive index (0) and 3H content 
(0) of each fraction is shown. Results are expressed relative to 
the maximum signal observed for each assay. (B) A chromato- 
gram of the refractive index (0) and asorbance at  430 nm (0, 
in 60% HC104) of each fraction is shown. Results are expressed 
relative to the maximum signal observed for each assay. 

cm-l). In the present work, the dextran carbonate was 
found to have a total degree of substitution of 0.54 as 
determined by acidic back-titration of the sugar follow- 
ing barium hydroxide digestion (19). Treatment of dex- 
tran carbonate VI1 with hydrazine hydrate led to an imme- 
diate solvolysis of the carbonate groups with quantita- 
tive formation of a dextran carbazate (VIII). Evidence 
for the transformation was detected in the complete dis- 
appearance of the cyclic (1810 cm-l) and acyclic (1752 
cm-l) carbonyl bands in the IR spectrum of the carbon- 
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ate with concurrent appearance of a single carbonyl band 
at  1717 cm-1 and a NH bending band at  1513 cm-' in the 
spectrum of the carbazate. 

SnCe6 was coupled to VI11 by reaction with a SnCe6 
active ester (XI) generated in situ in a separate vessel 
(Scheme 111). The protocol reported in the current work 
gave five chlorins per chain based on an average molec- 
ular weight of the dextran chains of -35 kDa. By vary- 
ing the amount of in situ SnCe6 active ester XI reacted 
with each dextran chain in the coupling reaction, the ratio 
of SnCe6 per chain could be varied between 0.5 and 12.3 
based on y-counting of 113Sn-labeled SnCe6. Introduc- 
tion of Sn4+ into the chlorin macrocycle was observed to 
substantially increase the solubility of the SnCe6- 
dextran chains in aqueous buffers at modest loadings of 
SnCe6 per dextran chain. At ratios of SnCeGldextran 
exceeding 10, the lyophilized material required dissolu- 
tion in 0.10 M NaOH followed by dialysis into the work- 
ing buffer of choice. 

Coupling of SnCe6 to dextran carbazate VI11 resulted 
in only partial coverage of the available hydrazide func- 
tions. Since the chain-terminal hydrazide was designed 
to be the sole point of linkage to MAbs, excess hydrazide 
groups in the remainder of the chain were capped to ren- 
der them unreactive. Capping was accomplished by a 
reductive ethylation of the spare hydrazides with excess 
acetaldehyde in the presence of NaCNBH3. The out- 
come of this procedure was measured by incubation of 
the purified XI11 with an excess of benzaldehyde in 0.15 
M acetate buffer, pH 4.75, containing 10% (v/v) etha- 
nol. Prior to the reductive alkylation, rapid precipita- 
tion of the SnCe6-dextran chains was observed follow- 
ing benzaldehyde addition due to formation of hydro- 
phobic phenyl hydrazones along the chain backbone. 
However, after the capping reaction, no precipitate was 
formed upon addition of benzaldehyde. 

Finally, the Tr t  protecting group was removed from 
the terminal hydrazide group on the capped SnCe6- 
dextran chain by treatment with trifluoroacetic acid in 
dry DMSO. Elution of the reaction mixture on Sepha- 
dex G-50 with deionized water initially showed two bands. 
The rapidly eluting band contained all of the dark blue- 
green pigment present, whereas, the slower eluting band 
faded from deep yellow to colorless as it progresed down 
the column. The disappearance of the trailing yellow band 
can be explained by retardation of the trityl group due 
to hydrophobic interaction with the column packing. Ini- 
tially, the cleaved T r t  group comigrated with hydro- 
philic trifluoroacetic acid and thus displayed the char- 
acteristic yellow pigment of the T r t  cation. As elution 
progressed, separation of the faster moving trifluoroace- 
tic acid caused a shift of the equilibrium between T r t  
and its cation toward the uncharged species, which is col- 
orless. The appearance of the slowly eluting yellow band 
provided evidence of deprotection of the chain-terminal 
hydrazide to yield XIV. 

Preparation of Immunoconjugates. The MAbs used 
in the present work (antimelanoma MAb 2.1 and anti- 
lymphoma 2.130) were stable to oxidation with 20 mM 
NaI04. No evidence of precipitation of the MAbs was 
ever observed in multiple preparations of immunoconju- 
gates. Table I displays the various conjugates assem- 
bled from the MAb. Comparison of the SnCe6/MAb ratio 
with the SnCeGldextran ratio showed that approxi- 
mately two dextran carrier chains were able to be cou- 
pled to each antibody molecule. Coupling of the SnCe6- 
dextran to the MAb was always performed with the SnCe6- 
dextran present in a t  least 20-fold molar excess relative 
to the MAb. No attempts were made to prepare conju- 
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Table I. Conjugation Characteristics of MAbs 
immuno- 

carrier conjugate 
SnCe6/ SnCe6/ dextran % 

sample dextran MAb chains per conjugate 
MAb no. ratio" ratiob antibody yieldc 
2.1 1 0.9 1.7 1.89 31 

2 3.5 6.8 1.94 28 
3 5.5 11.2 2.04 27 
4 9.9 18.9 1.91 24 

2.130d 1 3.5 7.2 2.25 56 
Determined by using lWnCe6 to prepare the SnCeG-dextran 

(dextran average MW -35 kDa). Determined by using l13SnCe6- 
dextran and A m  (MAb content) corrected for SnCeG-dextran absor- 
bance. Based on the amount of oxidized MAb used in the cou- 
pling reaction with 113SnCe6-dextran. MAb 2.130 is an antilym- 
phoma MAb used as a nonbinding control antibody. MAb 2.1 is 
an antimelanoma MAb. 
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Figure  2. Optical absorption spectra of compounds used in 
the preparation of the immunoconjugates described in this paper: 
(A) A spectrum of unconjugated SnCe6 (14.7 pM) in DPBS, 
(B) a spectrum of an immunoconjugate (SnCeG/MAb molar ratio 
11.2) in DPBS. The light path of the cuvette was 10 mm for 
both samples. Both the Soret band (409 nm) and the red band 
(634 nm) become broader with less pronounced absorbance as 
a result of conjugation. The Soret band also develops a shoul- 
der a t  378 nm and an isosbestic point a t  390 nm. 

gates with less of an excess of SnCe6-dextran in the cou- 
pling reaction mixture. Even at  a 20-fold excess of SnCe6- 
dextran not all of the MAb was observed to form conju- 
gate. However, for a particular MAb, the yield of conjugate 
did not appear to be significantly effected by the SnCe6/ 
dextran molar ratio of the SnCe6-dextran used in the 
coupling (Table I). Instead, the yield of conjugate appears 
to be governed by the hydrazone equilibrium estab- 
lished between the hydrazide group on the carrier and 
the reactive aldehyde groups on the particular MAb. 

Analysis of the Immunoconjugates. The spectrum 
of a typical conjugate is shown in Figure 2b. For com- 
parison, the spectrum of free SnCe6 is illustrated in Fig- 
ure 2a. Both the Soret and red bands showed were broad- 
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Figure 3. HPLC of antimelanoma 2.1 MAb and a purified 
antimelanoma MAb 2.1 immunoconjugate (SnCe6/MAb molar 
ratio 6.8:l). The chromatograms were produced by elution of 
each sample from a Du Pont GF-250 column (0.8 X 25 cm) with 
0.2 M phosphate buffer, pH 7.2, a t  1.0 mL/min. (A) Unmodi- 
fied MAb detected by A2m and (B) purified immunoconjugate 
detected by A280 (solid line) and A634 (dotted line) are shown. 
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Figure 4. SDS-PAGE of antimelanoma MAb 2.1 and a puri- 
fied antimelanoma MAb 2.1 immunoconjugate (SnCe6/MAb 
molar ratio 6.8:l). A continuous gradient gel (8-2576) was used 
with silver staining for visualization of protein bands. Samples 
were prereduced with mercaptoethanol prior to migration on 
the gel. Lane 1 is the unmodified MAb 2.1 showing the char- 
acteristic light and heavy chain bands for IgG. Lane 2 shows 
the migration pattern for the purified immunoconjugate. The 
modified immunoglobulin heavy chain in the conjugate (lane 
2) was observed to be green prior to silver staining. 

ened as a result of conjugation to the dextran carrier and 
MAb. In addition, the Soret band displayed a shoulder 
peak at  378 nm and an isosbestic point a t  390 nm. Puri- 
fied conjugates analyzed by HPLC were found to elute 
in a single peak corresponding to a molecular weight range 
of 200-240 kDa (Figure 3). Small amounts (<lo%) of 
conjugates containing two MAbs per dextran chain were 
noted in some HPLC analyses. 

In order to confirm covalent attachment of the SnCe6- 
Dextran chains to the Fc oligosaccharide region of the 
MAb, SDS-PAGE in the presence of mercaptoethanol 
was performed. As shown in Figure 4, all of the heavy 
chain from the purified conjugates migrated to a region 
of higher molecular weight than that seen for unmodi- 
fied heavy chain. In contrast, unmodified light chain bands 
were found for both the conjugated and unconjugated 
MAbs. Prior to staining of the SDS-PAGE gels with sil- 
ver stain only the modified heavy chain bands were 
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Figure 5. Inhibition of the binding of a 125I-labeled antimel- 
anoma 2.1 antibody to  SK-MEL-2 human malignant mela- 
noma cells by various unlabeled inhibitors. A nonsaturating 
amount of the radiolabeled MAb (total concentration 10 nM) 
and varying amounts of inhibitor were incubated with SK-MEL-2 
cells in suspension. The data (mean f SD) are the results of 
triplicate samples for each concentration of inhibitor. (A) A 
plot of the inhibition of the binding reaction between 125I-la- 
beled 2.1 antibody and SK-MEL-2 cells by (0) unlabeled antimel- 
anoma 2.1-dextran-SnCe6 conjugate (SnCe6/MAb molar ratio 
6.811, (0) unlabeled antimelanoma 2.1 alone, (0) unlabeled anti- 
lymphoma 2.130-dextran-SnCe6 (SnCe6/MAb molar ratio 7.21) 
and (B) a linear transform of inhibition data plotted in panel 
A [ (0 J unlabeled antimelanoma 2.1-dextran-SnCe6 conjugate 
(SnCeG/MAb molar ratio 6.8:1), slope = 3.07 nM; (0) unla- 
beled antimelanoma 2.1 alone, slope = 0.85 nM] are shown. Solid 
lines represent the best f i t  to the data using linear least squares 
analysis (r2 = 0.994). 

observed to be green in color. This confirms the pres- 
ence of the SnCe6-dextran carrier on the heavy chain of 
the MAb. The isoelectric point of the purified immuno- 
conjugates ranged between 3.8 and 4.0, close to the PI of 
3.5 observed for SnCe6-dextran modules alone. 

Conjugate antigen binding properties relative to non- 
conjugated controls were determined by competitive inhi- 
bition RIA using suspensions of SK-MEL-2 human malig- 
nant melanoma cells. Figure 5a shows that nonradiola- 
beled MAb 2.1 conjugate and unlabeled MAb 2.1 alone 
(unconjugated MAb) inhibited the binding of unconju- 
gated 1251-labeled MAb 2.1 in a similar manner. The non- 
binding conjugated prepared from antilymphoma 2.130 
exhibited no inhibition of 1251-labeled MAb 2.1 binding 
to SK-MEL-2 cell surface antigen (Figure 5a). 

In order to quantitatively determine the effect of con- 
jugation on MAb binding affinity, a linear transform of 
the Langmurian binding isotherm was applied. A plot 
of 1/I as a function of 1 / A  for the RIA data is shown in 
Figure 5b; where I is the percent of inhibition and A is 
the total inhibitor concentration. Analysis of the slopes 
of the inhibition curves shows that the ratio of the bind- 
ing constants for the immunoconjugate versus the unmod- 



220 Bioconjugate Chem., Vol. 1, No. 3, 1990 

ified MAb (Kconjugate/Kunmodified) was found to be 0.28. 
Given an affinity constant for unconjugated MAb 2.1 of 
3.9 X 109 M-' (211, the average affinity constant for the 
MAb 2.1 conjugate was, therefore, 1.1 X lo9 M-I. 

DISCUSSION 
In the present paper, we have described a reproduc- 

ible method for the site-specific covalent attachment of 
multiple small molecules to immunoglobulins. The main 
features of this approach are (1) site-specific attachment 
of the carrier polymer to the MAb at  a point distal to 
the antigen-binding site minimizes the modification of 
MAb binding properties (6); (2) multiple active agents 
can be attached to an antibody via the carrier polymer; 
(3) the use of a single, chain-terminal group for attach- 
ment to the MAb prevents Ab-Ab cross-linking; (4) the 
use of the hydrazide moiety as the functional group for 
coupling the carrier to the MAb obviates the use of reduc- 
tive stabilization of the MAb-carrier bond as required 
in other techniques; and ( 5 )  the method is reproducible 
and can be generalized to a variety of active agents. 

Attachment of the carrier to the Fc carbohydrate moi- 
ety of the MAb, in the majority of cases, confined the 
modification of the MAb to a point that is distal to the 
antigen-binding sites. In fact, Rodwell et al. (6) have dem- 
onstrated that MAb modification via the Fc oligosaccha- 
ride has less of an impact on both the antigen-binding 
affinity and immunoconjugate homogeneity than does a 
non-site-specific method. This phenomenon is sup- 
ported by the present work. Competitive inhibition exper- 
iments with the antimelanoma MAb 2.1 immunoconju- 
gates show only a slight decrease in the antigen-binding 
affinity with respect to the unmodified MAb. Thus, the 
reported technique appears to allow for coupling of mul- 
tiple active agents to MAb via a dextran carrier while a 
major fraction of the binding activity of the MAb is 
retained. 

A dextran carrier polymer was employed to increase 
the number of active agents coupled to the antibody. Dex- 
tran was chosen because it is water-soluble, nontoxic, con- 
tains multiple functional groups for active agent attach- 
ment, and possesses a single reducing terminus to which 
the antibody can be linked. The dextran carrier was end- 
functionalized with a hydrazide group, which served as 
the only point of attachment between the carrier and the 
Fc oligosaccharide moiety of the MAb. Because the car- 
rier polymer possessed a single group for covalent cou- 
pling to the MAb, the likelihood of MAb cross-linking 
induced by multiple coupling groups on the carrier is min- 
imized. I t  might have also been possible to use a carrier 
with several hydrazide groups and still obtain a single 
MAb-carrier bond. This approach would probably pro- 
vide higher yields of conjugate but a t  the potential expenses 
of greater aggregate formation. 

Using a method to measure the number of reactive Fc 
aldehyde groups generated by periodate oxidation (24), 
we have found that the number of reactive aldehyde groups 
per MAb varies with the identity of the MAb employed. 
Because the number of hydrazone bonds between the MAb 
aldehydes and the carrier hydrazide groups will be gov- 
erned by equilibrium considerations, antibodies having 
fewer reactive Fc aldehyde groups may actually be able 
to tolerate an increased number of carrier coupling groups 
without significant aggregate formation. Evidence of the 
equilibrium nature of the MAb-carrier coupling reac- 
tion is found in the yield of immunoconjugates produced 
by the present method (Table I). Conjugate yield did 
not depend on SnCeG/dextran substitution ratio and was 
relatively constant for a particular MAb in the presence 
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of a molar large excess of carrier in the coupling reac- 
tion. For both MAbs, the number of dextran carriers 
bound per MAb was approximately two. Given that no 
unmodified heavy chain could be detected on SDS- 
PAGE (reducing conditions) of the purified immunocon- 
jugates (Figure 41, the data suggest that each heavy chain 
is able to couple to one carrier chain. Because several 
reactive aldehyde groups have been found to exist per 
antibody (and, hence, probably more than one reactive 
aldehyde group per MAb heavy chain) (241, we conclude 
that the yield of the coupling reaction is governed by the 
equilibrium of intermolecular hydrazone formation in con- 
junction with steric considerations once the first hydra- 
zone bond has been formed. 

Attachment of the carrier to the MAb was accom- 
plished via formation a hydrazone bond. The reaction 
was conducted at  pH 4.75 in acetate buffer in the pres- 
ence of a large excess of hydrazide-functionalized carrier 
polymer. Because the hydrazide group has a pK, in the 
vicinity of 3.0 (25),  at  a pH of 4.75 the nucleophilic prop- 
erties of the hydrazide are retained and the hydrazone 
formation rate is maximized (26). In addition, because 
the coupling is conducted at  pH 4.75, possible Schiff base 
formation between Fe aldehyde and side-chain lysine amino 
groups on the MAb (4) is inhibited. Raising the pH to 
neutral before removal of the excess carrier polymer pre- 
vents hydrolysis of the hydrazone bond. The stability 
of the hydrazone bond a t  neutral pH is such that reduc- 
tion of the hydrazone with NaCNBH3 or NaBH4 is not 
necessary to insure conjugate integrity (26). In fact, 
attempts in our laboratory to stabilize the conjugate hydra- 
zone bond with NaCNBH3 or NaBH4 usually resulted in 
precipitation of the conjugate (data not shown). In con- 
trast, attachment of MAb to amino-substituted carrier 
polymers (11, 12) requires stabilization of the resulting 
Schiff base due to susceptibility of the bond to hydroly- 
sis a t  neutral pH. 

Extension of the general method reported in this work 
to other active agents should be easily accomplished. The 
photosensitizer SnCe6 was used as the active agent for 
studies of antibody-target photolysis of malignant mela- 
noma cells. However, any active agent (e.g. drug, toxin, 
radioisotope chelator) which can be derivatized with a 
suitable group for attachment to the carrier could be 
employed. Because the active agent-carrier conjugate is 
assembled separate from the MAb, synthetic conditions 
can be used to prepare the carrier which may be too severe 
to be used in the presence of the MAb. The number of 
active agents per carrier chain can be stoichiometrically 
controlled with an upper limit defined by agent struc- 
ture and solubility. In the present work with SnCe6, an 
upper limit of 12.3 chromophres per dextran chain was 
found with a dextran of molecular weight -40 kDa. 
Attempts were made to prepare chlorin-dextran chains 
using metal-free chlorin e6 in place of the SnCe6 deriv- 
ative (data not shown). While such compounds could be 
prepared, the limited aqueous solubility behavior of the 
Sn-free material made these carriers difficult to handle. 
A t  chlorin to dextran ratios as low as 2.0, the metal-free 
chains slowly precipitated from solution upon standing. 
The precipitation was accelerated by increasing the ionic 
strength of the solution or lowering the pH to mildly acidic 
conditions. The increased solubility of the metal- 
lochlorin derivatives is most probably attributed to the 
metal in the chlorin macrocycle, and the subsequent for- 
mation of hydrated complexes in the resulting octahe- 
dral field. Active agents which are less bulky or more 
water soluble than SnCe6 may allow for increased sub- 
stitution ratios to be realized. 



Antibody-Targeted Photolysis 

While dextrans of differing size could be used, a prac- 
tical upper limit to the size of the carrier polymer used 
might exist, depending on the application. In the case 
of immunoconjugate use in vivo, carrier polymers larger 
than -40-70 kDa might impair immunoconjugate uptake 
because of transport limitations. In vitro conjugate use, 
on the other hand, would not be so hampered, and the 
use of larger carrier polymers may be allowed if greater 
amplification of the active agent effect is desired (e.g. 
fluorescent or radioisotope labels for diagnostic assay). 
However, because the yield of the conjugates appears to 
be determined by the equilibrium of intermolecular hydra- 
zone formation, increasing the size of the carrier poly- 
mer may adversely effect the resultant immunoconju- 
gate yield. 
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TECHNICAL NOTE 

Simplified Method for Conjugating Macrocyclic Bifunctional Chelating 
Agents to Anti bodies via 2 -1minot hiolane 
Michael J. McCall, Habibe Diril, and Claude F. Meares' 

Chemistry Department, University of California, Davis, California 95616. Received February 8, 1990; 
Revised Manuscript Received March 13, 1990 

A one-step method for conjugating macrocyclic chelators to antibodies using the protein modification 
reagent 2-iminothiolane controls aggregation, maintains immunoreactivity, and produces consistent 
chelate/antibody ratios. Conjugation conditions have been investigated with the macrocyclic che- 
lates 6- [ p -  (bromoacetamido) benzyl] - 1,4,8,1 l-tetraazacyclotetradecane-N,N',N",N"'-tetraacetic acid and 
2-[p-(bromoacetamido) ben~yl]",4,7,10-tetraazacyclododecane-N,N',N",N'"-tetraacetic acid, with three 
different monoclonal antibodies. The bifunctional chelating agents are prepared by bromoacetyla- 
tion of their amine precursors using a two-phase HZO/CHC13 system, which improves product purity. 

The attachment of metal ions to monoclonal antibod- 
ies (mAbs)l for medical applications demands extreme 
stability under physiological conditions, with no signifi- 
cant release of metal (1-4). Development of antibody- 
macrocyclic chelate conjugates for tumor localization and 
therapy has led to the following improvements. 

In our earliest s tudy  of the  conjugate of 6- [p-  
(bromoacetamido) benzyl]-1,4,8,1 l-tetraazacyclotetrade- 
cane-N,NI,N",N"'-tetraacetic acid (BAT) with the mouse 
mAb Lym-1 it was observed that, rather than linking the 
macrocyclic bifunctional chelating agent directly to the 
antibody, it was necessary to employ a spacer group 
between the two moieties ( 5 ) .  Without this spacer, no 
practical uptake of radiometal (copper or cobalt) was 
observed when radiolabeling was attempted after conju- 
gation. For use with short-lived radionuclides, postcon- 
jugation radiolabeling is an important feature. As shown 
in Scheme I, linkage was accomplished in a two-step, over- 
night procedure using Traut's reagent (6) P-iminothio- 
lane (2IT), which reacts with amino groups to produce 
mercaptobutyrimidyl groups, followed by alkylation of 
the mercapto sulfur with BAT. For Lym-1, this method 
led to variable amounts of protein aggregation via cross- 
linking. The degree of aggregation was difficult to con- 
trol, ranging from 10T to >50%. Also, the use of ~0.4 
M 2-mercaptoethanol in the Traut procedure (to pre- 
vent oxidation of the mercaptobutyrimidyl groups, which 
could form disulfide cross-links) could possibly reduce 
antibody disulfide bonds, and it was necessary to remove 
the 2-mercaptoethanol prior to the addition of BAT. 

2-Iminothiolane has also been used as the cross-link- 
ing reagent in the synthesis of antibody-toxin conju- 
gates. Since the disulfide bond between the antibody 

'Abbreviations used are as follows: mAb, monoclonal anti- 
body; BAT, 6- [ p -  (bromoacetamido) benzyl]- 1,4,8,1 l-tetraazacy- 
clotetradecane-N,N',N",N''-tetraacetic acid; BAD, 2-[p- 
(bromoacetamido) benzyl]-1,4,7,10-tetraazacyclododecane- 
N,N',N",N"'-tetraacetic acid; 2IT, 2-iminothiolane; NOzBn, 
p-nitrobenzyl; NHzBn, p-aminobenzyl; DOTA, 1,4,7,10- 
tetraazacyclododecane-N,N,N",N"'-tetraacetic acid; TETA, 
1,4,8,11-tetraazacyclotetradecane-N,N',N",N"'-tetraacetic acid. 
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and toxin proved to be unstable in vivo (tip = 6-8 h) 
(8, Carroll et al. (8) studied substituted 2IT's with a view 
to increasing the disulfide bond stability. In the latter 
study, the nascent mercaptobutyrimidyl groups reacted 
with the activated disulfide 5,5'-dithiobis(2-nitrobenzoic 
acid) to form a mixed disulfide. This work called our 
attention to the possibility that, since under mildly alka- 
line conditions bromoacetamide reagents react rapidly 
with sulfhydryl groups but only slowly with amino groups, 
the antibody, BAT, and 21T solutions could be com- 
bined in a single reaction mixture. The method has been 
explored with three mAbs, Lym-1, 155H.7, and chimeric 
L6, and with either BAT or 2-[p-(bromoacetamid0)ben- 
zyl] -1,4,7,10-tetraazacyclododecane-N,N',N",N'''- 
tetraacetic acid (BAD) as the chelator. 

EXPERIMENTAL PROCEDURES 

Reagents. Lym-1, an anti B cell lymphoma IgGza mAb 
(9), was obtained from Damon Biotech (Needham Heights, 

C 1990 American Chemical Society 
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MA 02194; Encapcel murine mAb, lot # 3-171-860818). 
I t  was further purified by protein A affinity column chro- 
matography prior to use. Chimeric (where the immuno- 
globulin constant domains, Crza and C,, of the mouse 
mAb have been replaced by human C,I and C, domains) 
L6, a mAb against a carbohydrate antigen found a t  the 
surface of cells from human carcinomas of the lung, breast, 
colon, and ovary (10) (lot 88/42E), was obtained from 
Dr. I. Hellstrom, Oncogen, Seattle, WA. 155H.7, a murine 
antibody (IgG2,) raised against a synthetic @-anomer of 
the Thomson-Friedenreich antigen (11) (lot 250588), was 
obtained from Dr. A. Noujaim, University of Alberta, Can- 
ada. Protein A on Sepharose-CL-4B and 21T were pur- 
chased from Sigma Chemical Co. Cobalt-57 chloride was 
purchased from ICN (specific activity 7000 Ci/g). 
[ l-“+C]Bromoacetic acid was purchased from Amersham 
(specific activity 0.383 Ci/g). Pure water (resistance 18 
MR, NANOpure 11, Barnstead, MA) was employed 
throughout. All glass labware was washed with a mixed 
acid solution and thoroughly rinsed with deionized, dis- 
tilled water (12). All plastic labware was washed with 3 
M HC1 and thoroughly rinsed with deionized, distilled 
water. All other reagents were the purest commercially 
available. 

Thin-Layer Chromatography. TLC was run on plas- 
tic-backed silica gel plates (EM Science) using a 10% 
(w/v)  ammonium acetate/methanol (1:l v/v) solution as 
the eluent. In this system, unchelated cobalt and conju- 
gate remain a t  the origin while free chelates migrate to 

High-Performance Liquid Chromatography. Gel- 
filtration HPLC of the immunoconjugates was per- 
formed at  room temperature with Spherogel G3000SW 
(Altex). Protein molecular weight markers (Bio-Rad) were 
used to calibrate the column. The eluent was 0.1 M sodium 
phosphate buffer, pH 7.0, containing 0.025% NaN3 by 
weight. The flow rate was 0.5 mL/min. The UV-absorb- 
ing fractions were detected a t  280 nm. 

Reversed-phase HPLC of BAT and BAD was per- 
formed at  room temperature with a 10 X 250 mm CIS 
column (Alltech). A 20-min linear gradient, from 0.1 M 
sodium acetate, pH 7 (containing 1 mM EDTA), to 100% 
methanol, was used at  a flow rate of 3.0 mL/min. The 
UV-absorbing fractions were detected at  254 nm. 

Glycineamido-Bn-DOTA was purified by reversed- 
phase HPLC using a 21.4 x 250 mm CIS column (Dyna- 
max). A 20-min linear gradient from 0.1 M ammonium 
acetate, pH 6, to 100% methanol was used a t  a flow rate 
of 12.5 mL/min, detected a t  254 nm. 

Ultraviolet Spectrophotometry. Optical density mea- 
surements a t  280 nm were made on a Gilford Model 250 
spectrophotometer using a 1 cm path length microcell. 
Antibody concentrations were determined with E’%ZSO 
= 13.5 (13) and a molecular weight of 155K. Optical den- 
sities were measured on dilutions suitable to give absor- 
bance readings of 0.1-1.0. 

Radiation Counting. Gamma counting was done in 
a Beckman Model 310 counter with the appropriate energy 
windows set for T O .  TLC plates containing radiola- 
beled materials were visualized with an AMBIS Radio- 
analytic Imaging System. Beta counting was done in Aqua- 
sol, using a Beckman LS 6800 liquid-scintillation counter 
with the energy windows set for 14C. 

Macrocycles. 6- (p-Nitrobenzy1)- 1,4,8,1l-tetraazacy- 
clotetradecane-N,N’,N’’,N”’-tetraacetic acid (N02Bn- 
TETA) and 2- (p-nitrobenzyl)-1,4,7,lO-tetraazacyclodode- 
cane-N,N’,N”,N’’’-tetraacetic acid (N02Bn-DOTA) were 
prepared according to the method of Moi e t  al. (2, 5). 
Reduction of each to the respective p-amino compound 

Rf  0.5-0.6. 
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was accomplished in the following manner. N02Bn- 
DOTA (120 mg, 0.22 mmol) was dissolved in 30 mL of 
water and the pH was adjusted to 11.5 with 2 M sodium 
hydroxide. Ten percent palladium on carbon catalyst (25 
mg) was added, and the reaction vessel was attached to 
an atmospheric-pressure hydrogenation apparatus, cooled 
in an ice bath, purged with N2, and filled with Hz. The 
course of the reaction was monitored by observing the 
uptake of Hz and noting the presence of a transient green 
color in the reaction mixture. When HZ uptake had ceased 
(3-5 h), the reaction mixture was removed from the hydro- 
genation apparatus, the pH was adjusted to 6.8 with 1 
M HC1, and the catalyst was removed by filtration through 
a double layer of Millipore GS membrane (0.22 pm). The 
filtrate, which was positive for amino groups by a fluo- 
rescamine test (14), was lyophilized. Proton NMR showed 
a shift of the aromatic aa’bb’ pattern from 7.5 and 8.2 
ppm for N02Bn-DOTA to 6.8 and 7.1 ppm for NH2Bn- 
DOTA. FAB mass spectrum: M + 1 peak at  m / e  510 
and M + Na peak at  m l e  532 for the product, as expected. 
N02Bn-TETA was reduced in the same manner and char- 
acterized by a fluorescamine test; the same shift of the 
aromatic proton NMR as seen in the DOTA analogue 
and the FAB mass spectrum M + 1 peak of m / e  538 
were as expected. N02Bn-TETA was reduced in the same 
manner and characterized by a fluorescamine test; the 
same shift of the aromatic proton NMR as seen in the 
DOTA analogue and the FAB mass spectrum M + 1 peak 
of m / e  538 were as expected. Each lyophilized residue 
was further tested for metal binding capacity by a 57C0 
assay (15). 

Conversion of the p-amino compounds to the p-bro- 
moacetamido macrocycles BAT and BAD used a modi- 
fication of Mukkala’s method (16) rather than the one- 
solvent system used previously (15). The lyophilization 
residue containing NH2Bn-TETA (ca. 0.22 mmol) was 
dissolved in 8.6 mL of water, and 231 pL (1.33 mmol) of 
N,N-diisopropylethylamine was added to adjust the pH 
to 8. Bromoacetyl bromide (159 pL, 1.82 mmol) was dis- 
solved in 8.6 mL of CHCl3. The chloroform and aque- 
ous solutions were mixed and stirred vigorously for 10 
min. A fluorescamine test on the aqueous layer indi- 
cated that amine groups were still present. The pH of 
the aqueous layer was adjusted to 8 with N,N-diisopro- 
pylethylamine (1.1 mL in 100-pL increments) and bro- 
moacetyl bromide (two 100-pL portions) was added until 
the aqueous layer no longer tested positive for primary 
amine groups. A 2-mL portion of water was added, the 
chloroform layer was removed, and the aqueous layer was 
extracted with CHC13 (8 X 5 mL). The aqueous layer 
was acidified to pH 1 with 1 M HCl and again extracted 
with CHC13 until a test for alkylating groups using 4-(p- 
nitrobenzy1)pyridine ( I  7) showed the absence of bro- 
moacetic acid in the chloroform extracts. Following extrac- 
tion, the aqueous solution’s pH was adjusted to 6.4, and 
it was frozen in liquid N:! and stored at  -80 “C. FAB 
mass spectroscopy of the BAT solution gave the two 
expected M + 1 peaks of the product a t  658 and 660 
mass units, typical of a bromine (79Br and 81Br) contain- 
ing compound. 

The macrocyclic chelate BAD was synthesized from 
NH2Bn-DOTA by the same procedure. FAB mass spec- 
troscopy results for BAD were unsatisfactory due to inter- 
ference by matrix peaks. 

In order to characterize BAD, an aqueous solution of 
BAD was treated with NH3(g) to form the stable amino 
derivative glycineamido-Bn-DOTA. The derivative was 
purified by CIS HPLC (see above) and lyophilized. I t  
was positive for amino groups by fluorescamine test and 
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I t = o  

Scheme I1 
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Figure 1. Reversed-phase HPLC of the macrocyclic chelate 
2-[p-(  bromoacetamido)benzyl]-1,4,7,lO-tetraazacyclododecane- 
N,N',N",N'''-tetraacetic acid (BAD), showing decomposition in 
aqueous solution at pH 7.6, room temperature (20-22 "C). 

negative for alkyl bromide with 4-(pnitrobenzyl)pyri- 
dine. FAB mass spectroscopy showed the expected M + 
1 peak a t  m / e  567. 'H NMR (DzO, pH 4.1, 300 MHz): 
7.2-7.4 ppm (4 H, aromatic aa'bb'), 3.9 ppm (2 H, s, 
NH2CH2C=O), 2.6-3.8 ppm (27 H,  broad multiplet, 
expected 25 H).  

HPLC analysis of BAD indicated a major peak a t  reten- 
tion time 15.8 min and several minor peaks (total less 
than 10% 1. Upon lyophilization one of the minor peaks 
(retention time 15.2 min) increased, whereas the major 
peak decreased. Similarly the 15.2 min peak grew grad- 
ually when the sample was allowed to stand over a period 
of time (Figure 1). Both peaks tested positive for alkyl 
bromide with 4-(p-nitrobenzyl)pyridine, and both che- 
lated 57C0. To  prevent this conversion, the sample should 
be frozen in liquid Nz and stored at -80 "C. BAT behaved 
similarly. 

[ 14C]BAD was synthesized from NH2Bn-DOTA by the 
procedures above except that [ 1-14C] bromoacetyl chlo- 
ride was substituted for bromoacetyl bromide used in the 
earlier preparation. The [ 1-14C] bromoacetyl chloride was 
prepared by adding 1 mmol of bromoacetyl chloride to 
2.00 mL of CHC13 containing approximately 246 pCi of 
[ 1-14C] bromoacetic acid and allowing an exchange reac- 
tion to occur (12 days a t  room temperature in the dark) 
to form [ 1-14C] bromoacetyl chloride. Aliquots of this com- 
pound were allowed to react with NH2Bn-DOTA as above 
to give the product [ 14C]BAD. HPLC analysis of the prod- 
uct also gave a major and minor peak as with the unla- 
beled compound; the separation was too small for effi- 
cient isolation. The [I4C]BAD stock solution was stan- 
dardized by 5 7 C ~  assay. 

Lym-1-ZIT-BAT Conjugation. The Lym-1 anti- 
body solution (15-20 mg/mL) was prepared for conjuga- 
tion with a centrifuged gel-filtration column (15,18) with 
0.1 M tetramethylammonium phosphate, pH 8, as the 
column buffer. To the collected effluent was added (in 
order) excess BAT in aqueous solution and freshly pre- 
pared ZIT in 50 mM triethanolamine hydrochloride, pH 
8.7 (final approximate concentrations: Lym-1, 0.1 mM; 
BAT, 2 mM; ZIT, 1 mM). The pH of the solution was 
adjusted to 7.8 and the solution was incubated a t  37 "C 
for 30 min. Excess BAT and ZIT were removed and the 
conjugate was placed in a 0.1 M tetramethylammonium 
acetate solution, pH 7, with a centrifuged gel-filtration 
column. 

Antibody-ZIT-BAD Conjugation. Conjugations using 
the macrocycle BAD were done as above, with the fol- 
lowing exception. Following the 30-min incubation a t  37 
"C, 2-mercaptoethanol (1 % v/v aqueous solution) was 
added in sufficient quantity to bring its final concentra- 
tion to approximately 2 mM, and the solution was incu- 
bated a t  37 "C for 10 min more to reduce the level of any 
alkylated methionine adduct side products. The excess 
2-mercaptoethanol was removed in the final centrifuged 

? 

Table I. Lym-1-2IT-BAT Conjugation Reactionsa 
prep chelates/mAb % aggregates % immunoreactivity 

1 1.33 8.7 97 
2 1.48 8.5 104 
3 1.88 10 98 
4 - 1.13 10 ND 
avg f SD 

mM Lym-1. 

Table 11. Antibody-2IT-BAD Conjugation Reactions. 

1.45 f 0.32 
Conditions: pH 7.8, 30 min, 37 "C, 2 mM BAT, 1 mM 2IT, 0.1 

% C- chelates/ I C  

antibody mAb aggregates immunoreactivity pH 

155H.7 2.4 6.4 86.7 
4.5 7.8 56.7 
2.3 3.6 46.7 

4.2 3.8 96.5 
2.7 1.8 90.6 

Lym-1 2.1 10 86.4 
3.6 4.2 88.5 
2.2 2.9 101.4 

chimer L6 2.4 2.5 96 

Conditions as in Table I, except for pH. 

7.0 
8.0 
9.0 
7.0 
8.0 
9.0 
7.0 
8.0 
9.0 

gel-filtration column. Further experiments have shown 
that this 2-mercaptoethanol incubation was not neces- 
sary; the amount of readily dealkylated side products is 
quite small (see the Discussion Section). 

Parallel LY~-~-ZIT-BAT-~~CO and Lym-1-BAT- 
57C0 Conjugations (Scheme 11). These were per- 
formed at pH 8 by the above procedures on two samples 
of Lym-1, with BAT which had been radiolabeled with 
5 7 C ~  prior to conjugation (21.8 WCi 5 7 C ~ / m ~ l  BAT). One 
solution contained ZIT while the other did not. Relative 
concentrations of Lym-1 and BAT were maintained by 
adding the appropriate amount of buffer (50 mM trieth- 
anolamine hydrochloride) to the second conjugation solu- 
tion. Relative chelate to antibody ratios were deter- 
mined from UV absorbances and radioactivities of the 
conjugate products. 

Immunoreactivity Assay. Solid-phase radioimmu- 
noassays for immunoreactivity on either ll1In- or 5 7 C ~ -  
labeled conjugates were done as reported previously (19) 
using lZ5I-labeled antibody as the standard. Immunore- 
activity values given in Tables I and I1 are relative to 
1251-labeled antibody. 

RESULTS 

Table I shows the results of four Lym-1-ZIT-BAT con- 
jugations using the new procedure, while Figure 2, parts 
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A and B, show typical "old and new" HPLC traces of the 
conjugate solutions with the decrease in aggregation clearly 
evident. The new method gives usable, consistent (f20% ) 
chelate/antibody ratios and consistently low aggrega- 
tion compared to the earlier method, while high immu- 
noreactivity is maintained. 

Exploring the scope of the method using a different 
macrocyclic chelate (BAD vs BAT), three different anti- 
bodies, and three different pH's gave the results shown 
in Table 11. To test for reproducibility, five or six con- 
jugations (7-10 mg each) of each of the three antibodies 
with BAD were done a t  the pH affording the best immu- 
noreactivity. Chelate/antibody ratios and degree of aggre- 
gation were consistent and comparable to the values in 
Table 11. 

The results of three L Y ~ - ~ - ~ I T - [ ~ ~ C ] B A D  conjuga- 
tions a t  pH 8.0 gave 5.6 f 0.4 available chelates per anti- 
body by 14C analysis. However, 57C0 metal binding assay 
revealed that only 3.6 f 0.2 chelates per antibody were 
still capable of radiolabel uptake, in excellent agreement 
with the corresponding data point in Table 11. 

For the [57Co]BAT experiments, TLC analyses of the 
product conjugates showed direct attachment of [57Co]BAT 
to Lym-1 (yielding Lym-1-BAT-Wo) had occurred to a 
small but measurable extent (0.2 chelates/antibody) com- 
pared to indirect attachment (Lym-l-2IT-BAT-57Co,4.1 
chelates/antibody). Challenging each conjugate with 
2-mercaptoethanol (final concentration 10 mM) and incu- 
bating a t  37 "C for 0.5 h showed by TLC that the directly 
alkylated L Y ~ - ~ - B A T - ~ ~ C O  conjugate was unstable, los- 
ing 30-40% of its radiolabel. There was only a minor 
loss of radiolabel (<2.5%) for L Y ~ - ~ - ~ I T - B A T - ~ ~ C O  under 
the same conditions, with no change on further incuba- 
tion up to  1.5 h. 

DISCUSSION 

As shown in Scheme I, the 21T reacted with the anti- 
body to form mercaptobutyrimidyl groups, which were 
then alkylated by BAT. By keeping the BAT concentra- 
tion high with respect to the nascent thiol groups, alk- 
ylation by BAT became the preferred reaction pathway 
rather than thiol oxidation to disulfides. Thus, the need 
for 2-mercaptoethanol to prevent oxidation was elimi- 
nated, and antibody aggregation was kept to a mini- 
mum. As shown in Table I, this single-step method takes 
less than 1 h to complete and gives consistent yields with 
relatively little aggregation of Lym-1. For unknown rea- 
sons, aggregate formation with Lym-l is greater than with 
the other antibodies under similar conditions (Table 11). 
The chelate/antibody ratios are similar for each anti- 
body, but depend on the reaction pH, with the maxi- 
mum yield occurring around pH 8 in each case. The degree 
of Lym-1 aggregation in each case is lower than that 
encountered with the previous two-step method (consis- 
tently 110% versus variable 10-50+ 5% ) and is lowest a t  
pH 9. Changes in immunoreactivity with reaction pH 
are antibody dependent, with the best 155H.7 immuno- 
reactivity seen with the pH 7 conjugate and the best Lym-1 
immunoreactivity seen with the pH 9 conjugate. For chi- 
meric L6, changing the reaction pH has only a minor effect 
on immunoreactivity. 

To  estimate the degree of direct attachment of BAT 
to Lym-1 and the efficiency of uptake of radiolabel by 
an attached versus a free chelate, a set of parallel Lym-1 
+ [57Co]BAT experiments was conducted (Scheme 11). 
One reaction contained 21T and the other did not. No 
drastic differences in the rates of reaction were expected 
for [57Co]BAT versus BAT since the location of change 
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Retention Time 9 min 

Figure 2. Gel filtration HPLC of Lym-1-21T-BAT conju- 
gates prepared (A) by the former method (1) and (B) by the 
one-step method. Here the immunoconjugate peak appears a t  
a retention time of approximately 9 min, the peak preceding it 
contains the antibody dimer, and the peak preceding that in A 
consists of higher aggregates. The sample in A illustrates the 
variability of the former method, which could also yield results 
comparable to those of B. 

in the chelate's structure is distant from the point of attach- 
ment to the antibody and since the binding of Co2+ is 
accompanied by the loss of 2H+ (20). 

As haloacetamides, BAT and BAD can attach to amine, 
sulfhydryl, imidazole, or thioether groups on amino acid 
side chains, with the sulfhydryl group being the most reac- 
tive (21).  The relatively low pH of conjugation and the 
observed instability of the product Lym-l-BAT-57Co led 
to the suggestion that, in the absence of 2IT, side chains 
of methionines were alkylated by [57Co]BAT to form sul- 
fonium adducts, which would be susceptible to hydroly- 
sis (thus releasing the chelate). In the case of Lym-l- 
21T-BAT-57Co, the thioether linkage proved to be sta- 
ble under the conditions employed. It is possible that a 
small number of methionine residues were alkylated dur- 
ing the preparation of Lym-1-21T-BATJ7Co, and the 
minor loss of radiolabel may reflect the loss of these che- 
lates by hydrolysis. 

The differences in the chelate/antibody ratios of the 
Lym-l-2IT-[I4C]BAD (total 5.6 chelates/mAb versus 3.6 
chelates/mAb available to bind metal) suggest that even 
the 21T linker does not make all antibody-bound chelat- 
ing groups accessible for postconjugation radiolabeling. 
This was not unexpected, since previous work with back- 
bone-substituted [14C]EDTA's has shown that not all 
attached EDTA groups may be available for metal bind- 
ing (22).  The differences in the chelate/antibody ratios 
of the Lym-1-21T-BAT seen in the parallel reactions (pre- 
radiolabeling, 4.1 chelates/mAb) versus the standard pro- 
cedure (postradiolabeling, 1.45 chelates/mAb) are gen- 
erally consistent with the [ 14C]BAD results. While the 
observed differences might be caused by metal contam- 
ination during processing, such was not the case in ref 
22, and we feel that steric hindrance of the protein- 
bound chelate is a more likely cause. 
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Finally, comparison of Table I1 values for Lym-1 + 
BAD at  pH 8.0 with those of Table I for Lym-1 + BAT 
at  pH 1.8 shows differences in chelate/antibody ratios. 
One possible reason for this may be that the attached 
BAD is more efficient in taking up the 5’Co used in the 
metal binding assay to determine chelate/antibody ratios. 
Our experience with the two macrocyclic chelates indi- 
cates that BAD is a good ligand for a variety of metals, 
while BAT appears to be limited to Cu and Co. The use 
of other linkers may improve accessibility of the bound 
macrocycles. 
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A novel enzymatic ligand binding assay for biotin and its benzodiazepine conjugate is based on their 
binding to horseradish peroxidase-avidin conjugate (A-P) followed by the uptake of biotin-unsatu- 
rated A-P onto polystyrene beads coated with biotin-BSA. The detection limit is 1.3 X 10-l6 mol per 
tube (300 pL) with a 3.3 X 10-l2 M A-P solution and varies with the conjugate concentration employed. 
The coefficient of variation for 10 repetitive assays of 10-15 mol of biotin is 6.22 % . 

INTRODUCTION 

Biotin conjugates, used in conjunction with the binding 
protein avidin, have found widespread application for 
cytologic identification, amplified detection, affinity 
purification, and related disciplines (1) because of the 
extremely strong binding of biotin to  avidin with a 
dissociation constant of 10-l6 M (2).  If biotin is used as 
a label for a target compound, a highly sensitive and 
selective method of determination is necessary. Currently, 
there are two approaches available for the determination 
of biotin, either a bioassay (3, 4 )  or a binding assay (5- 
24). Recently, the binding assay has gained preference, 
because the procedure is easier than that of bioassays with 
no sacrifice in sensitivity. These binding assays are based 
upon the competition of free and labeled ligands for a 
limited number of biotin binding sites on avidin. Diverse 
binding assays have been proposed, including isotopic (5- 
121, colorimetric (13-17), fluorometric (18-21), chemilu- 
minescent (22), and potentiometric (23, 24) techniques. 

The binding assays can be classified into two categories, 
homogeneous and heterogeneous. Homogeneous assays 
are faster and easier to perform than heterogeneous assays 
because no bound/ free separation step is necessary. 
However, due to matrix effects, it is difficult to measure 
a very low concentration in a complicated sample by 
homogeneous assay. In practice, a heterogeneous 
enzymatic assay (16) has a detection limit 100-fold lower 
than the most sensitive homogeneous assay (21).  

1043-1 ~ o ~ I ~ o I ~ ~ o ~ - o ~ ~ ~ ~ o ~ . ~ o I o  

Consequently, we employed a heterogeneous system 
incorporating enzymatic amplification in an effort to 
develop a highly sensitive method for the determination 
of biotin and its conjugates, especially benzodiazepine 
drugs. 

EXPERIMENTAL PROCEDURES 
Materials. Nonporous polystyrene beads ( l / 4  in.) were 

purchased from Pierce (Rockford, IL). Horseradish per- 
oxidase-avidin D (A-P, 1.5 mole of peroxidase per mol of 
avidin)’ was obtained from Vector Laboratories (Burlin- 
game, CA). Biotinamidocaproyl-bovine serum albumin 
(biotin-BSA, ca. 9.6 mol of biotin per mol of BSA), bovine 
serum albumin, fraction V (BSA), 3,3’,5,5’-tetramethyl- 
benzidine (TMB), and biotinamidocaproic acid N-hy- 
droxysuccinimide ester (BAC-NHS) were obtained from 
Sigma Chemicals (St. Louis, MO). Hydrogen peroxide was 
bought from Aldrich Chemicals (Milwaukee, WI). A ben- 

* Abbreviations used are as follows: A-P, horseradish perox- 
idase-avidin D; biotin-BSA, biotinamidocaproyl-bovine serum 
albumin; BSA, bovine serum albumin, fraction V; TMB, 3,3’,5,5’- 
tetramethylbenzidine; BAC-NHS, biotinamidocaproic acid N-hy- 
droxysuccinimide ester; HPLC, high-performance liquid 
chromatography; PBS, 10 mM phosphate buffer containing 0.1 
M sodium chloride (pH 7.4); PBS-B, PBS containing 0.1% BSA 
DMF, N,N-dimethylformamide; Ai, an initial enzyme activity of 
free A-P; A,, an enzyme activity of free A-P after an incubation 
period. 
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Figure 1. Uptake of A-P by the biotin beads. The beads are 
incubated with 3.3 X 10-12 M A-P at 4 O C  for 1-8 h, then the 
enzyme activity in solution is measured. The recovery is expressed 
as 100(Ai - A.)/Ai! where Ai is an initial enzyme activity and A. 
is an enzyme activity of free A-P after a given incubation period. 

, 1 3 0  , 1 2 0  . 1 1 0  . l o o  

Log[biotin], M 

Figure 2. Standard curves of biotin: (0) using 3.3 X 10-11 M 
A-P; (0) using 3.3 X 10-12 M A-P; B, enzyme activity on the bead; 
Bo, enzyme activity on the bead without biotin. 

biot in 

--- 
A 6 C 

Figure 3. Schematic diagram of the binding assay: (A) the bi- 
otin bead is added to sample, and A-P is then added; (B) bi- 
otin is bound to A-P (the first stage); (C) immobilized biotin 
complexes biotin-unsaturated A-P (the second stage). 

zodiazepine drug, 1 0 1 2 4  was provided by Shionogi & Co., 
Ltd. (Osaka, Japan). The biotin-1012-53 conjugate was 
prepared by mixing BAC-NHS and 1012-S (1.2:l molar 
ratio) in 50 mM phosphate buffer at pH 7.0 and incubating 
it overnight a t  4 "C. The product was then purified by a 
reversed-phase HPLC with 30% (v/v) acetonitrile/50 mM 
ammonium acetate buffer a t  pH 4.5. Other chemicals were 
purchased from Fisher Scientific (Kent, WA) and used 
without further purification. 

Immobilization of Biotin onto Polystyrene Beads. 
Before the immobilization, the beads were washed 
sequentially with detergent (Alconox), methyl alcohol, and 
water by using an ultrasonic bath and stored in 10 mM 
phosphate buffer (pH 7.4) containing 0.1 M sodium 
chloride (PBS) at  4 "C. Fifty beads were soaked in 10 mL 
of 0.002% biotin-BSA PBS solution overnight a t  4 "C. To 
eliminate protein-binding sites, the beads were then 
incubated with 1% BSA in PBS. The biotin-immobilized 
polystyrene beads prepared (biotin beads) were stored in 
PBS containing 0.1 5% BSA (PBS-B) and 0.1 % sodium 
azide at  4 "C. 

To determine an average amount of biotin-BSA per 
bead, three sets of five beads in 1 mL of 0.002% biotin- 
BSA were incubated overnight at 4 "C. The concentration 
of biotin-BSA in the supernatant was determined by the 
Bio-Rad protein assay based on the Bradford method (25) 

biotin bead 

using biotin-BSA as the standard. The solution incubated 
without beads was also assayed. The amount of biotin- 
BSA was calculated from t h e  difference in the  
concentrations. 

Binding Assay Procedure. A sample (100 pL) and 
PBS-B (100 pL) were pipetted into a test tube (10 X 75 
mm) followed by addition of one biotin bead per tube. A-P 
(10-10 or 10-l1 M, 100 pL) was then added and mixed 
immediately. The mixture was incubated overnight (ca. 
16 h) a t  4 "C with continuous shaking at  80 oscillations/ 
min by a Precision Model 25 shaker bath (Chicago, IL). 
After the bead was washed five times with PBS, the enzyme 
activity was measured. 

In order to prevent the adsorption of A-P onto the test 
tube wall during complexation with biotin, the incubation 
mixture contained 0.033% BSA. I t  is empirically 
demonstrated that BSA does not affect the binding of bi- 
otin to A-P. 

Measurement of Peroxidase Activity. A bead was 
placed in TMB solution (600 pL), prepared by dissolving 
10 mg of TMB in 1 mL of DMF followed by mixing with 
100 mL of 0.1 M sodium acetate buffer (pH 5.51, and the 
enzyme reaction was started by addition of 0.01 % H202 
(200 pL). The mixture was incubated for 5 min (for 6.3 
X 10-11-4.0 X 10-lO M biotin) or 30 min (for 6.3 X 10-13- 
1.6 X 10-10 M biotin and 1.2 X 10-13-1.2 X 10-9 M biotin- 
1012-S) with shaking. After an incubation period, the 
reaction was then stopped by addition of 0.2 N sulfuric 
acid (200 pL) and the absorbance was measured at  450 nm 
with a Sequoia-Turner Model 340 spectrophotometer. The 
activity in solution was determined by taking a 100-pL 
aliquot of it and assaying it with the same procedure used 
for a bead. 

Time Course of A-P Uptake by the Biotin Bead. 
Mixtures of M A-P in PBS-B (100 pL) and PBS (200 
pL) were incubated with one bead per mixture a t  4 "C for 
1-8 h with continuous shaking at  80 oscillations/min. The 
enzyme activity in solution (A,) was measured and the 
recovery of A-P with the biotin bead was calculated by 
100(Ai - A,)/Ai, where Ai is the initial enzyme activity in 
the incubation mixture. 

RESULTS AND DISCUSSION 
Uptake of A-P with the Biotin Bead. For the 

characterization of the biotin bead prepared, biotin- 
BSA adsorbed on the polystyrene bead was determined, 
and experiments of A-P uptake by the bead were 
performed. T h e  average amount  of biotin-BSA 
immobilized was 0.81 f 0.06 pg per bead, corresponding 
to about mol of biotin per bead. Although all of the 
immobilized biotin would not be available for the binding 
of A-P, it is expected that biotin on the bead is in large 
excess compared to the amount of A-P in the assay system, 
which is between 10-14 and 10-15 mol. In order to estimate 
the availability of immobilized biotin, the biotin bead was 
incubated overnight at 4 "C with 33 nM A-P dissolved in 
PBS-B (300 pL). After the incubation, 44% of the initial 
peroxidase activity remained in the solution. Nonspecific 
binding was estimated to be 8% by incubating the bead 
with biotin-saturated A-P. Therefore, it is estimated that 
48% of A-P initially added is specifically bound to the 
bead, corresponding to approximately 5 X 10-12 mol. This 
figure represents a lower limit because additional 
experiments demonstrate that the bead has not yet been 
saturated with A-P under these experimental conditions. 
In the concentration range of A-P used in the assay 
procedure (0-3.3 X M), the amount of A-P bound 
increased linearly with the concentration. Consequently, 
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Figure 4. Standard curves of the biotin-benzodiazepine conjugate. Each biotin-10124 conjugate was incubated overnight at 4 O C  

with 3.3 X lo-'* M A-P and the biotin bead, then the enzyme activity was measured on the bead (0) and in the liquid phase (0). 

it is concluded that a sufficient amount of biotin-BSA is 
immobilized onto the beads for the purpose of this assay. 

Various factors contribute to a decrease in the observed 
rate of A-P uptake by the biotin bead (Figure lA) ,  in 
contrast to the intrinsic association rate of avidin with bi- 
otin (2). Because the bead is nonporous, internal diffusion 
is not a factor. In a comparison of unstirred and vigorously 
agitated (80 oscillations/min) samples, the initial uptake 
rate observed was only twice as fast as that for the agitated 
sample. No further increase in the rate of uptake was 
observed for shaking a t  greater than 80 oscillation/min. 
This implies that external diffusion is not a significant 
factor in the observed slow rate of uptake by the biotin 
bead. Therefore, the slow overall rate observed most likely 
is due to factors associated with the intrinsic properties 
of the unstirred boundary layer, e.g. steric effects of BSA 
covalently bound to biotin and protein-protein interactions 
between BSA and A-P. 

Biotin Binding Assay. The standard curves for bi- 
otin obtained by using 3.3 X and 3.3 X M A-P 
are depicted in Figure 2. The detection limit was 1.3 X 
10-'6 mol and the coefficient of variation of 10 replicate 
assays for 10-15 mol of biotin was 6.22%. The range of 
biotin to be determined could be varied by altering the 
concentration of A-P used in the assay. Nonspecific 
binding of A-P decreased linearly when the initial 
concentration of A-P added was reduced. I t  was negligible 
when the concentration was below M, i.e. the ab- 
sorbance is less than 0.002 for the enzyme activity of non- 
specifically bound A-P on the bead with an incubation 
period of 30 min. 

In the experiments of uptake described above, when the 
log concentration of free A-P vs incubation time was 
plotted, a linear relationship was obtained (Figure 1B). 
These experimental data show that the overall uptake rate 
observed is f i rs t -order  with respect  t o  free A-P 
concentration under the experimental conditions employed 
and was independent of immobilized biotin. Comparison 
of biotin samples that were preincubated with A-P and 
those with no preincubation showed no significant 
difference in the results. Because of these results, it is 
likely tha t  the  present binding assay involves two 
noncompetitive binding steps (Figure 3): a fast step 
involving the binding of aqueous biotin by A-P (Figure 
3B) and a slow step involving the complexation of unsatu- 
rated A-P with the biotin bead (Figure 3C). Thus, even 
without a preincubation step of samples with A-P, the 
experimental procedure gave quite reasonable results. 

Bayer et  al. reported a sensitive enzymatic method for 
biotin using immobilized streptavidin on biotinyl-BSA ad- 
sorbed microtiter plates and detection by a biotin- 
alkaline phosphatase conjugate (16). For the detection of 

approximately mol of biotin, they used 0.1 pg of 
s t rep tav id in  per  sample ,  which was a n  amoun t  
approximately 1700 times greater than that utilized in our 
system. Their incubation time for color formation by the 
enzyme reaction was recommended to be 20-24 h for the 
lower end of the biotin concentration range. In contrast, 
we employed the labeled avidin, allowing the amount of 
binding protein to decrease. In addition, we set up the 
procedure to include a long incubation for the uptake of 
the conjugate and a short incubation for the enzyme 
reaction. This gave high sensitivity and minimized errors 
associated with enzyme incubation. 

Determination of Biotin-Benzodiazepine 
Conjugate. Our aim is to establish a sensitive method 
for the determination of biotin conjugate. In order to 
preliminarily demonstrate the applicability of the proposed 
method, a biotin-benzodiazepine conjugate (biotin-1012- 
S) concentration was determined. The structure of the 
conjugate  and  t h e  absorbance  change wi th  t h e  
concentration of the conjugate are shown in Figure 4. 
Although the measurement of the activity in solution was 
easier than that on the bead because of no bead-washing 
step, the change was measureably smaller than that for 
the solid phase. For a sample with a low concentration, 
the measurement of the activity on the bead is preferable. 
In this assay, a colorimetric detection method was 
employed, so the detection limit was 1.3 X 10-l6 mol. If 
more sensitivity is desired, a substrate with a fluorescent 
product like 3-(4-hydroxyphenyl)propionic acid is 
preferable. 

In conclusion, a highly sensitive assay method has been 
developed for biotin and a biotinylated benzodiazepine 
without special equipment. This binding assay will be 
applicable to the determination of biotin-drug conjugates 
used as probes in complicated systems, such as benzodi- 
azepine binding studies in conjunction with benzodiaz- 
epine receptor proteins. These experiments are currently 
in progress. 
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Synthesis and Tissue Distribution of Fluorine-18 Labeled 
Trifluorohexadecanoic Acids. Considerations in the Development of 
Metabolically Blocked Myocardial Imaging Agents 
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A versatile method for the synthesis of trifluoro fatty acids, potential metabolically blocked myocar- 
dial imaging agents, has been developed. Two trifluorohexadecanoic (palmitic) acids have been prepared 
[6,6,16-trifluorohexadecanoic acid (I) and 7,7,16-trifluorohexadecanoic acid (II)], each of which bears 
two of the fluorine atoms as a gem-difluoromethylene unit on the fatty acid chain (at C-6 or C-7) and 
the third at the w (C-16) position. The metabolic stability of carbon-fluorine bonds suggests the gem- 
difluoro group may block the P-oxidation pathway, while the terminal fluorine could be the site for 
labeling with fluorine-18. The convergent synthetic approach utilizes a 2-lithio-1,3-dithiane derived 
from 10-undecenal or 9-decenal, which is alkylated with the OB0 (oxabicyclooctyl) ester of 5-bro- 
mopentanoic acid or 6-bromohexanoic acid, respectively. Hydroboration-oxidation and alcohol protection 
are followed by halofluorination to convert the 1,3-dithiane system to agem-difluoro group. The third 
fluorine is introduced by fluoride ion displacement of a trifluoromethanesulfonate. This synthesis is 
adapted to the labeling of these trifluoro fatty acids with the short-lived radionuclide fluorine-18 ( t 1 p  

= 110 min), with the third fluorine introduced as fluoride ion in the penultimate step. The radio- 
chemical syntheses proceed in 3-34 % radiochemical yield (decay corrected), with an overall synthesis 
and purification time of 90 min. Tissue distribution studies in rats were performed with I and 11, as 
well as with 16-[18F]fluoropalmitic acid (III), [llC]palmitic acid, and [W]octanoic acid. The heart uptake 
of the fluoropalmitic acids decreases with substitution, the 2-min activity level for 16-fluoropalmitic 
acid being 65% and that for both 6,6,16- and 7,7,17-trifluoropalmitic acids being 30% that of palmitic 
acid. Fluorine substitution results in some alteration in the retention of activity by the heart: 16- 
fluoropalmitate actually clears more rapidly than palmitate, but the two trifluoropalmitates (particularly 
6,6,16-trifluoropalmitate, I) show somewhat slower clearance of activity, although the improvement of 
I over palmitate is only modest. There is considerable accumulation of activity in the bone after 
administration of the fluorine-18 labeled fatty acids, suggestive of metabolic defluorination. These results 
indicate that fluorine substitution alters the physicochemical properties of the fatty acid so that uptake 
by the myocardium is diminished. Furthermore, while the gem-difluoro substituents a t  C-6 and C-7 
may block P-oxidation, the chain-terminal radiofluorine substituent is subject to w-oxidation that releases 
it as fluoride ion. 

INTRODUCTION 
Well-oxygenated cardiac muscle uses free fatty acids as 

a nearly exclusive energy source. As a consequence, it is 
possible to assess the metabolic viability of the myocar- 
dium by its ability to take up and metabolize fatty acids 
(1). While the myocardium can be imaged with fatty acids 
labeled at  C-1 with the positron-emitting radionuclide 
carbon-1 1, these images are somewhat transient: Rapid 
oxidative degradation of the fatty acid chain by P-oxidation 
releases the labeled carbon as acetyl CoA, which is then 
converted to carbon dioxide in the tricarboxylic acid cycle 
and released from the cell; thus, the initial image based 
on differential fatty acid uptake by the myocardium decays 
with the release of the radiolabel (2). 

Various strategies have been used to block the metabolic 
release of the radiolabel in order to give more persistent 
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University of Illinois, Urbana, IL 61801. 

+ University of Illinois. 
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images. With fatty acids labeled at  the carboxy carbon 
((2-1) with carbon-11, used for positron-emission tomog- 
raphy (PET), @oxidation can be suppressed by methyl 
substitution at  the @-carbon ((3-3) (2, 3). Alternatively, 
agents labeled with radionuclides for single photon emission 
tomography (SPECT), such as iodine-123, may also suffer 
from metabolic release of the radiolabel; placement of the 
radiohalogen on a vinylic or aryl group at  the terminus of 
the fatty acid chain (4 )  or incorporation of methyl sub- 
stituents (5) or unusual atoms (e.g., tellurium) (6) in the 
polymethylene chain are strategies that have, either alone 
or in combination, been used to protect against metabolic 
release of the radiolabel. A number of these analogues give 
more persistent myocardial images, but the steric and 
functional perturbation of the fatty acid structure has 
raised concerns that they may not be proper analogues of 
the natural fatty acid and, therefore, that  the images 
observed may not truly reflect the competency of the my- 
ocardium for natural fatty acid uptake and metabolism 
(7). 

Fatty acids labeled with the positron-emitter fluorine- 
18 have been prepared with the radionuclide placed either 
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Scheme I. B- and w-Oxidation of Fatty Acids. Effect of 
Geminal Difluorination 
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trifluoro- and 7,7,16-trifluorohexadecanoic acids (I and 11), 
prototypes of these potentially metabolically blocked my- 
ocardial imaging agents, and the adaptation of these routes 
so that the terminal fluorine substituent can be introduced 
by a simple, rapid fluoride ion displacement reaction, 
suitable for labeling with [18F]fluorine ion. The tissue 
distribution of these compounds, labeled with fluorine- 
18, is studied in rats and is compared with that for 16- 
[lsF]fluoropalmitate, [ "Clpalmitate, and [llC]octanoate. 
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at a primary position (the w-position) (8) or a t  a secondary 
position in the chain (on either C-6 or C-7) (9). The w-flu- 
or0 fatty acid is metabolized rapidly, releasing fluoride ion, 
despite its position remote from the carboxylate, suggesting 
that @-oxidation may proceed rapidly down the whole chain 
or that other metabolic processes are occurring. The 6- 
or 7-fluoro fatty acid was prepared in the hopes of 
interrupting metabolism and retaining the label. In the 
preparation of these 6- or 7-fluoro fatty acids, however, 
considerable elimination occurs in competition with 
fluoride ion displacement a t  the secondary position, and 
the in vivo distribution of these compounds was not very 
favorable (IO). 

In the hopes of overcoming both of these difficulties, 
we have proposed the synthesis of a trifluoro fatty acid: 
Two of the fluorines form a difluoromethylene group in 
the fatty acid backbone; the third, which may be radio- 
labeled with fluorine-18, is situated a t  the w-position, where 
it may be protected from metabolism by @-oxidation (see 
Scheme I). Because carbon-fluorine bonds are considered 
to be relative inert to metabolism (11) and because the 
covalent radius of fluorine (0.135 nm) is only slightly greater 
than that of hydrogen (0.120 nm) (121, we felt that the gem- 
difluoromethylene unit would be a nearly isosteric 
replacement for the methylene group that might be inert 
to metabolism and thus might be preferable to those 
systems in which @-oxidation is blocked by larger sub- 
stituents. When situated a t  an even position, this diflu- 
oromethylene group would end up a t  a site a to the car- 
boxyl group where it would block @-oxidation; situated a t  
an odd site, i t  may also block metabolism, although 
oxidation could continue if hydrogen fluoride were 
eliminated and the @-fluoroenoate hydrolyzed to the @-keto 
acid. 

In this report, we describe a versatile synthetic sequence 
for the preparation of two trifluoro fatty acids, 6,6,16- 

EXPERIMENTAL PROCEDURES 

Chemical Syntheses. General Methods. 'H NMR 
spectra were obtained on Varian XL200, General Electric 
QE300, and Nicolet NT360 spectrometers and are reported 
downfield from (CH3)dSi (6 scale). I3C NMR spectra were 
obtained on Varian XL200 and General Electric QE300 
spectrometers at  50.3 and 75.44 MHz, respectively, and 
are also reported relative to TMS. 19F NMR spectra were 
obtained on a Nicolet NT360 spectrometer at  338.76 MHz 
and are reported in parts per million with internal CFCl3 
at 0 ppm (4  scale). Melting points were taken on a Fischer- 
Johns melting point apparatus and are uncorrected. Low- 
resolution electron-impact mass spectra (LREI) were 
obtained on a Finnigan MAT CH5 instrument. High- 
resolution electron-impact (HREI) and field-ionization (FI) 
mass spectra were obtained on a Finnigan MAT 731 
instrument. Low- and high-resolution chemical-ionization 
mass spectra (LRCI, HRCI) were obtained on a VG-70- 
SE-4F instrument. GC/MS data was obtained on a Finni- 
gan MAT 311A instrument. IR spectra were obtained on 
a Nicolet 7199 FT-IR. Elemental analyses were performed 
by the Microanalytical Service Laboratory of the University 
of Illinois. 

Analytical gas-liquid chromatography (GLC) was 
performed on a Hewlett-Packard 5793A instrument 
equipped with a flame-ionization detector. Analyses were 
performed on an Alltech RSL-150 capillary column (0.25 
mm X 30 m) or a Hewlett-Packard Ultra 1 capillary column 
(0.20 mm X 12.5 m).  Preparative thin-layer chro- 
matography was performed on 2 mm X 20 cm X 20 cm E. 
Merck silica gel plates (60F-254). E. Merck silica gel 
(particle size 0.032-0.063 mm) was used for flash chro- 
matography (13). High-pressure liquid chromatography 
for the radiochemical experiments was performed on a 
Spectra-Physics Model 8700 instrument equipped with a 
UV detector (operating at  215 nm) and a NaI(T1) radio- 
activity detector. The preparative chromatography 
employed a C-18 column (Whatman Partisil M-9,10 mm 
X 50 cm). Radioactivity was determined in a dose 
calibrator. 

Most starting materials were purchased from Aldrich 
Chemical Co. 16-Hexadecanolide was purchased from Lan- 
caster Chemicals. Tetrahydrofuran was distilled from 
sodium, and methylene chloride was distilled from P205. 
Other reagents and solvents were used without addi- 
tonal purification. 

Caution. Pyridinium poly(hydrogen fluoride), while 
more convenient to use than anhydrous hydrogen fluoride, 
requires similar safety precautions.  I t  is ex t remely  
corrosive to  human tissue, and contact with the skin, even 
in dilute concentrations, can result i n  pa in fu l ,  slow- 
healing burns which may not be visible for several hours. 
This reagent should only be used in a well-ventilated hood 
with the user wearing protective clothing (lab coat, rubber 
gloves, etc.) and a full-face shield. Several treatments 
for hydrogen fluoride burns have been reported (14) .  
2-(9-Decenyl)-1,3-dithiane (2). 10-Undecenal (1; 5.0 

g, 29.7 mmol) and 5.96 mL (59.4 mmol) of 1,3-pro- 
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panedithiol were combined under nitrogen and stirred, 
followed by the addition of 4.12 mL (29.7 mmol) of 
BF3.2HOAc. The biphasic soluion was allowed to stir 
vigorously for 1 h. The reaction mixture was diluted with 
hexane (30 mL) and washed with three 20-mL portions 
each of saturated NaHC03 solution, 15 % NaOH solution, 
and brine. The organic extract was dried (Na2S04) and 
concentrated. Purification by flash chromatography (10% 
diethyl ether/hexane) yielded 6.91 g (90%) of dithiane 2: 
'H NMR (CDC13) 6 1.22-1.54 (m, 12 H), 1.73-2.10 (m, 6 
H),  2.85 (m, 4 H), 4.05 (t, 1 H, J = 6.6 Hz), 4.94 (dm, 1 
H, J = 10.3 Hz), 4.99 (dm, 1 H, J = 17.1 Hz) 5.80 (tdd, 1 
H, J = 17.1,10.3,6.7 Hz); MS (LREI, 70 eV) m/z (relative 
intensity) 258 (M+, 41,119 (33), 69 (35), 55 (35), 41 (100). 
Anal. Calcd for C14H26S2: C, 65.05; H, 10.14; S, 24.81. 
Found: C, 64.90; H, 10.09; S, 25.01. 

5-Bromopentanoyl Chloride (5) .  5-Bromopen- 
tanoic acid (4; 10 g, 55.2 mmol) and thionyl chloride (30 
mL, 0.41 mol) were combined and allowed to heat a t  re- 
flux for 1 h. Distillation at  atmospheric pressure removed 
the excess SOC12. Vacuum distillation produced 9.7 g 
(87%) of the pure acid chloride 5: bp 48-51 "C (0.5 
mmHg); 1H NMR (CDCl3) 6 1.90 (m, 4 H), 2.92 (t, 2 H, J 
= 7.2 Hz), 3.40 (t, 2 H, J = 6.4 Hz); MS (LREI, 70 eV) 
m/z (relative intensity) 200 (M+, 2), 198 (2), 165 (loo), 163 
(loo), 137 (85), 135 (85), 121 (291, 119 (83), 101 (56), 91 
(52), 83 (loo), 73 (45), 63 (38), 55 (100). 
(3-0xa-l-methylcyclobutyl)methyl5-Bromovaler- 

ate (6). Dry pyridine (4.2 mL, 51.9 mmol) was added to 
3-methyloxetane (5.2 mL, 52.1 mmol) in dry CH2C12 (20 
mL) under nitrogen. The solution was cooled to 0 "C and 
5-bromopentanoyl chloride (5; 9.44 g, 47.3 mmol) was added 
slowly via syringe. The solution was allowed to stir a t  0 
"C for 1 h. The mixture was diluted with CH2Cl2 (40 mL) 
and washed with three 50-mL portions of water. The 
organic extract was dried (Na2S04) and concentrated to 
produce 12.06 g (96% ) of oxetane ester 6 as a pale yellow 
oil. Preparatively, purification was not performed a t  this 
stage because silica gel chromatography resulted in 
significant loss of product due to decomposition: lH NMR 
(CDC13) 6 1.32 (s, 3 H), 1.82 (m, 2 H), 1.90 (m, 2 H), 2.39 
(t, 2 H, J = 7.12 Hz), 3.41 (t, 2 H, J = 6.46 Hz), 4.16 (s, 2 
H), 4.38 (d, 2 H, J = 6.0 Hz), 4.50 (d, 2 H, J = 6.0 Hz); 
MS (LREI, 70 eV) m / z  (relative intensity) 285 (lo), 283 
(7), 165 (46), 137 (17), 135 (181, 83 (151, 55 (100). Anal. 
Calcd for C10H1703Br: C, 45.29; H, 6.48; Br, 30.13. Found: 
C, 45.59; H, 6.43; Br, 30.30. 

1 -(4-Bromobutyl)-4-methyl-2,6,7-trioxabicyclo- 
[2.2.2]octane (7). The crude oxetane ester 6 (12.06 g, 45.5 
mmol) was dissolved in dry CH2C12 (30 mL) under nitrogen. 
The reaction mixture was cooled to 0 "C and 1.6 mL (13.0 
mmol) of boron trifluoride etherate was slowly added. The 
mixture was warmed to room temperature and allowed to 
stir for 1.5 h. The reaction mixture was quenched with 
triethylamine (1.82 mL, 13.0 mmol) and diluted with 50 
mL of diethyl ether. The mixture was filtered to remove 
the amineBF3 complex, dried (Na2S04), and concentrated. 
Traditional flash chromatography resulted in large yield 
losses (>50%), presumably due to cleavage of the OB0 
group on the silica. Rapid chromatography on silica pre- 
treated with EtsN/hexane (12.0 g of crude OB0 compound 
loaded on 6 in. of silica in a 40-mm column, eluting with 
500 mL hexane, followed by loo0 mL of 20% diethyl ether/ 
hexane) produced 9.6 g of pure OB0 compound 7 as a white 
waxy solid: mp 26-28 "C; 'H NMR (CDCL) 6 0.80 (s, 3 
H), 1.60 (m, 2 H), 1.70 (m, 2 H), 1.90 (m, 2 H), 3.39 (t, 2 
H, J = 6.7 Hz), 3.89 (s, 6 H); MS (LREI, 70 eV) m / z  
(relative intensity) 266 (M+, 0.41, 264 (0.4), 165 (97), 163 
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(loo), 137 (30), 135 (31), 91 (47), 72 (27), 55 (39). Anal. 
Calcd for C10H17Br03: C, 45.30; H, 6.46; Br, 30.14. Found: 
C, 44.94; H, 6.52; Br, 30.70. 

1- [ 5 3 -  (Trimet hylenedit hio) - 14-pentadecenyll-l- 
methyl-2,6,7-trioxabicyclo[2.2.2]octane (8).  All 
glassware used in this reaction was dried in an oven 
overnight and then assembled and flame-dried immediately 
before use. Dithiane 2 and OB0 ester 7 had both been 
stored in a vacuum desiccator over P205 for 2 days. A 250- 
mL three-neck round-bottomed flask was equipped with 
a three-way stopcock and serum caps. The flask was 
alternately flushed with nitrogen and evacuated. Dithiane 
2 (8.64 g, 33.4 mmol) was added via syringe and the 
flushing/evacuating sequence was repeated. Dry THF (130 
mL, freshly distilled from Na) was added to the stirring 
dithiane and the flushing/evacuating sequence was 
repeated. Hexamethylphosphoramide (6.1 mL, distilled 
from CaH2) was added and the flushing/evacuating 
sequence was repeated a final time. The solution was 
cooled to -78 "C and 24 mL of n-butyllithium (1.48 M in 
hexane) was added. After 10-15 min, the -78 "C bath was 
replaced by a -40 "C bath and the solution was allowed 
to stir an additional 90 min. At  this time the solution, 
which had initially been dark green-brown, had turned clear 
orange-red, indicating the formation of the  anion 
(confirmed by D2O quench and 'H NMR analysis). The 
reaction mixture was then cooled to -78 "C, and a 5% 
excess of the OB0 compound in THF (9.31 mL, 35.1 mmol) 
was added by rapidly drizzing down the side of the flask. 
The reaction was complete after 30 min a t  -78 "C, as 
indicated by GLC analysis. The mixture was diluted with 
100 mL of hexane and washed exhaustively with water (to 
remove HMPA). The organic extract was dried (Na2S04), 
concentrated, and purified (by using the same rapid 
chromatography method reported for the purification of 
7) to produce 13.6 g (92 % ) of pure fatty OB0 compound 
8 as a waxy white solid: mp 34-36 "C; 'H NMR (CDCl3) 
6 0.80 (s, 3 H), 1.22-1.54 (m, 14 H), 1.62 (m, 2 H), 1.90 (m, 
6 H), 2.05 (m, 2 H), 2.80 (m, 4 H), 3.95 (s, 6 H), 4.94 (dm, 
1 H, J = 10.3 Hz), 4.99 (dm, 1 H, J = 17.1 Hz), 5.80 (tdd, 
1 H, J = 17.1,10.3,6.7 Hz); MS (LREI, 70 eV) m/z (relative 
intensity) 442 (M+, 24), 336 (24), 335 (23), 303 (52), 257 
(99), 225 (25), 223 (51), 165 (27), 163 (28), 157 (loo), 144 
(61), 85 (29). Anal. Calcd for C24H42S203: C, 65.11; H, 
9.56; S, 14.48. Found: C, 65.14; H, 9.38; S, 14.36. 

3-Hydroxy-2-( hydroxymethyl)-2-methylpropyl6,6- 
(Trimethylenedithi0)- IBhexadecenoate (9). A solution 
of fatty OB0 ester 8, (2.46 mmol) in 48 mL of a mixture 
of glacial acetic acid, THF, and water (4:2:1) was allowed 
to stir a t  room temperature for 1.5 h. The solution was 
concentrated on a rotary evaporator, employing benzene 
to azeotropically remove the acetic acid. A quantitative 
yield of neopentyl ester 9 was obtained as a clear, colorless 
oil: 'H NMR (CDCl3) 6 0.90 (s, 3 H), 1.3-1.57 (m, 14 H), 
1.69 (m, 2 H), 1.9 (m, 6 H), 2.05 (m, 2 H), 2.42 (t, 2 H, J 
= 7.2 Hz), 2.85 (m, 4 H), 3.52 (d, 2 H, J = 11.3 Hz), 3.60 
(d, 2 H, J = 11.3 Hz), 4.22 (s, 2 H), 4.94 (dm, 1 H, J = 10.3 
Hz), 4.99 (dm, 1 H, J = 17.1 Hz), 5.80 (tdd, 1 H, J = 17.1, 
10.3,6.7 Hz); MS (LREI, 70 eV) m/z (relative intensity) 
460 (M+, 15), 321 (39), 258 (17), 257 (loo), 201 (16), 107 
(22), 106 (18), 95 (21), 85 (16), 81 (39), 74 (18), 73 (17), 69 
(18), 67 (39), 55 (69); IR (solution, CHCl3) 3630,3500 (br), 
2940, 2860, 1725, 1470, 1240, 1050, 910; HREI calcd for 
C24H44S204 460.2684, found 460.2682. 

Methyl 6,6- (Trimet hylenedit hio)- 1Chexadecenoate 
(IO). The neopentyl ester (2.46 mmol) was dissolved in 
dry methanol (30 mL) under nitrogen. Anhydrous K2C03 
(5.18 mmol) was added quickly, and the mixture was 
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allowed to stir a t  room temperature for 2 h. The cloudy 
solution was diluted with 60 mL of CHzClz and washed 
with three 30-mL portions of water. The organic extract 
was dried (Na2S04) and concentrated to provide 870 mg 
(95%) of the methyl ester 10, which was used in the next 
step without further purification: colorless oil; 'H NMR 
(CDCl3) d 1.3-1.5 (m, 14 H), 1.65 (m, 2 H), 1.90 (m, 6 H), 
2.06 (m, 2 H), 2.35 (t, 2 H, J = 7.6 Hz), 2.85 (m, 4 H), 3.68 
(s, 3 H), 4.94 (dm, 1 H, J = 10.3 Hz), 4.99 (dm, 1 H, J = 
17.1 Hz),5.80 (tdd, 1 H, J =  17.1,10.3,6.7Hz);MS (LREI, 
70 eV) m / z  (relative intensity) 372 (M+, 25), 257 (loo), 
233 (99), 101 (23),95 (22), 81 (43), 74 (27), 67 (39), 55 (63); 
HREI calcd for CzoH3sO& 372.2156, found 372.2156. 

Methyl 6,6-(Trimethylenedit hio)- 16-hydroxyhexa- 
decanoate (11). The unsaturated ester 10 (870 mg, 2.3 
mmol) was dissolved in freshly distilled THF (2.5 mL) and 
allowed to stir under nitrogen. 9-Borabicyclo[3.3.1]- 
nonane (g-BBN, 4.6 mmol) was added dropwise via syringe 
and the solution was allowed to stir a t  room temperature 
for 1 h. The reaction was complete after 1 h, as indicated 
by the absence of starting material in direct TLC analysis 
of the mixture. The solution was cooled to 0 "C and 1.54 
mL of 3 M NaOH was slowly added via syringe, followed 
by the dropwise addition of 1.54 mL of 30% HzOZ. The 
mixture was allowed to stir for 30 min a t  0 "C, followed 
by 1 h a t  room temperature (by monitoring the quench 
by TLC, the 1 h a t  room temperature was found to increase 
the yield of desired product). Dilution with CHzClZ (50 
mL), extraction with three 20-mL portions of water, drying, 
and concentration produced 0.81 g (90%) of hydroxy fatty 
ester 11, which was used in the next step without further 
purification: colorless oil; 'H NMR (CDCl3) 6 1.3-1.7 (m, 
16 H), 1.9 (m, 8 H), 2.35 (t, 2 H, J = 7.6 Hz), 2.85 (m, 4 
H), 3.65 (t, 2 H, J = 6.8 Hz), 3.68 (s, 3 H); MS (LREI, 70 
eV) m/z  (relative intensity) 390 (M+, 13), 275 (63), 233 
(92), 127 (51), 109 (62), 95 (30), 81 (58), 69 (34), 67 (go), 
55 (100); HREI calcd for CzoH3803S2 390.2252, found 
390.2257. 

Methyl 6,6- (Trimethylenedit hio)- 16-acetoxyhexa- 
decanoate (12). Dry pyridine (1.7 mmol) was added in 
one portion to hydroxy ester 11,l.O mmol) in dry CHzClz 
under nitrogen. Acetic anhydride (1.7 mmol) was added 
dropwise via syringe and the solution was allowed to stir 
overnight at  room temperature. The mixture was diluted 
with CHzClz (40 mL) and washed with two 20-mL portions 
each of saturated NaHC03 solution, saturated CuS04 
solution, and brine. The organic extract was dried 
(NazS04) and concentrated. Purification by flash 
chromatography (20 76 ethyl acetatelhexane) yielded 850 
mg (94%) of protected alcohol 12 as a colorless oil: 'H 
NMR (CDCl3) d 1.3-1.50 (m, 16 H), 1.65 (m, 4 H), 1.90 (m, 
6 H), 2.05 (s, 3 H), 2.35 (t, 2 H, J = 7.6 Hz), 2.85 (m, 4 
H), 3.68 (s, 3 H), 4.05 (t, 2 H, J = 6.8 Hz); MS (LREI, 70 
eV) m/z (relative intensity) 432 (M+, 16), 317 (77), 233 
(95), 107 (15), 95 (24), 81 (40), 67 (38), 54 (47), 41 (100); 
IR (solution, CCW 2940,2860,1743,1438,1365,1240,1170, 
1040. Anal. Calcd for C22H4004S2: C, 61.07; H, 9.32; S, 
14.82. Found: C, 61.31; H, 9.20; S, 14.80. 

Methyl 6,g-Difluoro- 16-acetoxyhexadecanoate ( 13). 
1,3-Dibromo-5,5-dimethylhydantoin (0.66 g, 2.3 mmol) was 
suspended in 5 mL of dry CHzClz in a dry, polyethylene 
vial equipped with a rubber septum. The mixture (under 
nitrogen) was cooled to -78 "C and 0.60 mL (2.56 mmol, 
Le., 50 equiv of F-) of pyridinium poly(hydrogen fluoride) 
was added via polypropylene/polyethylene syringe. After 
stirring for 10 min, dithiane 12 (200 mg, 0.46 mmol) was 
slowly added via syringe. The orange mixture was allowed 
to stir for 15 min at  -78 "C, followed by 15 min a t  room 
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temperature (at this point the deep red solution was 
homogeneous). The solution was diluted with CHzC12 (30 
mL) and washed with three 20-mL portions each of 
saturated NaHC03 solution, saturated NaHS03 solution, 
saturated CuSO4 solution, and brine. The organic extract 
was dried (NazS04) and concentrated to provide 142 mg 
(85 % ) of difluoro ester 13, which was used in the next step 
without further purification: colorless oil; 'H NMR 
(CDCl3) 6 1.30 (m, 12 H), 1.5-1.90 (m, 12 H), 2.05 ( s ,3  H), 
2.35 (t, 2 H, J = 7.6 Hz), 3.68 (s, 3 H), 4.05 (t, 2 H, J = 
6.8 Hz); MS (LRCI) m/z  (relative intensity) 365 (M + H, 

313 (loo), 265 (33); 19F NMR (CDCl3) 4 -98.499 (quintet, 
J = 16.56 Hz); HRCI calcd for ClgH35F204 (M + H) 
365.2479, found 365.2491. 

Methyl 16-Hydroxy-6,6-difluorohexadecanoate (14). 
A small piece ( -  50-100 mg) of sodium (rinsed in hex- 
ane) was added to 30 mL of anhydrous methanol under 
nitrogen at  0 "C. After the sodium had dissolved, 142 mg 
(0.39 mmol) of difluoro ester 13 in methanol was added 
via syringe. The solution was allowed to stir for 2 h a t  room 
temperature. After diluting with CHzC12 (40 mL), the 
solution was washed with three 30-mL portions of water. 
The organic extract was dried (NazS04), concentrated, and 
purified by flash chromatography (40 9% ethyl acetate/ 
hexane) to produce 107 mg (85 70 ) of the hydroxy fluoro 
ester 14 as a colorless oil: 'H NMR (CDCl3) 6 1.3-1.9 (m, 
24 H), 2.35 (t, 2 H, J = 7.6 Hz), 3.65 (t, 2 H, J = 6.8 Hz), 

13), 345 ((M + H) - HF, 1001,325 ((M + H) - 2HF, lo), 

3.68 (s, 3 H); 13C NMR (CDC13) 6 173.7 (COzCHs), 124.9 
(t, J = 240 Hz, C-6), 62.6 (CHzOH), 51.4 (OCHs), 36.2 (t, 
J = 26 Hz, C-7), 35.8 (t, J = 26 Hz, C-5), 33.6, 32.6, 29.4, 
29.2,29.1,25.6,24.7,24.4,24.2,22.1 (t, J =  5 Hz, C-8), 21.7 
(t,  J = 5 Hz, C-4); MS (LRCI, 70 eV) m / z  (relative 
intensity) 323 (M + H, 5), 303 ((M + H) - HF, 24), 283 

19F NMR (CDC13) 4 -98.483 (quintet, J = 16.64 Hz); HRCI 
calcd for C1,H33F203 (M + H) 323.2401, found 323.2399; 
calcd for C17H32F03 ((M + H) - HF) 303.2331, found 
303.2333; calcd for C17H3103 ((M + H) - 2HF) 283.2293, 
found 283.2283. 

Methyl 16-[ [ (Trifluoromet hyl)sulfonyl]oxy]-6,6- 
difluorohexadecanoate (15). 2,6-Lutidine (80 WL, 0.69 
mmol, distilled from CaH2 and stored over KOH) was 
added via syringe to the hydroxy difluoro ester 14 (100 mg, 
0.31 mmol) under nitrogen. Dry CHzC12 (1 mL) was added 
and the stirred solution was cooled to -40 "C. Triflic 
anhydride (111 FL, 0.66 mmol, distilled from P205) was 
slowly added via syringe. The solution was allowed to stir 
at  -40 "C for 15 min and then was diluted with 20 mL of 
cold CHzCl2. The dilute solution was quickly washed with 
two 10-mL portions each of cold 10% HC1 solution, cold, 
saturated NaHC03 solution, and brine. The organic 
extract was dried (Na2SO4) and concentrated to provide 
120 mg (86%) of trilfate 15: pale yellow oil; 'H NMR 
(CDC13) d 1.30-1.90 (m, 24 H), 2.35 (t, 2 H, J = 7.6 Hz), 
3.68 (s, 3 H), 4.54 (t, 2 H, J = 6.8 Hz). 

Methyl 6,6,16-Trifluorohexadecanoate (16). Dry 
THF (1.5 mL) was added to triflate 15 (50 mg, 0.11 mmol) 
under nitrogen. The clear yellow solution turned amber 
upon the dropwise addition of tetrabutylammonium 
fluoride (0.55 mL, 1.0 M solution in THF). The solution 
was allowed to stir at  room temperature for 15 min. The 
solution was diluted with CHzClz (5 mL) and passed 
through a short plug of silica. Flash chromatography (10% 
diethyl etherlhexane) produced 32 mg (90%) of triflu- 
or0 ester 16: colorless oil; lH NMR (CDCl3) 6 1.3-1.50 (m, 
14 H), 1.60-1.90 (m, 10 H), 2.35 (t, 2 H, J = 7.6 Hz), 3.68 

((M + H) - 2HF, loo), 271 (46), 265 (28), 251 (71), 233 (29); 

(s, 3 H), 4.45 (td, 2 H, J H F  = 47.4 Hz, JHH = 6.2 Hz); MS 
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(LRCI, 70 eV) m/z (relative intensity) 325 (M + H, 0.71, 

((M + H) - 3HF, 42); 19F NMR (CDCl3) r#I -98.44 (quintet, 

HRCI calcd for C17H31F202 ((M + H) - HF) 305.2308, 
found 305.2300; calcd for C17H30F02 ((M + H) -2HF) 
285.2259, found 285.2244; calcd for C17H2902 ((M + H) - 
3HF) 265.2197, found 265.2182. Anal. Calcd for 
C17H31F302: C, 62.94; H, 9.63; F, 17.57. Found: C, 61.96; 
H, 9.43; F, 18.24. 
6,6,16-Trifluorohexadecanoic Acid (I). Potassium 

hydroxide (1.0 mL, 5 M solution) was added to 20 mg of 
trifluoro ester 16 (0.06 mmol) in a Reactivial. The vial was 
tightly capped and placed into a heating block at  138 "C 
for 5 min. After cooling, the mixture was acidified with 
6 N HCl(l.5 mL) and extracted into CHZCL (3 X 3 mL). 
After drying (Na2S04) and solvent evaporation, 17 mg 
(91%) of trifluoro acid I was obtained: colorless oil; 'H 
NMR (CDC13) 6 1.28-1.48 (m, 14 H), 1.54 (m, 2 H), 1.69 
(m, 4 H), 1.82 (m, 4 H), 2.38 (t, 2 H, J = 7.8 Hz), 4.45 (td, 
2 H, JHF = 47.4 Hz, JHH = 6.2 Hz); MS (LRCI) m/z  
(relative intensity) 311 (M + H, 3), 291 ((M + H) - HF, 

177 (89), 89 (100); lgF NMR (CDCl3) r#I -98.49 (quintet, 

HRCI calcd for C16H29F202 ((M + H) - HF) 291.2141, 
found 291.2138; calcd for C16H2sF02 ((M + H) - 2HF) 
271.2081, found 271.2077. 
g-Decenal(18). 9-Decen-l-ol(l7; 10.3 mL, 57.7 mmol) 

in 40 mL of CHzClz was added in one portion to pyridi- 
nium chlorochromate (18.6 g, 86.4 mmol) suspended in 100 
mL of CH2C12. The reaction mixture was allowed to stir 
a t  room temperature under nitrogen for 90 min. TLC 
analysis showed that the reaction was complete at this time. 
The mixture was diluted with diethyl ether (300 mL) and 
filtered. The solvent was evaporated and the mixture was 
purified by flash chromatography (10% diethyl ether/ 
hexane) to provide 7.11 g (80%) of aldehyde 18: colorless 
oil; 'H NMR (CDCl3) 6 1.33 (m, 8 H), 1.65 (m, 2 H), 2.05 
(m, 2 H), 2.44 (td, 2 H, J = 7.3,5 Hz), 4.94 (dm, 1 H, J = 
10.2 Hz), 5.00 (dm, 1 H, J = 17 Hz), 5.81 (tdd, 1 H, J = 
17, 10.2, 6.7 Hz), 9.77 (t, 1 H, J = 5 Hz); MS (LREI, 70 
eV) m/z (relative intensity) 154 (M+, 0.3), 125 (6), 110 (33), 
97 (48), 83 (66), 69 (loo), 55 (loo), 41 (100). Anal. Calcd 
for CloHlsO: C, 77.84; H, 11.78. Found C, 77.66; H, 11.65. 
2-(8-Nonenyl)-1,3-dithiane (19). The dithiane was 

prepared by following the procedure for 2 on a 5-g scale 
(32 mmol) to produce (after chromatography) 5.6 g (72 5%) 
of dithiane 19: 'H NMR (CDCl3) 6 1.35 (m, 10 H), 1.75 
(m, 2 H), 2.05 (m, 4 H), 2.85 (m, 4 H), 4.05 (t, 1 H, J = 
6.5 Hz), 4.94 (dm, 1 H, J = 10.2 Hz), 5.00 (dm, 1 H, J = 
17 Hz), 5.81 (tdd, 1 H, J = 17, 10.2, 6.7 Hz); MS (LREI, 
70 eV) m/z  (relative intensity) 244 (M+, 12), 169 (17), 119 
(loo), 87 (lo), 74 (ll), 73 (13), 67 (13), 54 (18), 43 (16). Anal. 
Calcd for C13H24S2: C, 63.87; H, 9.90; S, 26.23. Found: 
C, 63.44; H, 9.75; S, 26.38. 
6-Bromohexanoyl Chloride (22). The acid chloride 

was prepared by following the procedure for 5 on a 15-g 
scale to produce 16.1 g (98%) of the pure acid chloride 22 
(after distillation): lH NMR (CDCl3) 6 1.54 (m, 2 H), 1.75 
(m, 2 H), 1.90 (m, 2 H), 2.94 (t, 2 H, J = 7 Hz), 3.41 (t, 2 
H, J = 6.2 Hz); MS (LREI, 70 eV) m/z (relative intensity) 
216 (M+, l), 214 (2), 212 (2), 179 (loo), 177 (loo), 151 (201, 
149 (21), 137 (57), 135 (65), 133 (37), 97 (loo), 78 (loo), 
69 (100). 
(3-Oxa-l-methylcyclobuty1)methyl 5-Bromohex- 

anoate (23). The oxetane ester was prepared by following 
the procedure for 6 on a 4.4-g scale (21 mmol) to produce 

305 ((M + H) - HF, go), 285 ((M + H) - 2HF, 18), 265 

J = 16.6 Hz), -218.51 (tt, Jgem = 47.4 Hz, Joic 24.9 Hz); 

32), 271 ((M + H) - 2HF, 27), 251 ((M + H) - 3HF, 17), 

J = 16.6 Hz), -218.46 (tt, JS,, = 47.4 Hz, J u i c  = 24.9 Hz); 
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4.8 g (83%) of the crude oxetane ester 23: 'H NMR 
(CDC13) 6 1.34 (s, 3 H), 1.50 (m, 2 H), 1.67 (m, 2 H), 1.89 
(quintet, 2 H, J = 7.2 Hz), 2.38 (t, 2 H, J = 7 Hz), 3.40 (t, 
2 H, J = 6.2 Hz), 4.16 (s, 2 H), 4.38 (d, 2 H, J = 6 Hz), 
4.50 (d, 2 H, J = 6 Hz); MS (LREI, 70 eV) m/z (relative 
intensity) 281 (M + H, 0.4), 279 (0.4), 197 (20), 195 (20), 
179 (loo), 177 (loo), 144 (24), 97 (34), 69 (loo), 55 (59). 
Anal. Calcd for C11Hlg03Br: C, 47.35; H, 6.86; Br, 28.64. 
Found: C, 47.22; H, 6.97; Br, 28.42. 

1- (5-Bromopentyl)-4-methyl-2,6,7-trioxabicyclo- 
[2.2.2]octane (24). The OB0 ester was prepared following 
the procedure for 7 on a 4.8-g scale (17 mmol) to produce 
(after chromatography) 3.4 g (70%) of OB0 compound 24 
colorless oil; lH NMR (CDCl3) 6 0.80 (s, 3 H), 1.46 (m, 4 
H), 1.69 (m, 2 H), 1.88 (quintet, 2 H, J = 7.2 Hz), 3.40 (t, 
2 H, J = 7 Hz), 3.90 (s, 6 H); MS (LREI, 70 eV) m/z  
(relative intensity) 280 (M+, 0.5), 278 (0.5), 250 (18), 248 
(18), 179 (79), 177 (79), 72 (23), 69 (loo), 54 (35). Anal. 
Calcd for CllH19Br03: C, 47.32; H, 6.87; Br, 28.62. Found 
C, 47.24; H, 6.91; Br, 28.68. 

1- [ 6,6- (Trimet hylenedit hio)- lri-pentadecenyl]-l- 
methyl-2,6,7-trioxabicyclo[2.2.2)octane (25). The alkyl- 
ated fatty acid precursor was prepared by following the 
procedure for 8 on a 5.4-g scale (22 mmol) to produce 8.5 
g (87%) of the alkylated OB0 compound 25 after chro- 
matography: colorless oil; lH NMR (CDCl3) 6 0.80 (s, 3 
H), 1.35 (m, 16 H), 1.67 (m, 2 H), 1.85 (m, 6 H), 2.05 (m, 
2 H), 2.85 (m, 4 H), 3.90 ( s ,6  H), 4.94 (dm, 1 H, J = 10.2 
Hz), 5.00 (dm, 1 H, J = 17 Hz), 5.81 (tdd, 1 H, J = 17, 
10.2,6.7 Hz); MS (LREI, 70 eV) m / z  (relative intensity) 
442 (M+, 32), 336 (311, 303 (53), 257 (loo), 223 (47), 157 
(83), 144 (49), 81 (32), 69 (31),67 (33), 57 (36), 55 (70). Anal. 
Calcd for C24H4203S2: C, 65.11; H, 9.56; S, 14.48. Found: 
C, 65.18; H, 9.55; S, 14.38. 
3-Hydroxy-2-( hydroxymethyl)-2-methylpropyl7,7- 

(Trimethylenedithi0)- 15-hexadecenoate (26). The 
neopentyl ester was prepared in quantitative yield by the 
procedure for 9 and was used directly without purification 
or characterization. 
Methyl 7,7-(Trimethylenedithio)-l5-hexadecenoate 

(27). The methyl ester was prepared by the procedure for 
10 to produce, after flash chromatography (10% diethyl 
ether/hexane), 3.5 g (85%) of pure methyl ester 27: IH 
NMR (CDCl3) 6 1.35 (m, 14 H), 1.65 (m, 2 H), 1.85 (m, 4 
H), 1.95 (m, 2 H), 2.05 (m, 2 H), 2.32 (t, 2 H, J = 7.5 Hz), 
2.82 (m, 4 H), 3.67 (s, 3 H), 4.94 (dm, 1 H, J = 10.2 Hz), 
5.00 (dm, 1 H, J = 17 Hz), 5.81 (tdd, 1 H, J = 17, 10.2, 
6.7 Hz); MS (LREI, 70 eV) m / z  (relative intensity) 372 
(M+, 9), 247 (21), 243 (22), 119 (17), 87 (20), 81 (25), 74 
(loo), 69 (19), 59 (23), 55 (35); HREI calcd for C~OHMOZSZ 
372.2141, found 372.2149. 
Methyl 7,7-(Trimethylenedithio)-16-hydroxyhexa- 

decanoate (28). The hydroxy compound was prepared 
by following the procedure for 11 on a 3.5g scale to produce 
3.3 g (89 9% ) of the hydroxy compound 28, which was used 
in the next step without purification: 'H NMR (CDCl3) 
6 1.35 (m, 14 H), 1.60 (m, 6 H), 1.85 (m, 4 H), 1.95 (m, 2 
H), 2.32 (t, 2 H, J = 7.5 Hz), 2.82 (m, 4 H), 3.65 (t, 2 H, 
J = 6.8 Hz), 3.67 (s, 3 H); MS (LREI, 70 eV) m/z  (relative 
intensity) 390 (M+, 7), 261 (29), 247 (44), 127 (M), 109 (78), 
95 (30), 81 (50), 67 (loo), 55 (98); IR (solution, CHCl3) 3615, 
3010, 2930, 2860, 1733, 1438, 1235; HREI calcd for 
CZ0H3803S2 390.2268, found 390.2265. 
Methyl 7,7-(Trimethylenedithio)-16-acetoxyhexa- 

decanoate (29). The  acetate was prepared by the 
procedure for 12 on a 3.0-g scale to produce, after flash 
chromatography (20% ethyl acetate/hexane), 3.1 g (93% 
of acetate 29: pale yellow oil; lH NMR (CDCl3) 6 1.35 (m, 
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14 H), 1.65 (m, 6 H), 1.85 (m, 4 H), 1.95 (m, 2 H), 2.04 (s, 
3 H), 2.32 (t, 2 H, J = 7.5 Hz), 2.82 (m, 4 H), 3.67 (s, 3 
H), 4.05 (t, 2 H, J = 6.7 Hz); MS (LREI) m / z  (relative 
intensity) 432 (M+, 5), 303 (24), 247 (33), 127 (67), 109 (42), 
74 (21); HREI calcd for C22H4004Sz 432.2360, found 
432.2364. 

Methyl 7,7-Difluoro-16-acetoxyhexadecanoate (30). 
The difluoro compound was prepared by the procedure 
for 13 on a 0.5-g scale to produce 0.35 g (83%) of diflu- 
or0 compound 30, which was used in the next step without 
purification: 1H NMR (CDCh) 6 1.3e1.45 (m, 12 H), 1.55- 
1.9 (m, 1 2  H), 2.04 (s, 3 H), 2.32 (t, 2 H, J = 7.5 Hz), 3.67 
(s, 3 H), 4.05 (t, 2 H, J = 6.7 Hz); MS (LRCI) m/z (relative 
intensity) 365 (M + H, 29), 345 ((M + H) - HF, loo), 325 

4 -98.46 (quintet, J = 16.57 Hz); HRCI calcd for C19Hd04 
345.2458, found 345.2449; calcd for C19H3304 ((M + H) - 
HF) 325.2386, found 325.2382. 

Methyl 16-Hydroxy-7,7-difluorohexadecanoate (31). 
The hydroxy difluoro compound was prepared by the 
procedure for 14 on a 0.35-g scale (0.96 mmol) to produce, 
after flash chromatography (40% ethyl acetate/hex- 
ane), 0.25 g (80%) of the hydroxy difluoro compound 31: 
lH NMR (CDC13) 6 1.30-1.90 (m, 24 H), 2.32 (t, 2 H, J = 
7.5 Hz), 3.65 (t, 2 H, J = 6.8 Hz), 3.67 (s, 3 H); MS (LRCI) 
m/z  (relative intensity) 323 (M + H, 68), 303 ((M + H) - 

NMR (CDC13) 4 -98.405 (quintet, J = 16.6 Hz); HRCI 
calcd for C17H3303F2 (M + H) 323.2411, found 323.2404; 
calcd for C17H32F03 ((M + H) - HF) 303.2343, found 
303.2339; calcd for C17H3103 ((M + H) - 2HF) 283.2287, 
found 283.2280. 

Methyl 16-[[ (Trifluoromethyl)sulfonyl]oxy]-7,7- 
difluorohexadecanoate (32). The triflate was prepared 
by the procedure for 15 on a 0.25-g scale to produce 0.31 
g (90%) of triflate 32: 1H NMR (CDCl3) 6 1.35 (m, 16 H), 
1.65 (m, 2 H), 1.82 (m, 6 H), 2.35 (t, 2 H, J = 7.6 Hz), 3.68 
(s, 3 H), 4.55 (t, 2 H, J = 6.8 Hz). 

Methyl 7,7,16-Trifluorohexadecanoate (33). The tri- 
fluoro ester was prepared by the procedure for 16 on a 50- 
mg scale to produce 30 mg (88%) of trifluoro ester 33: 'H 
NMR (CDCl3) 6 1.30-1.50 (m, 14 H), 1.70 (m, 10 H), 2.32 
(t, 2 H, J = 7.5 Hz), 3.67 ( ~ , 3  H), 4.44 (td, 2 H, JHF = 47.2 
Hz, J H H  = 6.1 Hz); MS (LRCI) m/z  (relative intensity) 
325 (M + H, 5), 305 ((M + H) - HF, 83), 285 ((M + H) - 
2HF, 39), 265 ((M + H) - 3HF, 72); 19F NMR (CDC13) 4 
-98.43 (quintet, J = 16.6 Hz), -218.55 (tt, Jgem = 47.4 Hz, 
Juic = 24.9 Hz). HRCI calcd for C17H3202F3 (M + H) 
325.2358, found 323.2356. 
7,7,16-Trifluorohexadecanoic Acid (11). The tri- 

fluoro acid was prepared by the procedure for I on a 30- 
mg scale to provide 25 mg (90%) of trifluoro acid 11: lH 
NMR (CDC13) 6 1.30 (br m, 18 H),  1.44 (m, 2 H), 1.70 (m, 
4 H), 2.35 (t, 2 H, J = 7.6 Hz), 4.44 (td, 2 H, JHF = 47.2 
Hz, J H H  = 6.1 Hz); MS (LRCI) m / z  (relative intensity) 
291 ((M + H) - HF, 13), 271 ((M + H) - 2HF, 36), 251 
((M + H) - 3HF, 40), 186 (88), 142 (56); 19F NMR (CDC13) 

((M + H) - 2HF, 3), 313 (72), 265 (39); "F NMR (CDC13) 

HF, 50), 283 ((M + H) - 2HF, loo), 265 (52), 251 (71); 19F 

4 -98.42 (quintet, J = 16.6 Hz), -218.50 (tt, J,,, = 47.3 
Hz, Juic = 24.9 Hz); HRCI calcd for CI~HZ&ZFZ ((M + H) 
- HF) 291.2130, found 291.2133; calcd for C ~ ~ H ~ ~ O Z F  ((M 
+ H) - 2HF) 271.2075 found 271.2074; calcd for C16H2702 
((M + H) - 3HF) 251.2011, found 251.2012. 

Methyl 16-Hydroxyhexadecanoate (35). 16-Hexa- 
decanolide (34; 5.0 g, 19.7 mmol) was dissolved in dry 
methanol (200 mL) under nitrogen. Anhydrous KzCO3 (5.4 
g, 39.4 mmol) was added quickly, and the mixture was 
allowed to stir a t  room temperature. GLC analysis 
indicated that the reaction was complete after 3 h. The 
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solution was diluted with CHzClz (100 mL) and washed 
with three 50-mL portions of water. The organic extract 
was dried (NazS04) and concentrated to provide 5.1 g 
(90% ) of the pure hydroxy ester 35 as a white, crystalline 
solid: mp 56 "C; 'H NMR (CDCl3) 6 1.30 (br, 20 H), 1.46 
(m, 2 H), 1.60 (m, 4 H), 2.31 (t, 2 H, J = 7.5 Hz), 3.65 (t, 
2 H, J = 6.8 Hz), 3.67 (s, 3 H); MS (LREI, 70 eV) m/z 
(relative intensity) 286 (M+, 11,268 (M - H20,5), 256 (26), 
98 (63), 87 (461, 75 (45), 74 (100). Anal. Calcd for 
C17H3403: C, 71.28; H, 11.96. Found: C, 71.28; H, 11.93. 

Methyl 16- [ [ (Trifl uoromet hyl)sulfonyl]oxy] hexa- 
decanoate (36). 2,6-Lutidine (0.91 mL, 7.8 mmol, distilled 
from CaHz and stored over KOH) was added via syringe 
to hydroxy ester 35 (1.0 g, 3.5 mmol) under nitrogen. Dry 
CHZC12 (12 mL) was added and the stirred solution was 
cooled to -40 "C. Triflic anhydride (1.25 mL, 7.5 mmol, 
distilled from P205) was slowly added via syringe. The 
solution was allowed to stir a t  -40 "C for 15 min and then 
was diluted with 100 mL of cold CHzClZ. The dilute 
solution was quickly washed with two 50-mL portions each 
of cold 10% HC1 solution, cold, saturated NaHC03 
solution, and brine. The  organic extract was dried 
(Na2SO4) and concentrated to provide 1.4 g (93%) of tri- 
flate 36: lH NMR (CDC13) 6 1.2-1.4 (m, 20 H), 1.6 (m, 4 
H), 1.83 (quintet, 2 H, J = 7.3 Hz), 2.31 (t, 2 H, J = 7.5 
Hz), 3.67 (s, 3 H), 4.54 (t, 2 H, J = 6.5 Hz); MS (LREI, 
70 eV) m / z  (relative intensity) 418 (M+, loo), 387 (37), 
345 (42), 281 (21), 268 (39), 240 (69), 239 (loo), 212 (79); 
HREI calcd for C ~ S H ~ ~ F ~ O ~ S  4110.3993, found 4110.3997. 

Methyl 16-Fluorohexadecanoate (37). Dry THF (5 
mL) was added to triflate 36 (229 mg, 0.55 mmol) under 
nitrogen. The clear yellow solution turned amber upon 
the dropwise addition of tetrabutylammonium fluoride 
(2.75 mL, 1.0 M solution in THF). The solution was 
allowed to stir a t  room temperature for 15 min. The 
solution was diluted with CHzC12 (20 mL) and passed 
through a short plug of silica. Flash chromatography (10% 
diethyl ether/hexane) produced 143 mg (90%) of fluoro 
ester 37: mp 36 OC; lH NMR (CDCl3) 6 1.3-1.4 (br, 20 H), 
1.65 (m, 4 H), 1.75 (m, 2 H),  2.31 (t, 2 H, J = 7.5 Hz), 3.67 
(s, 3 H), 4.45 (td, 2 H, JHF = 47.5 Hz, J H H  = 6 Hz); MS 
(LREI, 70 eV) m / z  (relative intensity) 288 (M+, 6), 143 
(7), 87 (54), 75 (23), 74 (loo), 69 (17), 57 (lo), 55 (30); 19F 

Hz). HREI calcd for Cl7H33F02 288.2480, found 288.2472. 
Anal. Calcd for C1,H33F02: C, 70.79; H, 11.53; F, 6.59. 
Found: C, 70.03; H, 11.30; F, 6.40. 

16-Fluorohexadecanoic Acid (111). The ester hy- 
drolysis was performed in a manner identical with that for 
I on the same scale, producing a similar yield (18 mg, 93 % ): 
'H NMR (CDCl3) 6 1.30 (br, 20 H), 1.65 (m, 6 H), 2.36 (t, 
2 H, J = 7.5 Hz), 4.54 (dt, 2 H, JHF = 47.5, J H H  = 6 Hz); 
MS (LREI, 70 eV) m/z  (relative intensity) 274 (M+, 27), 
255 (lo), 236 (17), 129 (33), 104 (100); "F NMR (CDC13) 
4 -218.51 (tt, J,,, = 47.4 Hz, Juic = 24.9 Hz); HRCI calcd 
for C16H3202F (M + H) 275.2376, found 275.2381. 

Radiochemical Synthesis. General Procedure for 
the Preparation of [ 'EFIFatty Acids. Fluorine-18 was 
prepared from [180]Hz0 by the 'sO(p,n)'EF reaction (15). 
Tetrabutylammonium hydroxide (2 pmol, 1 M aqueous 
solution) was added via microcapillary tube to the bottom 
of a Vacutainer (16). Water containing the [lsF]fluoride 
ion was added to the base, followed by the addition of 200 
pL of acetonitrile. The Vacutainer was allowed to heat 
in an oil bath at  110 "C while a gentle stream of nitrogen 
was used to assist in the azeotropic distillation of the water. 
As the volume decreased, additional acetonitrile was added, 
until there was only a very small volume remaining. The 

NMR (CDCl3) C#J -218.471 (tt, Jgem = 47.51 Hz, Juic = 24.9 
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bombardment. The product was purified by HPLC (cf. 
Figure 1A); the desired acid (111) eluted at  12.5 min. 
6,6,16-[ 16-1~F]Trifluorohexadecanoi~ Acid ( [18F]I). 

[18F]Fluoride (176 mCi) and triflate 15 (6.2 pmol) were 
allowed to react. The yields for each manipulation were 
comparable to those listed for [l8F]III above; overall yield 
was ca. 10%. The product was purified by HPLC (cf. 
Figure 1B); the desired acid (I) eluted at  6.0 min. 
7,7,16-[ 16-1~F]Triflu~r~hexadecan~ic Acid ([ 'SFIII). 

['8F]Fluoride (158 mCi) and triflate 32 (5.6 pmol) were 
allowed to react. The yields for each manipulation were 
somewhat less than those listed for [18F]III above; overall 
yield was ca. 3 5%. The product was purified by HPLC (cf. 
Figure 1C); the desired acid (11) eluted at  6.8 min. 

[I WIPalmitate  a n d  [ WIOctanoa te .  These com- 
pounds were prepared by methods described previously 
(17). 

Biodistribution Studies. After HPLC, the fractions 
containing the three fluorinated fatty acids [18F]I, [lsF]- 
11, and [18F]III were concentrated to dryness and then re- 
dissolved in 200 pL of ethanol. A 2.5% human serum 
albumin in saline solution (4 mL) was added and the 
resulting solution was filtered through a Millex-GV 0.22- 
pm filter unit. Sprague-Dawley rats (150-200 g) were 
allowed food and water and were anesthetized with ether 
just prior to injection. The radioactive compound was 
administered via femoral injection. At  the indicated times, 
tissues were removed and the activity levels were de- 
termined by y-counting. 
RESULTS 

The two prototype trifluoro fatty acids that we have 
synthesized are 6,6,16-trifluoro- and 7,7,16-trifluorohexa- 
decanoic (palmitic) acid I and 11. In addition, in order to 
provide a system that is not metabolically blocked in the 
same manner, we prepared 16-fluoropalmitic acid (111). 

ULTRAVIOLE~ (MINUTES) 
1 10 20 : 

II II 

i"' 
j__ 
0 10 

RADIOACTMM (MINUTES) 
Figure 1. HPLC trace of the purification of the three fluoro- 
hexadecanoic Acids (1-111). Chromatography was performed with 
reverse-phase HPLC (Whatman Partisil M-9 column) eluting with 
86%) acetonitrile and 14% (1% trifluoroacetic acid in water). A 
shows the trace for 16- [1SF]fluorohexadecanoic acid (111): The 
large peak at the void volume of the column ( t ~  = 3.2 min) is 
lSF-, the second large peak ( t ~  = 12.5 min) is the 16-[18F]- 
fluorohexadecanoic acid ([lsF]III), and the small peak at t~ = 
29 min is the methyl 16-[18F]fluorohexadecanoate ([18F]37). B 
shows the trace for 6,6,16-[ 16-1~F]triflu~r~hexadecan~ic acid (I): 
The large peak ( t ~  = 6.0 min) is 6,6,16-[16-1SF]trifluorohexa- 
decanoic acid ([laF]I) and the small peak at t R  = 11.0 min is 
methyl 6,6,16-[16-1~F]trifluorohexadecanoate (['SF] 16). C shows 
the trace for 7,7,16-[16-18F]trifluorohexadecanoic acid (11): The 
large peak ( t ~  = 6.8 min) is 7,7,16-[16-1sF]trifluorohexadec- 
anoic acid ([*SF]II) and the small peak at t~ = 13.5 min is meth- 
yl 7,7,16-[16-~~F]trifluorohexadecanoate (['SF]33). 

last minutes of the evaporation were performed without 
heat, since it has been found that overdrying the activity 
provides a much less active form of 18F-. 

After the water had been azeotropically removed, 200 
pL of dry T H F  was used to transfer the concentrated 
activity from the Vacutainer to a vial (12 X 75 mm, boro- 
silicate glass, with Teflon-lined cap) containing the pre- 
weighed triflate. The vial was tightly capped and the 
mixture was allowed to heat a t  105-110 "C for 20 min. After 
cooling (-1 min), the reaction mixture was transferred 
to a small plug of silica (1 cm), using an additional 400 pL 
of THF to rinse the vial and elute the silica. The mixture 
was eluted into a 1-mL Reactivial and concentrated by 
rotary evaporation or under a gentle stream of nitrogen 
(at room temperature). To the concentrated mixture was 
added 200 pL of 5 M KOH. The vial was tightly capped 
and allowed to heat at 135 "C for 5 min. After cooling (-2 
min), 300 pL of 6 N HCl was added and the acidified 
mixture was transferred to a test tube. The aqueous layer 
was washed with CHzClz until the cloudiness disappeared. 
The organic extract was passed through a 6.5-cm drying 
column (0.5 cm of MgS04 topped with 6.0 cm of Na~S04) 
into a 25-mL pear-shaped flask. The solution was 
concentrated in vacuo, redissolved in 1.5 mL methanol, 
and purified by reverse-phase HPLC. 
16-[18F]Fluorohexadecanoic Acid (['8F]III). [18F]- 

Fluoride (91 mCi) and triflate 36 (7.2 pmol) were allowed 
to react. The yields for each manipulation were as follows: 
resolubilization, 96% ; displacement, 68% ; hydrolysis, 45% ; 
overall, 10% decay corrected at  90 min after the end of 

F COZH 
I 

F -CO*H 
F F  

I1 
F- COZH 

111 

Chemical Synthesis. Because the trifluoro fatty acids 
I and I1 are to be labeled with fluorine-18 on the terminal 
carbon, the synthetic scheme was developed so that this 
fluorine could be introduced at a late stage in the sequence, 
by a simple fluoride ion displacement reaction. Since we 
have found that a gem-difluoromethylene group can be 
derived from a 1,3-dithiane (18), we selected a synthetic 
sequence whereby two carbon chains, each terminally func- 
tionalized, are joined by alkylation of a 2-lithio-1,3- 
dithiane. 

Synthesis of 6,6,16-Trifluorohexadecanoic Acid (I). 
The synthetic route to 6,6,16-trifluorohexadecanoic acid 
(I) is shown in Scheme 11. The 11-carbon fragment was 
derived from 10-undecenal (l), an inexpensive, com- 
mercially available starting material, by conversion to 
dithiane 2, under standard conditions. Thiylation of the 
olefin was observed after prolonged reaction time, but could 
be minimized by carefully monitoring the course of the 
reaction by TLC. Metalation of the dithiane with n-bu- 
tyllithium was assisted by the presence of hexameth- 
ylphosphoramide (HMPA). 

The five-carbon fragment was derived from 5-bro- 
mopentanoic acid (4). Corey's OB0 (oxabicyclooctyl) ester 
(19) was chosen to allow selective displacement of the 
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Scheme 11. Synthesis of 6,6,16-Trifluorohexadecanoic Acid (I) and 7,7,16-Trifluorohexadecanoic Acid (11) 
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halide by the 2-lithio-1,3-dithiane without competing 
addition to an ester carbonyl. Initial attempts using other 
esters, acid salts, etc. to protect the ester functionality 
proved ineffective. Prior distillation of acid chloride 5 and 
use of an excess of pyridine were required to insure a 
reasonable yield of oxetane ester 6. As this ester is highly 
sensitive to acid, purification was postponed until the 
somewhat less acid-sensitive OB0 stage (7); decomposition 
could be minimized by performing chromatography rapidly 
on silica pretreated with triethylamine. The  chro- 
matographic fractions were monitored by GLPC as the 
compound has no UV chromophore and does not stain with 
any of the usual TLC visualization methods. 

Alkylation of lithio-l,&dithiane 3 proceeded rapidly at  
-78 "C, providing fatty acid precursor 8 in 90% yield. The 

OB0 compound was transformed into a methyl ester (10) 
in excellent yield in two steps, hydrolysis and transester- 
ification, according to Fried's method (20). Olefin hy- 
droboration with 9-borabicyclo[3.3.1]nonane (9-BBN), 
followed by the usual oxidative workup, provided a good 
yield of hydroxy fatty ester 11. Careful monitoring of the 
course of the hydroboration and quench steps by TLC was 
necessary to avoid side reactions such as oxidation at  sulfur 
and methyl ester cleavage. 

As fluorination of dithiane 11 under the conditions 
developed in this laboratory (18) converts alcohols to bromo 
compounds, the terminal alcohol was protected as acetate 
12. Under optimized conditions (polyethylene reaction 
flask, -78 OC to room temperature, buffered aqueous 
quench), fluorination of the protected dithiane 12 gave di- 
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Scheme 111. Synthesis of 16-Fluorohexadecanoic Acid 
(111) 
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provide large molecular ion peaks in mass spectral analysis, 
the molecular ion is usually very small or missing in 
aliphatic fluoro compounds, as elimination of F or HF 
occurs readily under electron-ionization conditions (21). The 
monofluoro compounds (111,37) provided visible molecular 
ions, and the difluoro compounds (13,14,30,31), very small 
molecular ions, but only when using chemical ionization. 
Molecular ions could not be obtained for the trifluoro 
compounds (16, I, 33, 11), regardless of the ionization 
technique (field ionization, field desorption, chemical 
ionization, electron ionization, and fast-atom bombardment 
were attempted). However, the loss of each F as HF was 
clearly visible (i.e., M - 20, M - 40, M- 60). 

lH NMR analysis provides definite evidence for the 
presence of the primary fluoride (downfield shift and 
characteristic geminal coupling of -50 Hz); however, the 
position of the difluoro group cannot be determined clearly. 
Since the methylene protons a to the difluoromethylene 
group resonate in the same region as other methylenes in 
the molecule, the vicinal H-F coupling (-15 Hz) is usually 
obscured. The 13C NMR provides very definite evidence 
for the number and types of fluorine atoms present in the 
molecule. The carbon atom of the difluoromethylene is 
split into a triplet (JCF "= 240 Hz), as are the carbon atoms 
a and ,6 to the difluoromethylene group (JCF = 26 and 5 
Hz, respectively). 19F NMR is the most useful tool for 
structural determination of the fluoro compounds. The 
chemical shift in 19F NMR is highly dependent on 
structure, with the difluoro group resonating at --98 ppm, 
while the primary monofluoride resonates a t  --218 ppm. 
In addition, the clean spectrum allows the diagnostic 
coupling ( J H F - ~ ~ ~  = 35-50 Hz, Jm-"iC = 12-25 Hz, J F F - ~ ~ ~  
= 100-150 Hz) to be seen. 

Radiochemical Synthesis. Model Reactions. The 
synthetic routes to the trifluoropalmitic acids I and I1 were 
designed so that the w-terminal fluorine was introduced 
in the penultimate step by fluoride ion displacement of 
the corresponding trifluoromethanesulfonate (triflate) 
derivative (cf. Scheme 11). To investigate conditions that 
would be effective for performing this displacement using 
tracer levels of [18F] fluorine ion, we surveyed reaction 
conditions for [ 19F] fluoride ion displacement on the readily 
available precursor 36 for the monofluoro analogue 16- 
fluorohexadecanoic acid (111). 

Working on a 120-pmol scale with 1 equiv of tetrabu- 
tylammonium fluoride (TBAF) in T H F  a t  room tem- 
perature, we obtained an 80% yield of the fluoro fatty acid 
ester 37; the reaction could be reduced to one-fourth the 
scale (29 pmol), with only modest reduction in yield (55%). 
As solvent, THF, rather than CH3CN or CH2C12, provided 
the best yield. Even when fluoride ion was the limiting 
reagent (down to 0.1 equiv of fluoride ion), reasonable 
yields (ca. 30%, based on fluoride ion as limiting reagent) 
were obtained. 

Radiochemical Synthesis. The three 'SF-labeled fatty 
acid analogues (1-111) were synthesized by the routes shown 
in Scheme 11. A series of 20 radiochemical reactions were 
performed to investigate the required reaction conditions. 
The [18F]fluoride, obtained from an [lsO]water target after 
proton bombardment (15),  was combined with tetrabu- 
tylammonium hydroxide, and the water was removed by 
azeotropic distillation with aceonitrile a t  90 "C in a Va- 
cutainer (16). The dried activity was resolubilized in THF 
and transferred to a small, glass vial containing the tri- 
flate. The  yields in the  resolubilization step were 
consistently high (85-95 5%). Resolubilization yields were 
lower with potassium carbonate [2.2.2]kryptofix (22) as 
base in a platinum crucible. Although the triflate 

1. K2C03, MeOH 34 
2. LCF3SOz)zO I 

' 2 , 6 h & e  
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fluoro product 13 in 85% yield. Selective methanolysis 
of the acetate gave the hydroxy difluoro methyl ester 14. 

Since the trifluoromethanesulfonate (triflate) 15 is quite 
thermally labile and decomposes rapidly on silica gel, it 
was necessary to control carefully the reaction conditions 
for its formation to minimize the generation of byprod- 
ucts and obviate the need for purification. By combining 
a short reaction time at -40 "C with a cold, aqueous quench, 
a good yield (86%) of triflate 15 (-98% pure by 'H NMR) 
could be obtained. The triflate is stable for several months 
at  -20 "C. 

The displacement of the triflate by fluoride ion (tet- 
rabutylammonium fluoride), gives excellent yields of tri- 
fluoro ester 16 within 5 min at  room temperature. Finally, 
the methyl ester can be hydrolyzed under vigorous 
conditions to give trifluoro acid I in good yield. A major 
consideration in the selection of vigorous ester hydroly- 
sis conditions was that the reaction be very fast, since, in 
the radiosynthesis, this step would follow the introduction 
of the short-lived radionuclide. 

Synthesis of 7,7,16-Trifluorohexadecanoic Acid (11). 
The synthesis of 7,7,16-trifluorohexadecanoic acid (11) 
paralleled that of the 6,6,16-isomer I (Scheme 11). Although 
g-decenal(18) was not commercially available, it could be 
easily synthesized by oxidizing the available 9-decen-l- 
01 (17) with pyridinium chlorochromate. Subsequent 
dithiane formation and lithiation proceeded as before. 
6-Bromohexanoic acid (21) was used as the six-carbon 
fragment. 

Alkylation and the subsequent steps to produce 7,7,16- 
trifluorohexadecanoic acid (11) provided similar yields to 
those obtained in the synthesis of the 6,6,16-trifluoro 
isomer. In fact, in characterization of the products along 
this route, the mass spectra provided the only unique 
information, as the fragment ions clearly showed the 
position of the dithiane. The 'H NMR, 13C NMR, IR, 
elemental analysis, and chromatographic behavior of the 
isomers were indistinguishable. 

Synthesis of 16-Fluorohexadecanoic Acid (111). 16- 
Fluorohexadecanoic acid (111) was prepared as a model 
compound to be used for optimization of the radiochem- 
ical synthesis and as a standard for the subsequent bio- 
distribution studies. Although 16-hydroxyhexadecanoic 
acid (juniperic acid) is commercially available, the lac- 
tone 16-hexadecanolide (34) is available a t  less than one- 
tenth the cost and can be efficiently converted to hy- 
droxy ester 35 in one step (see Scheme 111). 

Identification of Fluoro Compounds. The fluorine- 
containing fatty acid analogues proved to be difficult to 
characterize by standard methods, with the level of 
difficulty generally increasing with the addition of each 
fluorine. In general, while aromatic fluoro compounds 
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Table I. Tissue Distribution of [WIPalmitate in Adult Ratsn 
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tissue 2 min 5 min 15 min 30 minb 1 he 
~~ 

90 ID/g 
blood 0.44 f 0.17 0.13 f 0.03 0.33 f 0.09 0.60 f 0.26 0.19 f 0.05 
lung 2.94 f 1.47 2.06 f 0.80 2.24 f 0.70 1.91 f 0.51 1.81 f 0.42 

4.19 f 0.56 liver 6.35 f 1.07 7.28 f 0.81 6.73 f 1.05 4.81 f 0.44 
0.31 f 0.06 0.27 f 0.04 0.33 f 0.09 muscle 0.31 f 0.06 0.30 f 0.07 

heart 3.75 f 0.68 1.97 f 0.38 2.09 f 0.79 1.73 f 0.40 1.70 f 0.68 
boneb 0.30 f 0.06 0.30 f 0.10 0.25 f 0.12 0.34 f 0.03d 0.41 f 0.11 

% ID/organ 
2.03 f 0.53 blood 4.67 f 1.87 1.45 f 0.37 3.55 f 0.93 6.52 f 2.74 

lung 3.03 f 1.51 2.43 f 0.80 2.40 f 0.64 2.00 f 0.29 2.04 f 0.30 
49.93 f 3.67 45.18 f 6.43 33.62 f 3.29 27.27 f 3.98 liver 41.03 f 5.43 

muscle 6.54 f 1.17 6.51 f 1.57 6.51 f 1.21 6.46 f 1.02 6.98 i 1.59 
heart 2.13 f 0.43 1.12 f 0.21 1.06 f 0.29 1.00 f 0.20 0.98 f 0.39 
boneb 4.91 f 0.92 5.02 * 1.47 4.09 f 1.85 5.70 f 0.23 6.87 f 1.87 

a Mean f standard deviation, n = 12, unless noted otherwise. n = 8. n = 13. n = 4. 

displacement reaction occurred rapidly a t  room tem- 
perature when using [19F]fluoride, it was necessary to heat 
the reaction mixture to obtain reasonable yields when using 
[ '8F]fluoride, and yields increased signficantly when the 
reaction time was extended from 10 to 20 min. 

The product from the displacement reaction was passed 
through a plug of silica gel and then evaporated under a 
stream of nitrogen. In some cases, a considerable quantity 
of activity was lost during this step. While the loss was 
first thought to be due to evaporation of an apolar, volatile 
byproduct, control experiments showed that the ester itself 
had significant volatility under a nitrogen stream; higher 
yields were obtained when solvent was removed by rotary 
evaporation. 

Ester hydrolysis could be achieved with either 50% 
HzS04 or 6 N hydrochloric acid; the latter gave fewer 
emulsion problems. The acid was isolated by extraction 
with dichloromethane. Overall yields (decay corrected) 
were 3-34 SO, with synthesis times of 60 min. 

The 18F fatty acids used for animal studies were purified 
by reverse-phase HPLC (Figure 1). Since the fatty acid 
has no UV chromophore, mass detection was achieved with 
a UV detector set at  215 nm. This detection wavelength 
limited the choice of solvents. Reasonable separations, 
however, could be obtained with mixtures of acetonitrile 
and 1.0% trifluoroacetic acid in water. In order to obtain 
a fairly constant baseline a t  215 nm, it was essential to de- 
gas the solvents and to premix the acetonitrile and water. 

Tissue Distribution Studies. For animal uptake 
studies, the collected HPLC fractions were combined and 
concentrated in vacuo, adsorbed onto albumin, and injected 
intravenously into rats. At  2-, 5-, 15-, and 60-min intervals, 
the rats were sacrificed, and the tissue distribution of the 
fatty acids was determined. For comparative purpases, 
tissue-uptake studies were also performed with ["C]- 
palmitic acid, used clinically for myocardial imaging, and 
[llC]octanoic acid, a fatty acid not utilized by the heart: 
The tissue distribution data for each of the five fatty acids 
are presented in Tables I-V; uptake is also depicted 
graphically in Figures 2-4. 

All of the palmitates show high uptake by the liver, fairly 
low uptake by muscle, and fairly low activity levels in blood 
(Figure 2; Tables I-IV). The clearance of activity from 
the liver with 7,7,16-trifluoropalmitate (11) is significantly 
faster than that with the other three. Activity in the liver, 
muscle, and lung tissue can reduce the quality of myo- 
cardial images. 7,7,16-Trifluoropalmitate (11) is the only 
compound which shows a higher uptake in lung tissue 
compared to heart tissue. 

As expected, the uptake of [llC]octanoate is very 
different from that of the palmitates: Heart uptake is 

Table 11. Tissue Distribution of 16-[ *8F]Fluoropalmitate 
(111) in Adult Rats. 

tissue 2 min 5 min 15 min 60 min 
%ID/g 

blood 0.26 f 0.05 0.14 f 0.01 0.39 f 0.10 0.27 f 0.02 
lung 1.71 f 0.59 1.32 f 0.18 1.12 f 0.17 1.11 f 0.28 
liver 4.70 f 1.75 4.89 f 1.10 4.12 f 1.08 3.06 f 0.44 
muscle 0.20 f 0.05 0.21 f 0.04 0.25 0.05 0.28 f 0.05 
heart 2.44 f 0.99 1.57 f 0.27 1.21 f 0.33 0.66 f 0.07 
bone 0.18 f 0.04 0.18 * 0.04 0.33 f 0.07 1.08 f 0.15 

%ID/Organ 
blood 3.40 f 0.65 1.94 f 0.19 5.05 * 1.15 3.36 f 0.26 
lung 1.91 f 0.61 1.56 f 0.19 1.56 f 0.38 1.32 f 0.15 
liver 33.60 f 10.42 39.92 f 8.44 33.44 f 6.68 21.45 f 3.58 
muscle 5.31 f 1.54 5.73 f 1.02 6.54 f 1.56 6.84 f 1.05 
heart 1.47 f 0.53 0.97 f 0.22 0.71 0.15 0.38 f 0.05 
bone 3.63 f 0.72 3.56 f 0.86 6.68 f 1.61 20.61 f 3.51 

Mean f standard deviation, n = 5. 

Table 111. Tissue Distribution of 
6,6,16-[ 16-18F]Trifluoropalmitate (I) in Adult Rats. 
tissue 2 min 5 min 15 min 60 min 

%ID/g 
blood 0.38 f 0.10 0.24 f 0.07 0.30 f 0.06 0.37 f 0.15 
lung 1.40 f 0.20 1.37 f 0.34 1.17 f 0.33 1.23 f 0.44 
liver 6.78 f 1.76 8.21 f 2.15 6.59 f 0.50 5.12 f 0.91 
muscle 0.27 f 0.06 0.24 f 0.05 0.24 f 0.03 0.30 f 0.04 
heart 1.14 f 0.25 0.99 f 0.22 0.70 f 0.15 0.76 f 0.18 
bone 0.16 f 0.02 0.14 f 0.02 0.29 f 0.02 1.28 i 0.12 

% ID/Organ 
blood 4.72 f 0.94 2.64 f 0.65 3.79 f 0.78 4.51 f 1.73 
lung 1.49 f 0.26 1.60 f 0.45 1.30 f 0.48 1.31 f 0.40 
liver 43.88 f 5.66 48.00 f 6.23 46.85 f 3.67 31.86 f 2.57 
muscle 6.83 f 1.62 5.44 f 1.32 6.07 f 0.73 7.40 & 0.80 
heart 0.69f0.11 0.56f0.13 0.43f0.10 0.44f0.14 
bone 3.12 f 0.37 2.41 f 0.23 5.82 f 0.40 24.31 f 3.43 

a Mean f standard deviation, n = 5. 

initially high, but clearance is rapid from all tissues (Table 
V). Among the palmitic acids, there are marked differences 
in uptake efficiency by the heart  and more subtle 
differences in retention of activity by the heart. Compared 
to [l'CIpalmitate, the heart activity a t  2 min with fluo- 
ropalmitate is somewhat lower and that with the two tri- 
fluoropalmitates is considerably lower (Tables I-IV). This 
decreasing uptake upon progressive fluorine substitution 
parallels the increasing polarity of these compounds (see 
the Discussion section). 

The retention of activity by the heart can best be 
appreciated in Figure 3, where the activity in the heart 
at 5,15, and 60 min is shown as a percentage of the activity 
at  2 min. Heart activity with octanoate is lost most rapidly; 
activity loss with fluoropalmitate is next most rapid. Gem- 
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Table IV. Tissue Distribution of 
7.7.16-[16-18F1Trifluoro~almitate (11) in Adult Rats' 
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in these palmitate analogues. The tissue distribution 
studies indicate, however, that these fluorine-substituted 
palmitic acids have significantly reduced uptake by the 
heart and that their retention by the heart is, a t  best, 
marginally improved over that of palmitate itself. 

The reduced heart uptake of the fluoropalmitates vs 
palmitic acid itself could result from substantial physi- 
cochemical changes that occur upon fluorine substitution. 
Current literature contains many references to  the 
increased lipophilicity imparted to molecules through 
incorporation of C-F bonds (23). While this is certainly 
true for aromatic C-F bonds, and while CF3 is one of the 
most lipophilic groups available, the substitution of one 
or two fluorine atoms in place of hydrogen actually 
decreases the lipophilicity (24). This effect can be observed 
by comparing the HPLC traces of 16- [ 18F]fluoropal- 
mitic acid and the corresponding C-6 and C-7 gem- 
difluoro analogues (Figure 1). The principles of reversed- 
phase HPLC dictate that  more lipophilic compounds 
should be retained on the column as a result of favorable 
hydrophobic interactions between the compounds and the 
stationary phase. In fact, under conditions in which 16- 
fluoropalmitic acid elutes in 12.5 min, the trifluoropal- 
mitic analogues elute in only 6 min, indicating that the 
gem-difluoro substitution creates a less lipophilic molecule. 
This reduced lipophilicity may be partially responsible for 
the lower heart uptake observed with these analogues. 

Since transport of the fatty acids into the mitochon- 
dria (where @-oxidation occurs) occurs through a series of 
functionalization steps a t  the carboxyl group (25), we 
expected that substitution a t  any of the methylene groups 
in the middle of the chain would not affect the uptake and 
transport of the fatty acid. Recent reports, however, 
suggest that very specific interactions at  particular points 
on the fatty acid chain may affect heart uptake. While 
Knapp and co-workers observed little discrimination 
between fatty acids substituted with tellurium at positions 
6,9, and 11 (6b), a dramatic decrease in myocardial uptake 
was observed when the tellurium atom was a t  position 13 
(6a). Furthermore, in studies of gem-dimethyl-substituted 
fatty acids, substitution a t  C-4 produced a t  least a 2-fold 
increase in uptake compared to that with substitution a t  
C-3, C-6, or C-9 (26). Obviously, the interactions involved 
in the uptake and transport  of fatty acids are not 
straightforward, and the sites we have chosen for gemi- 
nal difluorination (C-6 and C-7) could interfere with my- 
ocardial uptake and transport processes. Perhaps the gem- 
difluoromethylene substitution at  a different position along 
the chain would lead to analogues possessing high heart 
uptake. 

The retention of activity by the heart, following injection 
of the fluoropalmitates, is not dramatically different from 
that of palmitate itself: 16- [18F]fluoropalmitate is cleared 
somewhat more rapidly than palmitate itself; the two tri- 
fluoropalmitates have slower clearance patterns, par- 
ticularly 6,6,16-trifluoropalmitate (I) (cf. Figure 3). The 
reduced clearance rates of the trifluoropalmitates vs 16- 
fluoropalmitate suggests that geminal difluorination may, 
indeed, be blocked in these compounds, particularly since 
clearance is slowest with the isomer (I) in which the 
blockage of @-oxidation is most likely (see the Introduction, 
Scheme I). Nevertheless, the clearance rate for 6,6,16- 
trifluoropalmitate (I) is not markedly slower than for pal- 
mitate itself and other modes of oxidation may be operating 
to release 18F label from these compounds. Other modes 
of oxidative degradation of fatty acids are known (w and 
w-1) (27). These involve cytochrome P-450 mixed function 

~~ 

tissue 2 min 5 min 15 min 

blood 0.89 f 0.13 0.54 f 0.10 0.60 f 0.06 
lung 1.56 f 0.25 1.18 * 0.30 1.16 f 0.21 
liver 6.21 * 1.38 4.97 * 0.78 5.13 f 1.04 
muscle 0.27 f 0.05 0.28 f 0.03 0.33 f 0.04 
heart 1.18 f 0.24 0.89 f 0.14 0.61 f 0.06 
bone 0.22 f 0.05 0.27 f 0.06 0.62 i 0.06 

blood 10.53 f 1.42 6.91 f 0.85 7.11 f 0.54 
lung 1.69 f 0.34 1.40 f 0.13 1.42 f 0.36 
liver 43.28 f 5.54 37.05 f 3.51 33.32 f 5.97 
muscle 6.41 f 0.83 7.33 f 0.51 7.68 f 0.89 
heart 0.67 f 0.14 0.54 f 0.08 0.33 f 0.02 
bone 4.06 f 0.96 5.47 f 0.83 11.41 f 0.81 

%ID/g 

70 ID/Organ 

a Mean f standard deviation, n = 5. 

60 min 

0.44 f 0.06 
0.94 f 0.16 
2.16 f 0.43 
0.30 f 0.03 
0.45 f 0.03 
1.87 i 0.52 

5.26 f 0.45 
0.96 i 0.22 

15.04 f 3.43 
7.32 f 0.54 
0.27 f 0.01 

34.96 f 7.93 

inal difluorination of the 'EF-labeled palmitate does result 
in significantly increased retention of activity by the heart. 
This is particularly true for 6,6,16-trifluoropalmitate (I), 
which is the isomer in which the blockage of 0-oxidation 
is most likely (see the Introduction, Scheme I). Never- 
theless, the improvement in heart activity retention with 
this compound over palmitate itself is not great. 

The accumulation of activity in the bone, following 
injection of the 18F-labeled palmitates, indicates active 
metabolism that produces free fluoride ion. The time 
course of bone accumulation with these three compounds 
is shown in Figure 4. Activity accumulates most rapidly 
with 7,7,16-trifluoropalmitate (II), but even with fluoro- 
palmitate (111) and 6,6,16-trifluoropalmitate (I), total bone 
activity at  60 min represents 20-25% of the injected dose. 
A reexamination of Figure 2 reveals that there is a roughly 
reciprocal relationship between liver and bone activities 
for the three 18F-labeled palmitic acids. 7,7,16-Triflu- 
oropalmitate (II), which shows the most rapid decline in 
liver activity, also shows the most rapid increase in bone 
activity. Thus, metabolic release of fluoride ion from the 
liver is the most likely source of bone activity. 

DISCUSSION 
We have described the synthesis and tissue distribution 

of two new fatty acids labeled with fluorine-18, 6,6,16- 
[16-18F]trifluoropalmitic acid (I) and 7,7,16-[16-18F]- 
trifluoropalmitic acid (II), and have compared them with 
16- [ 18F]fluoropalmitate (III), 1- [ llCIpalmitate, and 1- [ W ] -  
octanoate. The synthesis of the trifluoropalmitic acids 
utilized a method we have developed for the geminal 
fluorination of 1,3-dithianes by halofluorination (18); the 
dithiane also served as a convenient assembly point for 
the synthesis of the internally functionalized fatty acids. 
The terminal fluorine, site of radiolabeling, was introduced 
by fluoride ion displacement of a triflate, a reaction that 
is readily adapted to labeling with fluorine-18. In this 
manner, the radiolabel was introduced in the penulti- 
mate step; only ester hydrolysis and HPLC purification 
were required to prepare the material for use in animals. 

The two new trifluoropalmitic acid derivatives were 
designed in the hope that they would be good analogues 
for palmitic acid in terms of uptake by the heart but would 
be resistant to metabolism in the heart that releases ra- 
diolabel and thereby compromises the initial pattern of 
uptake. As was explained in the Introduction (Scheme I), 
/3-oxidation, which can result in rapid degradation of fatty 
acids, releasing radiolabel both a t  the C-1 and at  internal 
and terminal positions, should be blocked by the 6,6- 
difluoro (and possibly also by the 7,7-difluoro) substitution 
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Table V. Tissue Distribution of [l-LIC]Octanoate in Adult Ratsn 

Pochapsky et al. 

tissue 2 min 5 min 15 min 30 min 60 min 

blood 0.93 f 0.14 0.48 f 0.13 0.31 f 0.03 0.23 f 0.04 0.20 f 0.03 
lung 2.05 f 0.43 1.76 f 0.19 1.12 f 0.16 0.71 f 0.19 0.51 f 0.01 
liver 3.56 * 0.62 2.66 f 0.07 1.54 f 0.45 1.02 f 0.38 0.79 * 0.29 
muscle 0.17 f 0.04 0.26 f 0.09 0.24 f 0.05 0.16 f 0.02 0.14 f 0.04 
heart 4.02 f 1.10 0.84 f 0.28 0.41 f 0.06 0.26 f 0.03 0.24 f 0.01 

70 ID/g 

blood 11.97 f 1.61 5.80 f 1.22 
lung 2.99 f 0.71 2.28 f 0.63 
liver 22.07 f 4.36 16.80 f 1.33 
muscle 4.29 f 0.82 6.33 f 1.67 
heart 2.23 f 0.54 0.44 f 0.11 

,, Mean f standard deviation, n = 4. 

2~ 0 
o l o m ~ a 8 0 B D m  

%ID/Organ 
2.58 f 0.47 3.94 f 0.43 3.06 f 0.59 

1.27 f 0.12 0.85 f 0.15 0.55 f 0.05 
9.10 f 2.19 6.91 f 2.52 5.34 f 1.69 
6.24 f 1.18 4.26 f 0.46 3.68 f 1.06 
0.25 f 0.06 0.18 f 0.01 0.15 f 0.01 

i o  

B 

I - Liver - Muscle - Heart 
-Bane 

0 $s=& , 

0 1 o m 3 D a 5 0 m m  
TIME (min.) 

Figure 2. Summary of tissue distribution of activity following the injection of l-[llC]palmitate and the fluorine-substituted pal- 
mitate analogues in the rat. In each case 150-200-g rats were injected iv with the indicated compound, and the tissue distribution 
was determined a t  the indicated times. Data are taken from Tables I-IV; further details are given in the text and the Experimental 
Procedures. 
120 - 6,6,16FPA 

.d- 7,7,16FPA - FPA 

gel  - C-16 

P 100 

{a0 

440 $. - G a  

a0 

0 
o l o a 0 ~ ~ 5 0 6 o m  

TIME (min.) 
Figure 3. Summary of heart retention of activity after injection 
of 1-[11C]octanoate (C-8), [ l-WIpalmitate (C-16), and the [lSF]- 
fluoropalmitate analogues (16-FPA, 6,6,16-FPA, and 7,7,16- 
FPA). Data taken from Tables I-V. 
oxidases and have been most well-characterized in liver 
(25) but m a y  also occur in heart as well as in o ther  tissues 
(27). 

The fact that 20-3596 of the injected dose of all three 
of the fluorine-18 labeled fa t ty  acids ends up in bone at  
60 min indicates that a substantial fraction of metabolism, 

1 Boneuptake 

o l O a o 3 0 4 0 5 D ~ m  

TIME (min.) 
Figure 4. Summary of accumulation of activity in bone after 
injection of 16-[1sF]fluoropalmitate (FPA), 6,6,16-[16-'SF]- 
trifluoropalmitate (6,6,16-FPA), and 7,7,16-[ 16-1sF]trifluoro- 
palmitate (7,7,16-FPA). Data are taken from Tables 11-IV. 

probably occurring principally in the liver, results in the 
release of free fluoride ion (28). While the strength of the 
carbon-fluorine bond (106 kcal/mol) (12) is frequent ly  
cited as a reason for  the metabolic inertness of certain 



Metabolically Blocked Myocardial Imaging Agents 

fluorine-substituted compounds, metabolic inertness is 
more a characteristic of perfluorinated rather than mono- 
fluorinated substances. In fact, the electronic characteristics 
of fluorine are unusual, being electron withdrawing by an 
inductive effect but electron supplying through resonance. 
As a result, a cationic center a to a fluorine substituent 
is stabilized (291, the stabilizing effect of fluorine on car- 
bocations lying between that of a hydrogen and a meth- 
yl group. So, whereas sites /3 to fluorine substitution are 
deactivated toward an electrophilic oxidative metabolic 
event (because the ,!%position experiences only the 
inductive, electron-withdrawing effect of fluorine), the site 
a to  fluorine might actually be activated (due to  the 
resonance contribution). 

Bioconjugate Chem., Vol. 1, No. 4, 1990 243 

hut, M., and Liefhold, J. (1988) Radioiodinated p-Phenylene 
Bridged Fatty Acids as New Myocardial Imaging Agents: 
Syntheses and Biodistribution in Rats. Appl. Radiat. Zsot. 39, 
639-649. 

(5) (a) Knapp, F. F., Goodman, M. M., Callahan, A. P., and Kir- 
sch, G. (1986) Radioiodinated 15-(p-Iodophenyl)-3,3-Di- 
methylpentadecanoic Acid: A Useful New Agent to Evaluate 
Myocardial Fatty Acid Uptake. J. Nuel. Med.  23, 169-175. 
(b) Ambrose, K. R., Owen, B. A., Goodman, M. M., and Knapp, 
F. F., Jr. (1987) Evaluation of the Metabolism in Rat Hearts 
of Two New Radioiodinated 3-Methyl-Branched Fatty Acid 
Myocardial Imaging Agents. Eur. J. Nucl. Med.  12, 486- 
491. (c) Som, P., Oster, Z. H., Kubota, K., Goodman, M. M., 
Knapp, F. F., Jr., Sacker, D. F., and Weber, D. A. (1989) Studies 
of a New Fatty Acid Analog (DMIVN) in Hypertensive Rats 
and the Effect of Verapamil Using ARG Microimaging. Nucl. 
Med.  Biol. 16, 483-490. 

(6) (a) Knapp, F. F., Goodman, M. M., Callahan, A. P., Ferren, 
L. A., Kabalka, G. W., and Sastry, K. A. R. (1983) New My- 
ocardial Imaging Agents: Stabilization of Radioiodine as a 
Terminal Vinyl Iodide Moiety on Tellurium Fatty Acids. J. 
Med. Chem. 26,1293-1300. (b) Knapp, F. F., Ambrose, K. R., 
Callahan, A. P., Ferrin, L. A,, Grigsby, R. A., and Irgolic, K. 
J. (1981) Effects of Chain Length and Tellurium Position on 
the Myocardial Uptake of Tellurium-123m Labeled Fatty Acids. 
J. Nucl. Med.  22, 988-993. 

(7) Abendschein, D. R., Fox, K. A. A., Ambos, K. R., Sobel, B. 
E., and Bergmann, S. R. (1987) Metabolism of Beta-Methyl- 
[1-11C]Heptadecanoic Acid in Canine Myocardium. Nucl. Med. 
Biol. 14, 579-585. 

(8) Knust, E. J., Kupfernagel, Ch., and Stocklin, G. (1979) Long- 
Chain F-18 Fatty Acids for the Study of Regional Metabolism 
in Heart and Liver; Odd-Even Effects of Metabolism in Mice. 
J.  Nucl. Med. 20, 1170-1175. 

(9) Berridge, M. S., Tewson, T. J., and Welch, M. J. (1983) 
Synthesis of 1sF-Labeled 6- and 7-Fluoropalmitic Acids. Znt. 
J. Appl. Radiat. h o t .  34, 727-730. 

(10) Berridge, M. S. (1980) The Synthesis of Radiopharmaceu- 
ticals Labeled with Short-Lived Isotopes. Ph.D. Dissertation, 
Washington University, St. Louis, Missouri. 

(11) Palmer, A. J., Clark, J. C., and Goulding, R. W. (1977) The 
Preparation of Fluorine-18 Labeled Radiophmaceuticals. Znt. 
J .  Appl. Radiat. Zsot. 28, 53-65. 

(12) Smith, F. A. (1973) Biological Properties of Compounds 
Containing the C-F Bond. Chemtech 422-429. 

(13) Stil l ,  W. C., Kahn,  M., and  Mitra ,  A. (1978) Rapid 
Chromatographic Technique for Preparative Separations with 
Moderate Resolution. J. Org. Chem. 43, 2923-2925. 

(14) (a) Steere, N. V., Ed. (1971) CRC Handbook of Laboratory 
Safety 2nd ed. pp 45-57, CRC Press, Boca Raton, FL. (b) 
Committee on Hazardous Substances in the Laboratory (1981) 
Prudent Practices for  Handling Hazardous Chemicals in 
Laboratories pp 43-45, National Academy Press, Washington, 
DC. 

(15) Kilbourn, M. R., Jerabek, P. A., and Welch, M. J. (1985) 
An Improved [W] Water Target for [lsFIFluoride Production. 
Znt. J.  Appl. Radiat. Zsot. 36, 327-28. 

(16) Brodack, J. W., Kilbourn, M. R., Welch, M. J., and Katzenel- 
lenbogen, J. A. (1986) NCA 16a-[1~F]Fluoroestradiol-l7~: The 
Effect of Reaction Vessel on Fluorine-18 Resolubilization, 
Product Yield, and Effective Specific Activity. Znt. J. Appl. 
Radiat. Zsot. 37, 217. 

(17) Welch, M. J., Dence, C. S., Marshall, D. R., and Kilbourn, 
M. R. (1983) Remote System for Production of Carbon-11 
Labeled Palmitic Acid. J .  Labeled Compd. Radiopharm. 20, 

(18) Sondej, S. C., and Katzenellenbogen, J. A. (1986) gem- 
Difluoro Compounds: A Convenient Preparation from Ketones 
and Aldehydes by Halogen Fluoride Treatment  of 1,3- 
Dithiolanes. J. Org. Chem. 51, 3508-3513. 

(19) Corey, E. J., and Raju, N. (1983) A New General Synthetic 
Route to  Bridged Carboxylic Ortho Esters. Tetrahedron Lett. 

(20) Fried, J., Kwok, P.-Y., Muellner, F. W., and Chen, C.-K. 
(1987) Total Synthesis of 7,7-, 10,lO-, and 13,13-Difluoro- 
arachidonic acids. J. Am. Chem. Soc. 109,3684-3692. 

1087-1095. 

24,5571-5574. 

CONCLUSION 

The development of improved myocardial metabolic 
imaging agents remains an intriguing goal. Structural and 
functional alterations in the fatty acid molecule, introduced 
to provide greater resistance to release of the label through 
metabolism, need to preserve both the physicochemical 
properties of the molecule, as well as the detailed sites of 
its interaction with proteins involved in uptake and 
transport in the myocardium. The trifluoropalmitic acids 
we have prepared here are not better myocardial imaging 
agents than palmitate, largely because their uptake by the 
heart is low (probably because of their increased polarity). 
On the basis of our design and results, it  is reasonable to 
assume that geminal difluorination of an internal meth- 
ylene group of a fatty acid has interrupted /3-oxidation (at 
least with I), the principal oxidative metabolic route of fatty 
acids in the heart, and the retention of lSF label by the 
heart is somewhat improved by geminal difluorination (I 
> I1 > 111; although the retention of I is still not markedly 
better than that of palmitate itself). High bone activity 
signals the fact tha t  the chain-terminal lsF is still 
vulnerable to other oxidative, metabolic processes (possibly 
w-oxidation), and while most bone activity probably results 
from metabolism of these fatty acids in the liver, these 
other oxidative processes may also contribute to the loss 
of label from the heart. 
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Preparation of Antigastric Cancer Monoclonal Antibody 
MGbz-Mitomycin C Conjugate with Improved Antitumor Activity 
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In the present study, an antigastric cancer monoclonal antibody, MGb2, was chosen to prepare antibody- 
mitomycin C conjugate with dextran T-40 as intermediary. Up to 20 molecules of mitomycin C were 
specifically bound per molecule of antibody, without significantly impairing the antigen-binding capacity 
of the antibody and the pharmacological activity of mitomycin C. The conjugate showed selective cy- 
totoxicity upon human gastric cancer cell line SGC-7901 in vitro. Radioimmunoimaging and biodis- 
tribution studies indicated that, after conjugation with mitomycin C via dextran T-40 as intermediary, 
the tumor localization capacity of the antibody was well-retained. When tested in nude mice inoculated 
with human gastric carcinoma GAII in bilateral subrenal capsules, intraperitoneal injection of the conjugate 
twice a week for 3 weeks at  the dose of 1 mg/kg of drug gave a tumor inhibitory rate of 152.29%, the 
result being far better than that of free mitomycin C or an irrelevant conjugate. A similar result was 
found in another nude mouse model of human gastric carcinoma SGC-7901. Meanwhile, after conjugation 
with antibody, the toxicity of mitomycin C on tested animals was significantly reduced. 

INTRODUCTION 
Although it has been years since anticancer therapy 

developed, there are still many problems in the treatment 
of gastric cancer. Most cases are inoperable in the late 
stage. Conventional chemotherapy also has a drawback, 
that is, agents effective in killing neoplastic cells also have 
detrimental effects on normal cells, thus limiting the 
amount of drugs given ( I ) .  One possible approach to 
overcome these limitations is to attach anticancer agents 
to monoclonal antibodies against gastric cancer so that the 
toxicity could be selectively restricted to tumor cells. I t  
could improve therapeutic effect, minimize toxic effect, 
and overcome the resistance of tumors against free drugs 
(2). Recently, a hybridoma cell line which produces an 
antigastric cancer IgGl monoclonal antibody (MGb2) was 
established in our laboratory (3). Previous studies showed 
that it was highly specific against tumor cells and could 
be well-localized in the tumor tissues in nude mice bearing 
human gastric carcinoma xenografts and even in the 
patients with gastric cancer (4 ) .  In the present study, 
MGb2 was chosen to prepare antibody-MMCl conjugate 
via dextran T-40 as intermediary; the in vitro and in vivo 
cytotoxic effect of the conjugate upon human gastric cancer 
cells was investigated. 

EXPERIMENTAL PROCEDURES 

Cells and Medium. Human gastric cancer cell line 
SGC-7901 was obtained from Dr. X. W. Feng, Academy 
of Military Medical Sciences, Beijing, China. Human 
normal embryonic lung cell line SL, was kindly provided 
by Dr. L. S. Tan, Shanghai First Pulmonary Disease 
Hospital, Shanghai, China. They were grown as mono- 

+ Xijing Hospital. 
f Chinese Academy of Sciences. 
1 Abbreviations: MMC, mitomycin C; PAD, polyaldehyde dex- 

tran; PBS, phosphate-buffered saline; SPECT, single photon 
emission computed tomography; SPF, specific pathogen free. 
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layers in RPMI 1640 (GIBCO) supplemented with 10% 
fetal calf serum (Lan Zhou Institute of Biological Products, 
Lan Zhou, China). The cells were routinely passaged after 
detachment with trypsin/0.2% EDTA. 

Animals and Tumor Models. Nude mice of Swiss- 
DF-nu/nu and BALB/c-nu/nu genetic background 
(Shanghai Institute of Materia Medica, Shanghai, China) 
were used for the passage, tumor inoculation, and the in 
vivo studies. They were maintained under SPF conditions. 

SGC-7901 cloned human gastric carcinoma previously 
established in ascitic form from cultured cell line and 
maintained in Swiss-DF nude mice was used as a source 
of solid tumor. The solid tumor was induced by inoculating 
the tumor cell suspension (in ascitic fluid) subcutaneously. 
I t  was revealed to possess fast growth and a short latent 
period of 3-4 days. Ten days after the inoculation, the 
tumor could reach 1 cm in diameter. 

The human gastric carcinoma GAII was established in 
the Department of Pathology of Beijing Medical University 
and maintained in BALB/c  nude mice by serial  
transplantation with a duration of 4-5 weeks. 

Monoclonal Antibody MGb2. T h e  monoclonal 
antibody (IgG1) was prepared in BALB/c mice by hybri- 
doma clone established in our laboratory and purified from 
ascitic fluid by (NH4)2S04 precipitation and ion-exchange 
chromatography on DEAE-cellulose (DE-52). 

Preparation of Immunoconjugates. Dextran T-40 
was oxidized by the following Malaprade reaction (5). Dex- 
tran T-40 (Pharmacia) (1.0 g) was mixed with sodium pe- 
riodate (0.33 g) in 200 mL of distilled water and incubated 
overnight a t  room temperature in the dark. The oxidized 
dextran was then dialyzed extensively against distilled 
water and lyophilized. Sixty milligrams of PAD was 
incubated with 20 mg of MGb2 in 2 mL of 0.1 M PBS, pH 
7.2, for 24 h a t  4 "C, following which 1 2  mg of MMC (Ky- 
owa Hakko Co., Tokyo, Japan) in 4 mL of PBS was added. 
The solution was stirred for another 24 h. The Schiff bases 
thus formed were then reduced by the addition of 0.1 mL 
of sodium borohydride PBS solution (1 mg/mL). The 

0 1990 American Chemical Society 



246 Bioconjugate Chem., Vol. 1, No. 4, 1990 

reaction mixture was incubated with the reducing agent 
for 2 h a t  4 OC and then applied to a Sephadex G-200 
column (1.8 X 65 cm) equilibrated with PBS. The antibody 
peak was collected and analyzed for the MMC/IgG molar 
ratio. The concentration of MMC was determined by 
measuring t h e  absorbance  a t  363 nm. Dext ran  
concentration was determined by the modified anthrone- 
sulfuric acid method (6). The IgG concentration was 
measured by the Bio-Rad protein assay (7). 

Similarly, normal mouse IgG-PAD-MMC (irrelevant 
conjugate) was prepared. 

D e t e r m i n a t i o n  of A n t i b o d y  A c t i v i t y  i n  the 
Conjugate. Indirect enzyme linked immunosorbent assay 
was employed to evaluate the antigen-binding capacity of 
the conjugate. Human gastric cancer cells SGC-7901 were 
plated in a tissue-culture plate with 40 flat-bottomed wells 
and fixed with 0.25 % glutaraldehyde. Different dilutions 
of conjugate and free antibody in 0.1 mL was added. 
Following incubation a t  37 OC for 1 h, rabbit antimouse 
immunoglobulin G antibody labeled with horseradish per- 
oxidase (Tianjing Institute of Hematology, Tianjing, China) 
was added. The peroxidase reaction was initiated by the 
addition of o-phenylenediamine and the optical density 
a t  495 nm of each well was recorded. 

Cytotoxicity Assay. The tetrazolium dye colorimet- 
ric assay was used in the cytotoxicity test with human 
gastric cancer cell line SGC-7901 as target and human 
normal embryonic lung cell line SL, as nontarget as 
described previously (8). The cytotoxic effect of MGb2- 
PAD-MMC was compared with that of free MMC and 
irrelevant conjugate. 

Stabil i ty Study. To assess the release of MMC from 
the  antibody-PAD-MMC conjugate, MGb2-PAD- 
MMC conjugate was incubated under the physiological 
conditions of pH 7.4 and 37 "C. The MMC remaining in 
the conjugate was determined after gel filtration on Sepha- 
dex G-25. MGb2 IgG content in the conjugate after gel 
filtration was also determined. 

Iodination of MGb2-PAD-MMC Conjugate. MGbz- 
PAD-MMC was labeled with 1251 (Institute of Atomic 
Energy, Beijing, China) by the chloramine-T method (9) 
to a specific activity of 3.4 gCi/gg of protein. 

Imaging and Biodistribution Study. For the imaging 
and biodistribution study, six Swiss-DF nude mice bearing 
human gastric carcinoma SGC-7901 about 1.5 cm X 1.5 
cm in size at  2 weeks posttransplantation of 1-2 mm3 
tissues into their right flank were used. The mice were 
divided into two groups and were then given intraperi- 
toneal injections of radiolabeled MGb2-PAD-MMC and 
irrelevant conjugate respectively at a dose of 10 pCi per 
mouse. Ninty-six hours following the administration, the 
mice had SPECT taken and were then sacrificed. Blood, 
tumor, and tissue samples were taken, weighed, and 
assayed for radioactivity. The result of analysis was 
expressed as the ratio of radioactivity per milligram of 
tumor to that per milligram of blood or tissue (T/NT). 

Inh ib i to ry  Effec t  of MGb2-PAD-MMC on t h e  
Growth of Human Gastric Carcinoma SGC-7901. The 
subrenal capsule assay was used to investigate the in vivo 
therapeutic effect of the conjugate (10, 11). Treatment 
was initiated soon after fragments (about 1 mm3 in size) 
of tumor tissue were inoculated under bilateral renal 
capsules. MGb2-PAD-MMC, free MMC, free MGb2, a 
mixture of MMC and MGb2, irrelevant conjugate, and 
saline were given intraperitoneally daily for 6 days at the 
dose of 1 mg/kg of drug. Eight days after the tumor 
inoculation, the mice were sacrificed by cervical dislocation. 
Kidneys were removed and the final in situ tumor size 
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Table 1. Enzyme Linked Immunosorbent Assay of Binding 
of MGbz-PAD-MMC and Free MGbz to Human Gastric 
Cancer Cells SGC-7901 

absorbance at 495 nma 
concn, nmol/L MG bz-PAD-MMC MGbz 

300 1.24 1.53 
30 0.87 1.04 
3 0.43 0.73 
0.3 0.14 0.27 

(Algs,,)control = 0.043. 

measurements were taken. The in vivo antitumor activity 
of the tested agents were evaluated by analyzing the change 
in tumor size pre- and posttreatment. 

Similarly, the inhibitory effect of MGbTPAD-MMC and 
MMC in different dose level (1,2,3 mg/kg) on the tumor 
growth was also studied. 

Inh ib i to ry  Effec t  of MGb2-PAD-MMC on the 
Growth of Human Gastric Carcinoma GAII. The su- 
brenal capsule assay was also employed to assess the in 
vivo cytotoxic effect of MGb2-PAD-MMC conjugate on 
a slow-growing human gastric carcinoma GAII. Treatment 
was initiated the day after tumor inoculation. MGbz- 
PAD-MMC, MGb2, MMC, irrelevant conjugate, and saline 
were given twice a week for 3 weeks a t  the dose of 1 mg/ 
kg of drug. Eighteen days after tumor inoculation, the mice 
were sacrificed. The next steps were performed as 
described above. 

RESULTS 
Preparation of Conjugate a n d  Its Immunoreactiv- 

ity. According to the methods described above, MGB- 
PAD-MMC was successfully prepared. It was calculated 
that the MGbZ/PAD/MMC molar ratio in the conjugate 
was about 1:1.4:20 with the protein-recovery rate being 
72 5%. On this basis, it was estimated that the average 
molecular weight of the MGbz-PAD-MMC conjugate waa 
around 220 kDa. This was confirmed by the gel-filtration 
profile of MGb2-PAD-MMC on Sephadex G-200 (data not 
shown). 

Table I shows the antibody activity of the conjugate, as 
measured by indirect enzyme linked immunosorbent assay. 
The MGb2-PAD-MMC conjugate retained up to 50% of 
the antibody activity, compared with that of equimolar 
amount of unmodified antibody. At the concentration of 
3 nmol/L, the conjugate could still be bound to tumor cells. 

Cytotoxic Effect of MGb2-PAD-MMC Conjugate. 
The 48-h cytotoxic effect of MGb2-PAD-MMC, free MMC, 
and irrelevant conjugate on target cells and nontarget cells 
is shown in Figure 1. The cytotoxicity of MGbz-PAD- 
MMC on human gastric cancer cell line SGC-7901 was 
quite similar to that of free MMC, but greater than that 
of irrelevant conjugate 03 < 0.01). Compared with free 
MMC, the MGb2-PAD-MMC conjugate had only a little 
effect on nontarget cells, similar to  that  of irrelevant 
conjugate ( p  > 0.05). 

Figure 2 shows the cytotoxic activity of MGb2-PAD- 
MMC on target cells and nontarget cells after a 30-min 
exposure to the conjugate. The cytotoxic effect of MGbz- 
PAD-MMC on target cells was greater than that of free 
MMC ( p  < 0.01). In contrast, MGbz-PAD-MMC showed 
statistically less cytotoxic effect than MMC against non- 
target cells 03 < 0.01). MMC exhibited comparable cy- 
totoxicity to target cells and nontarget cells. 

Stabil i ty of the Conjugate. Figure 3 shows the time 
course for MMC remaining in the conjugate. The release 
of MMC from the conjugate was less than 10% of the 
original content in the conjugate during incubation in PBS 
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Figure 1. Cytotoxic effects of antigastric cancer monoclonal 
antibody MGb2-PAD-MMC (e), free MMC (O),  and normal 
mouse IgG-PAD-MMC (w) on (A) human gastric cancer cell line 
SGC-7901 and (B) human normal embryonic lung cell line SL7. 
Cells (2 X lO5/mL) were cultured with the test drugs for 48 h. 
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Figure 2. Cytotoxic effects of antigastric cancer monoclonal 
antibody MGb2-PAD-MMC (e), free MMC (O), and normal 
mouse IgGPAD-MMC (m) on (A) human gastric cancer cell line 
SGC-7901 and (B) human normal embryonic lung cell line SL7. 
Cells (2 X lO5/mL) were cultured for 48 h after a 30-min drug 
exposure. 
a t  37 "C for 3 days. MGb2 IgG content in the conjugate 
was not changed, suggesting that MGb2-MMC coupled by 
a dextran bridge was stable. 

Tumor Local izat ion of  MGb2-PAD-MMC 
Conjugate in Nude Mice with Tumor Xenografts. 
Table I1 shows the result of biodistribution study of 12Y- 
MGb2-PAD-MMC and 1251-normal mouse IgG-PAD- 
MMC conjugate. It could be seen tha t  MGb2-PAD- 
MMC conjugate was taken up by the tumor preferentially. 
SPECT imaging confirmed the result of biodistribution 
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Figure 3. Time course of MMC in MGb2-PAD-MMC conjugate. 
MGb2-PAD-MMC in 0.1 M PBS, pH 7.4, was incubated a t  37 
"C. The MMC remaining in the conjugate was determined after 
gel filtration on Sephadex G-25. 

Table 11. Biodistribution of 12sI-MGb2-PAD-MMC and 
1251-Normal Mouse IgGPAD-MMC Conjugate in Swiss-DF 
Nude Mice Bearing Human Gastric Carcinoma SGC-7901 

T/ NTa 
normal mouse 

tissues MGb,-PAD-MMC IgGPAD-MMC 
blood 0.79 f 0.03 0.19 f 0.013 
heart 2.62 f 0.72 0.83 f 0.240 
lung 1.65 f 0.14 0.34 f 0.100 
liver 3.46 f 0.56 1.03 f 0.270 
spleen 3.46 f 0.71 0.93 f 0.210 
kidney 4.11 f 0.88 0.86 f 0.190 
stomach 5.50 f 1.38 1.31 f 0.320 

a Ratio of radioactivity per milligram of tumor to that per milligram 
of nontumor tissues. 

Figure 4. Immunoscintigraphy performed by emission computed 
tomography (SPECT) a t  96 h after injection of 10 pCi of 1251- 
MGb2-PAD-MMC conjugate. 

study. 1251-MGb2-PAD-MMC could visualize tumors 
clearly while 1251-normal mouse IgGPAD-MMC showed 
negative results (Figure 4). 

In Vivo Inhibitory Effect of MGb2-PAD-MMC on 
the Growth of Human Gastric Carcinoma SGC- 
7901. Table I11 shows the response of SGC-7901 gastric 
carcinoma growing under the renal capsules of nude mice 
to MGb2-PAD-MMC conjugate, irrelevant conjugate, free 
MGb2, free MMC, MMC mixed with but not conjugated 
to MGb2, and saline. Significant responses were found in 
those groups treated with MGb2-PAD-MMC conjugate, 
free MMC, and a mixture of MMC with MGb2, while 
MGb2-PAD-MMC conjugate showed greater inhibitory 
effect on tumor growth than MMC or the mixture of MMC 
with MGb2 did. No synergetic effect was found with regard 
to the mixture of MMC with MGb2. 
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Table 111. Inhibitory Effects of MGb2-PAD-MMC, MGb2, MMC, a Mixture of MGbz with MMC, and Normal Mouse 
IgG-PAD-MMC on the Growth of Human Gastric Carcinoma SGC-7901 Implanted under Renal Capsules in Swiss-DF Nude 
Mice. 

tumor size (omub) 

Bioconjugate Chem., Vol. 1, No. 4, 1990 Li et al. 

change in tumor 
agents tested dose, mg/kg initial final size (day 8-day 0) YO inhibition rate 

MGb2-PAD-MMC 1 11.13 k 0.75 20.88 f 1.10 9.75 f 1.26 68.55c*d 
MGbz 10 12.63 f 0.63 39.88 f 2.93 27.25 f 2.40 12.00 
MMC 1 12.63 f 0.63 30.38 f 3.45 17.75 f 2.40 42.74c 
MGbz + MMC 1 13.00 f 1.08 29.88 f 1.80 16.88 f 1.84 45.50' 
normal mouse 
IgG-PAD-MMC 1 11.00 f 0.91 37.88 f 3.82 26.88 f 4.26 13.29 
saline control 11.50 f 0.95 42.50 f 3.85 31.00 f 3.92 
Two mice (four capsules) per test group; four mice (eight capsules) in control group. Omu, ocular micrometer units; 1 mm = 10 omu. 

p < 0.001 (vs control). p < 0.001 (conjugate vs mixture of MMC and MGbz). 

Table IV. Inhibitory Effects of MGb2-PAD-MMC and Free MMC of Different Dose Levels on Human Gastric Carcinoma 
SGC-7901 Implanted under Renal Capsules in  Swiss-DF Nude Mice' 

tumor size (omu) change in tumor 
agents tested dose, mg/ kg initial final size (day 8-day 0) 55 inhibition rate 

MG bZ-PAD-MMC 1 13.25 f 1.85 25.25 f 8.00 12.00 f 6.86 68.00' 
MMC 1 11.88 f 3.00 31.88 f 4.00 20.00 f 3.24 46.67 
MGbz-PAD-MMC 2 12.38 f 1.25 11.88 f 1.49 -0.50 f 2.16 101.33 
MMC 2 12.50 f 0.82 19.88 f 7.16 7.38 f 6.80 80.32 
MGbz-PAD-MMC 3 12.50 f 1.00 12.00 f 1.78 -0.50 f 1.47 101.33b 
MMC 3 12.75 f 1.85 13.00 f 0.00 0.25 99.33d 
saline control 12.06 f 1.01 49.56 f 9.66 37.50 f 9.44 

a Two mice (four capsules) per test group; four mice (eight capsules) in control group. p < 0.01. p < 0.001 (MGbz-PAD-MMC vs MMC). 
d One of the two mice tested died of toxicity. 

Table V. Inhibitory Effects of MGb2-PAD-MMC, MGb2, MMC, Normal Mouse IgG, and Normal Mouse IgG-PAD-MMC on 
the Growth of Human Gastric Carcinoma GAII Implanted under Renal Capsules in  BALB/c Nude Mice' 

tumor size (omu) change in tumor 
agents tested dose, mg/kg initial final size (day 18-day 0) 55 inhibition rate 

MGb2-PAD-MMC 1 12.13 f 2.46 8.25 f 4.19 -3.88 f 2.49 152.2gbve 
MGbz 10 11.38 f 1.65 21.38 f 4.23 10.00 f 5.79 
MMC 1 12.00 f 1.41 16.00 f 2.48 4.00 f 2.97 46.19 
normal mouse 
IgG 10 12.63 f 2.17 24.63 f 2.32 12.00 f 3.94 
normal mouse 
IgG-PAD-MMC 1 11.63 f 1.18 17.00 f 2.08 5.38 f 3.20 27.49 
saline control 12.58 f 1.35 20.00 f 2.99 7.42 f 3.10 
a Two mice (four capsules) per test group; six mice (12 capsules) in control group. p < 0.001 (vs control). p < 0.001 (vs MMC). 

Table IV shows the effect of various doses of MGb2- 
PAD-MMC con juga te  in  compar ison  wi th  t h e  
chemotherapeutic ability of free MMC. With increasing 
dose, the in vivo cytotoxic effect of both conjugate and free 
MMC was augmented, but compared to free drug, the 
conjugate exhibited higher activity. Besides, a t  the dose 
above 3 mg/kg, one of the two mice in the free MMC- 
treated group died of toxicity. No lethal toxicity was found 
in the conjugate-treated group. 

In Vivo Inhibitory Effect of MGb2-PAD-MMC on 
the Growth of Human Gastric Carcinoma GAII. 
Table V shows the suppressive effect of MGb2-PAD- 
MMC on the growth of human gastric carcinoma GAII. 
It could be seen that MMC alone had some effect on GAII. 
However, when coupled to  antigastric cancer mono- 
clonal antibody MGb2, its activity was significantly 
increased. At the dose of 1 mg/ kg of drug, the conjugate 
could completely inhibit the tumor growth. MGb2 alone 
and irrelevant conjugate demonstrated no inhibition on 
GAII. 

DISCUSSION 
MMC, an antibiotic, has potent antitumor activity and 

has been used in the treatment of various solid tumors 
including gastric cancer and colorectal carcinoma. 
However, its clinical use is limited by its detrimental effect 
on normal cells especially rapidly proliferating cells such 

as those in bone marrow (12). One possible approach to 
overcome this defect is to link MMC with antibodies 
against tumors so that the toxicity could be selectively 
restricted to tumor cells. Suzuki e t  al. (13) first prepared 
an antibody-MMC conjugate with cyanogen bromide as 
the coupling agent. But, only one molecule of MMC could 
be introduced into each molecule of antibody. Kat0 et  al. 
(14) presented an active ester method by which the molar 
ratio of antibody/MMC in the conjugate reached 1:8 with 
the protein-recovery rate being as high as 85-90%. 
However, with direct linkage, the number of drug molecules 
that  could be attached to antibody molecule without 
significantly damaging its activity is limited. Attempts 
to increase the  druglantibody molar ratio not only 
decreased the  yield of immunoconjugate but  also 
dramatically damaged antibody activity (15, 16). 

In order to get active conjugate with increased drug 
content, an indirect linkage method was adopted. We 
chose dextran T-40 in the present study as intermediary 
to prepare antibody-MMC conjugate because it is highly 
soluble and i t  may be able to  decrease the recipient's 
immune response to foreign proteins (17). 

Dextrans of different molecular size have been used as 
a carrier system in the past. However, the conjugates 
obtained varied greatly in their in vitro and in vivo an- 
titumor potency (18-20). This may be due to, among other 
factors, the degree of oxidation of dextran and the extent 
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of reduction of Schiff bases by sodium borohydride. We 
adopted 25% oxidation of dextran and partial reduction 
by sodium borohydride to prepare the MGb2-PAD- 
MMC conjugate. In this manner, no severe loss of antigen- 
binding capacity of the antibody and the pharmacological 
activity of MMC occurred. The  MGb2-PAD-MMC 
conjugate was also proved to be quite stable. 

The MGb2-PAD-MMC conjugate exhibited selective 
cytotoxicity upon human gastric cancer cells SGC-7901 in 
vitro. This cytotoxicity was apparent in the 30-min pre- 
treatment cytotoxicity assay in which conjugate was only 
briefly exposed to cells, a situation closely mimicking the 
in vivo action of a conjugate where there may be only a 
brief encounter with tumor or normal tissue followed by 
prolonged association with antigen-positive cells. We once 
chose another antigastric cancer monoclonal antibody, 
MGll, to prepare the antibody-MMC conjugate. The cy- 
totoxicity of MG11-PAD-MMC conjugate on human 
gastric cancer cell line SGC-7901 was weaker than that of 
MGb2-PAD-MMC (Li et  al., unpublished observation). 
This may be due to the quantitative difference of the 
corresponding antigens on tumor cells, suggesting that the 
selective cytotoxicity of the immunoconjugates on target 
cells be mediated by the antibodies chosen. 

Retention of tumor localization capacity is an important 
component of the therapeutic approaches with mono- 
clonal antibodies and their anticancer agent conjugates. 
Different methods of conjugation may affect greatly the 
in vivo distribution behavior of the conjugates obtained 
(21). Our  imaging a n d  b iod i s t r ibu t ion  s t u d i e s  
demonstrated clearly t h a t  t he  MGb2-PAD-MMC 
conjugate could be satisfactorily localized in the tumor 
tissue in nude mice bearing human gastric carcinoma xe- 
nografts. Compared with unmodified antibody, no obvious 
increase in the uptake of conjugate by liver was observed, 
as noted in the conjugate of antibody with ricin toxin A 
chain (22) or the conjugate of antibody with methotrex- 
ate utilizing serum albumin as intermediary (23). 

Having firmly established the specific in vitro cyto- 
toxic effect of MGb2-PAD-MMC conjugate and its in vivo 
tumor localization capacity, studies were carried out to 
appraise its in vivo antitumor activity. The subrenal 
capsule (SRC) assay method was used. Because of the rich 
blood flow in the renal capsules and thus the relative rapid 
growth of tumor xenografts and the easy access of tested 
agents to the tumor tissues, SRC required much less time 
as compared to the tumor models of subcutaneous or as- 
citic form which were widely used to test the therapeutic 
effect of immunoconjugates (24,25). By inoculating the 
tumor tissues in bilateral capsules instead of in the left 
one, as introduced in the literature (IO), fewer nude mice 
were used. Furthermore, because of the graft size and site 
of implantation, it mimics the residual metastases more 
closely, it is the metastases against which immunochemo- 
therapy is directed after removal of primary tumor loci 
(26). The result of SRC assay showed that MMC alone 
had some inhibitory effect on human gastric carcinoma 
xenografts in nude mice. However, when coupled to mon- 
oclonal antibody MGb2, its antitimor activity was 
significantly augmented, which was more obviously 
manifested in GAII, a slow-growing human gastric 
carcinoma model. Meanwhile, by conjugation with 
antibody, the toxicity of MMC on nude mice was also 
reduced. This should allow a greater amount of immu- 
noconjugates to be given to achieve better therapeutic 
effect. Of course, one should bear in mind the high 
sensitivity of SRC assay when appraising the in vivo 
therapeutic efficacy of the immunoconjugate. 
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We are aware of the fact that the oxidized dextrans are 
multifunctional with many reactive aldehyde groups per 
molecule, just as immunoglobulin is with many reactive 
amine groups. Therefore, the coupling between those two 
types of molecules may yield a complex mixture of products 
differing in the i r  molecular size. However, t h e  
chromatographic analyses of the products showed that they 
were not grossly heterogenous and that products as those 
with one molecule of dextran and two molecules of im- 
munoglobulins or more were not formed. The thing which 
should be more taken into account is perhaps the  
heterogeneity in their coupling sites. If the sites necessary 
for antigen-binding were involved, great reduction to the 
immunological activity of antibody may occur. The site 
specific linkage method presented by Shih et al. (27) may 
provide a solution to this problem. 

In summary, an antigastric cancer monoclonal antibody- 
MMC conjugate was prepared with dextran T-40 as 
intermediary. In vitro studies demonstrated that the im- 
munoconjugate exhibited selective cytotoxicity upon 
human gastric cancer cells SGC-7901. The conjugate was 
proved to be quite stable and could be well-localized in 
the tumor tissue in nude mice xenografted with human 
gastric carcinoma. SRC assay indicated that  MGb2- 
PAD-MMC conjugate could inhibit  t he  growth of 
transplanted tumor much more effectively than uncon- 
jugated MMC or irrelevant conjugate. Recent studies 
showed that the MGb2-PAD-MMC conjugate could be 
satisfactorily localized in the tumor tissue in the patients 
with gastric cancer. Even the metastatic lymph nodes 
could be recognized by the immunoconjugate, the tumor 
to nontumor uptake ratio ranging from 2.6 to 5.7 (Li et 
al., manuscript in preparation). The above results are 
encouraging us to make continuous effect to further 
improve this conjugate and perform a clinical trial. 
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Electrophilic Analogues of Daunorubicin and Doxorubicin1 
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Daunorubicin (DNR) or doxorubicin (DOX) was modified with one of four “linker reagents” to produce 
electrophilic drug analogues for synthesis of bioconjugates. Synthesis and characterization of two new 
reagents [p-isothiocyanabbenzoyl chloride and 3-(p-isothiocyanatophenyl)propionyl chloride] are described 
here for the first time. Adding one of the new reagents, bromoacetyl bromide, or p(fluorosulfony1)- 
benzoyl chloride in chloroform to an alkaline aqueous solution of DNR (or DOX) provided excellent 
yields of the corresponding, electrophilic 3’-N-amide analogue. The DNR and DOX analogues were 
characterized by thin-layer chromatography, nuclear magnetic resonance spectroscopy, and infrared 
spectroscopy. Bioconjugates were produced with the electrophilic DNR or DOX analogues by mixing 
them with bovine serum albumin (BSA), mouse IgG, or a monoclonal antibody (OC125, which specifically 
binds to the CA125 antigen from human ovarian carcinoma). The relative reactivity of the 3’-N- 
substituents toward protein is p(fluorosulfony1)benzoyl > phenylisothiocyanato > bromoacetyl. Overall, 
the new phenyl isothiocyanate acid chlorides are superior to p(fluorosulfony1)benzoyl chloride or bro- 
moacetyl bromide as reagents with which to produce electrophilic DNR or DOX analogues for conjugation 
with monoclonal antibodies. The bioconjugates DNR-OC125 and DOX-OC125 are selectively toxic 
to two human ovarian cancer cell lines in vitro (1) and bind with high specificity to human ovarian tumor 
sections (2) that express the CA125 antigen. 

Rapidly growing numbers of bioconjugates derived from 
drugs and monoclonal antibodies have been synthesized 
and tested on human cancers in vitro and in vivo with 
varying degrees of success (3-8). Recent developments in 
bioconjugate chemistry focus on new methods for attaching 
drugs t o  monoclonal antibodies while preserving 
characteristic drug toxicity and antibody binding. 
Preservation of these characteristics requires that the 
structural  integrity of both drug and antibody be 
maintained (9,lO). Efforts have also been made to produce 
drug-antibody conjugates in which the linkage can be 
cleaved by the  target cells ( 2 1 ) .  The history and 
developments in bioconjugate chemistry have recently been 
described in excellent review articles (12, 13). 

Doxorubicin (DOX) is used for treating ovarian cancer, 
making it a logical choice for conjugation with mono- 
clonal antibodies that bind to the cancer. DOX and dauno- 
rubicin (DNR) have tetracycline anthraquinone rings 
containing an amino sugar and ketonic carbonyl at the C-7- 
and C-9-positions, respectively (Chart I). The structural 
difference between DNR and DOX is a hydroxy group in 
the side chain at  the C-9-position. Hurwitz et al. earlier 
attempted to link DNR and DOX to an antibody by first 
oxidizing the carbohydrate moiety in the drugs with N d 0 4  
to produce corresponding dialdehydes. The oxidized, tet- 
racyclic anthraquinones were assumed to conjugate with 
amino groups in the antibody protein through formation 
of Schiff base, subsequently “stabilized” with NaBH4. 
However, opening of the amino sugar ring by NaIo4 
(probably accompanied by removal of the a-hydroxyke- 
tonic side chain at  C-9) caused major structural changes 
in the drug with consequent loss of its desired toxicity (14). 

1 Presented in part a t  the Fourth International Conference on 
Monoclonal Antibody Immunoconjugates for Cancer, San Diego, 
CA, March 30-April 1,1989 and at the Society for Gynecologic 
Investigation 37th Annual Meeting, St. Louis, MO, March 21- 
24, 1990. 
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Recently, progress has been made by modifying the 3’- 
amino group on the intact sugar moiety or the methyl 
ketone side chain at the C-9-position in DNR and DOX, 
intended for conjugation with antibodies (15-1 7). 

It  seemed worthwhile to explore methods for modifying 
the 3’-amino group in DNR and DOX with new “linker 
reagents” so designed that at some later time a desired bio- 
conjugate can be synthesized simply by mixing the elec- 
trophilic drug analogues with a suitable protein. These 
objectives have been accomplished in principle with elec- 
trophilic, affinity-labeling analogues of biologically active 
steroids, nucleosides, and other compounds. Electro- 
philic groups [e.g. bromoacetyl or p(fluorosulfony1)- 
benzoyl] have been used in the synthesis of affinity- 
labeling analogues that become covalently bound to specific 
enzyme, transport, or receptor proteins (18). Our reason 
for selecting the presently reported reagents for biocon- 
jugate synthesis is that each of them contains two different 
electrophilic groups. The two groups in each reagent 
greatly vary from one another in their rates of reaction with 
nucleophiles. Accordingly, during the first reaction the 
more reactive of the two electrophilic groups forms a stable, 
covalent bond (Le., amide linkage) between the reagent 
and the anticancer drug. The second electrophilic group 
in the drug analogue remains reactive. After isolating the 
drug analogue, at some later time the electrophilic group 
can be used to form stable, covalent bonds with nucleo- 
philic amino acid residues in proteins. 

In the present study, we chose the acid halide for the 
more rapidly reacting of the two electrophilic groups in 
the reagents. The relatively slower reacting, second elec- 
trophilic groups were bromacetyl, (fluorosulfony1)- 
phenyl, and phenylisothiocyanato (Chart I). I t  seemed 
worthwhile to include the phenyl isothiocyanate group in 
the new reagents because other aromatic isothiocy- 
anates have been successfully used in bioconjugate 
chemistry. For example, fluorescein isothiocyanate (FITC) 

0 1990 American Chemical Society 
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Chart I. Synthesis and Structures of Electrophilic 
Analogues of Daunorubicin and Doxorubicin 

Rosik and Sweet 

resonance spectra were obtained with a Varian XL-300 
spectrometer. Infrared spectra were performed with thin- 
film NaCl plates (unless otherwise noted) and a Beck- 
man Acculab 4 spectrophotometer. Elemental analyses 
were performed by Galbraith Laboratories (Knoxville, TN). 
Thin-layer chromatograms (TLC) were obtained with 2.5 
X 7.5 cm plates of silica gel G (Eastman Kodak), developed 
with chloroform/methanol (955  v/v). Rf values are 
reported for characteristic mobilities of the DNR and DOX 
analogues. 

p-Isothiocyanatobenzoic Acid (3). A solution of 
p-aminobenzoic acid (13.7 g, 0.10 molj in 110 mL of 1 M 
aqueous potassium hydroxide was added dropwise during 
30 min to a vigorously stirred mixture of thiophosgene (12.6 
g, 0.11 mol) in 200 mL of water a t  room temperature. 
During addition, formation of a thick mixture required that 
sufficient water be added to maintain smooth stirring. The 
total volume of the reaction mixture was ca. 1 L a t  the end 
of the addition. Then the reaction mixture was stirred for 
one additional hour and filtered under vacuum, and the 
collected white solid was washed 10 times with 100-mL 
portions of water. The product (16.6 g, 93 % ) was dried 
in a vacuum desiccator for 48 h. A sample of the dry 
product was recrystallized twice from ethyl acetate to 
provide crystalline material that melted with decomposition 
above 235 "C: 'H NMR (CDCl3) 6 8.10 (d, J = 8.4 Hz, 2 
H),  7.31 (d, J = 8.7 Hz, 2 H); IR (KBr) 2080 (SCN), 1665 
(CO), 1590, 1412, 1280, 850 cm-l. Anal. Calcd for 
C B H ~ N O ~ S :  C, 53.62; H, 2.81; N, 7.82; S, 17.89. Found: 
C, 53.58; H, 2.73; N, 7.72; S, 17.93. 
3-(p-Isothiocyanatophenyl)propionic Acid (4) .  

Compound 4 was prepared in 77% yield from 2 by the 
procedure described above for the synthesis of 3. An 
analytical sample of 4 was recrystallized twice from 
benzene: mp 140-141 "C; 'H NMR (CDCl3) 6 7.20 (d, J 
= 8.7 Hz, 2 H), 7.16 (d, J = 8.7 Hz, 2 H), 2.95 (t, J = 7.5 
Hz, 2 H), 2.67 (t, J = 7.5 Hz, 2 H); IR (KBr) 2095 (SCN), 
1690 (CO), 1502, 1440, 1221, 829, cm-l. Anal. Calcd for 
C10H9N02S: C, 57.96; H, 4.38; N, 6.76; S, 15.47. Found: 
C, 58.12; H, 4.29; N, 6.75; S, 15.33. 

General Synthesis of Electrophilic Analogues of 
Anthracycline Antibiotics. A solution of an acid halide 
(1.1-2.1 equiv) in chloroform or benzene was added a t  room 
temperature to DNR or DOX (1 equiv) in a vigorously 
stirred mixture of water, chloroform and/or benzene, and 
potassium bicarbonate (10-20 equiv). After stirring the 
resulting mixture for 10-30 min, the liquid layers were 
allowed to separate, the organic layer was removed, and 
then the aqueous layer was extracted with several portions 
of chloroform. The combined chloroform extracts were 
washed with water, dried over anhydrous sodium sulfate, 
and filtered, and then the solvent was removed under 
reduced pressure. The residue (10-15 mg) was flash chro- 
matographed in chromatographic columns made from 
cotton-plugged Pasteur pipets and ca. 1 g of flash silica 
gel. After applying the crude material in chloroform to 
a column, three or four 1-mL portions of chloroform were 
percolated through the column, then the product was 
eluted with methanol/chloroform (2-3 % of methanol). The 
fractions containing produce (according to TLC) were 
pooled and the solvent was removed under reduced 
pressure. 
3'-N-(p-Isothiocyanatobenzoyl)daunorubicin (7). 

Acid chloride 5 was prepared by heating a mixture of 3 
(180 mg, 1 mmol), thionyl chloride (100 pL, 1.4 mmol), 4 
drops of DMF, and 5 mL of chloroform, under reflux 
(drying tube) for 2 h. Solvents and excess thionyl chloride 
were removed under vacuum (water aspirator). The 
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(19-21) or chelator reagents for making tumor imaging 
substances (22-24) each produce stable conjugates when 
the aromatic isothiocyanate reacts with a suitable protein. 
In the present case, Schotten-Baumann reaction conditions 
were expected to cause the assorted acid halides to 
selectively react with the lone 3'-N-amino group in the poly- 
functional DNR (or DOX) to produce the desired elec- 
trophilic analogues of the anticancer drugs. 

This report describes syntheses of DNR and DOX 
analogues that contain an electrophilic group, made by 
reacting two new phenyl isothiocyanate acid chlorides and 
also known dual electrophilic acid halides with the an- 
thracycline antibiotics. The electrophilic analogues of 
DNR and DOX are sufficiently stable to be stored and then 
later used for producing desired monoclonal antibody- 
anticancer drug conjugates simply by mixing the analogues 
with a monoclonal antibody. Preliminary results with this 
approach have provided bioconjugates that exhibit specific 
binding to human ovarian tumor sections (2) and selective 
toxicity for human ovarian cancer cells (I). 

EXPERIMENTAL PROCEDURES 
General Procedures. p-(Fluorosulfony1)benzoyl 

chloride and p-aminobenzoic acid were from Aldrich 
(Milwaukee, WI). 3-(p-Aminophenyl)propionic acid was 
from Pfaltz and Bauer (Waterbury, CT). Thiophosgene 
was from Fluka (Ronkonkoma, NY). Bromoacetyl bromide 
was from Eastman Kodak (Rochester, NY). Daunorubi- 
cin was from Wyeth (Princeton, NJ) and doxorubicin was 
from Adria (Columbus, OH). Mouse IgG was from Sigma 
(St. Louis, MO) and anti-CA-125 monoclonal antibody (OC- 
125) was from Centocor (Malvern, PA). Nuclear magnetic 



Reagents for Synthesis of Bioconjugates 

residue was twice dissolved in a few milliliters of chloroform 
and the solvent was removed under vacuum. The resulting 
residue was dissolved in 5 mL of chloroform. An aliquot 
(150 pL, 30 pmol) of the solution containing 5 was added 
to DNR-HCl (11 mg, 19.5 pmol) in a mixture of 500 pL 
of water, 400 pL of chloroform, and potassium bicarbonate 
(15 mg, 150 pmol), and then the mixture was stirred for 
10 min a t  room temperature. Flash chromatography 
provided 13.39 mg (99% ) of pure 7:  R f  = 0.64; ‘H NMR 

2 H), 6.48 (d, J = 7.8 Hz, 1 H, 3’-NH), 4.34 (br, 1 H 3’- 
CH); IR 3500,3410,2940,2090 (SCN), 1719 (9 C=O),  1642 
(amide), 1622 (5,12 C=) 1583,1499,1417,1290,1211,1012, 
988, 716 cm-l. 

3’-N-[ 3-(pIsothiocyanatophenyl)propionyl]daun- 
orubicin (8). Acid chloride 6 was prepared by stirring 
4 (10 mg, 48 pmol) in a solution of thionyl chloride (200 
pL, 1.37 M) in benzene for 5 h a t  room temperature. After 
removal of the solvent and excess thionyl chloride under 
vacuum, the residue was dissolved in benzene and the 
solvent was removed in vacuo. Crude 6 was dissolved in 
chloroform (200 pL) and the resulting solution was added 
to a stirred mixture of DNR-HC1 (22 mg, 39 pmol) in 1.0 
mL of water, chloroform (200 pL), and potassium 
bicarbonate (100 mg, 1 mmol). After rinsing of the residual 
acid chloride into the reaction mixture with 200 pL of 
chloroform, the resulting mixture was stirred for 30 min. 
Flash chromatography provided pure 8 (26.2 mg, 94%); 

(br, 1 H, 3’-CH), 2.89 (t, J = 7.6 Hz, 2 H), 2.41 (dt, J = 
2.8,7.8 Hz, 2 H); IR 3490,3400, 2945, 2120 (SCN), 1720 
(9 C=O), 1660 (amide), 1629 (5,12 C=O), 1590,1421,1295, 
1218,1020,993,826 cm-’. 

3’- N- [ 3 - ( p -  I s o t h i o c y an atop hen y 1 ) prop i on y 1 3 - 
doxorubicin (9). By the method described above, 6 was 
prepared from 4 (12.1 mg, 58 pmol). The a solution of 6 
in 500 pL of chloroform was added to a stirred mixture 
of DOX.HC1 (15.7 mg, 27 pmol) in 1.0 mL of water, 
chloroform (200 pL), and potassium bicarbonate (24 mg, 
240 pmol). Residual acid chloride was rinsed into the 
reaction mixture with 500 pL of chloroform and the mixture 
was stirred for 30 min. Flash chromatography provided 
pure 9 (17.2 mg, 87%): Rf = 0.37; ‘H NMR (CDCl3) 6 7.15 
(d, J = 8.9 Hz, 2 H), 7.12 (d, J = 8.9 Hz, 2 H), 5.70 (d, J 
= 8.5 Hz, 1 H, 3’-NH), 4.12 (br, 1 H, 3’-CH), 2.90 (t, J = 
7.4 Hz, 2 H), 2.41 (dt, J = 3.0,7.4 Hz, 2 H); IR 3400,2950, 
2120 (SCN), 1730 (9 C=O), 1660 (amide), 1630 (5, 1 2  
C=O), 1590, 1419, 1296, 1219,1028,997 cm-l. 
3’-N-(Bromoacetyl)daunorubicin (10). A solution of 

bromoacetyl bromide (110 pL, 0.11 M in benzene) was 
added to a stirred mixture of DNR.HCl(6.0 mg, 10.6 pmol) 
in 500 pL of water, 500 pL of chloroform, and potassium 
bicarbonate (10 mg, 100 pmol). The reaction mixture was 
stirred for 30 min at room temperature. Chromatography 
gave 6.8 mg (98% ) of pure 10: Rf = 0.44; lH NMR (CDCl3) 
6 6.76 (d, J = 8.2 Hz, 1 H, 3’-NH), 4.14 (br, 1 H, 3’-CH), 
3.82 (s, 2 H, BrAc); IR 3490, 3400, 2940, 1711 (9 C=O), 
1656 (amide), 1619 (5,12 C=O), 1580,1412,1285,1207, 
1020,985,762 cm-l. 
3’-N-(Bromoacetyl)doxorubicin (1 1). Bromoacetyl 

bromide solution (200 pL, 22 pmol) was added to a mixture 
of DOXqHCl (6.2 mg, 10.7 pmol) in 1.0 mL of water, 
chloroform (800 pL), and potassium bicarbonate (24 mg, 
240 pmol)  t h a t  was s t i r r e d  for  30 min .  F l a s h  
chromatography provided pure 11 (6.25 mg, 8855): Rf = 

NH), 4.14 (br, 1 H, 3’-CH), 3.82 (s, 2 H, BrAc); IR 3500, 

(CDCl3) 6 7.71 (d, J = 8.4 Hz, 2 H), 7.22 (d, J = 8.4 Hz, 

Rf = 0.61; ‘H NMR (CDC13) 6 7.15 (d, J = 9 Hz, 2 H), 7.11 
(d, J 9 Hz, 2 H), 5.69 (d, J = 8.1 Hz, 1 H, 3’-NH), 4.15 

0.25; ‘H NMR (CDC13) 6 6.76 (d, J = 8.1 Hz, 1 H, 3’- 
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3400,2945,1725 (9 C=O),  1661 (amide), 1625 (5,12 C=O), 
1585,1416, 1290, 1214,1023, 994 cm-l. 

3’-N-[ p-(Fluorosulfonyl)benzoyl]daunorubicin ( 12). 
p(Fluorosulfony1)benzoyl chloride (5.5 mg, 25 pmol) in 
0.5 mL of benzene was added to DNR-HCl(12.6 mg, 22.5 
pmol) in 1 mL of water, 0.5 mL of chloroform, and 
potassium bicarbonate (24 mg, 240 pmol), and the mixture 
was stirred a t  room temperature for 30 min. Flash 
chromatography gave 15.4 mg (95 % ) of pure 12: Rf = 0.58; 

8.3 Hz, 2 H), 6.61 (d, J = 8 Hz, 1 H, 3’-NH), 4.42 (br, 1 

(amide), 1625 (5,12 C=O), 1587, 1420,1295,1220,1020, 
991, 793, 768, 614 cm-l. 

Conjugating DNR or DOX Analogues with 
Antibody or Other Proteins. A solution of a DNR (or 
DOX) analogue in acetonitrile (330-660 pM, 100 pL) was 
added to a mixture of 500 pL of stock antibody solution 
in PBS (1-2 mg/mL) and 500 pL of 0.1 M phosphate buffer 
(pH 8), stirred with a vortex apparatus. After standing 
at  room temperature for 24 h, the resulting mixture was 
placed in a dialysis bag and dialyzed for 3 days at  0 “C 
against daily changes of 250 mL of a buffer, according to 
the following scheme: first day, 0.05 M phosphate buffer, 
pH 8 (containing 10% acetonitrile); second day, 0.05 M 
phosphate buffer, pH 7 (containing 10% acetonitrile); and 
third day, 0.05 M phosphate buffer, pH 7. This scheme 
is essential for preventing precipitation of the crude 
product during its purification by dialysk2 The ratios of 
DNR (or DOX) to antibody in the retentate were calculated 
from the measured light absorption at 490 nm (t = 11 000) 
due t o  DNR (or DOX) and the  antibody protein 
concentration, by the method of Lowry et al. (1 7) from light 
absorption at  750 nm (referred to a standard curve from 
known concentrations of mouse IgG). 

RESULTS AND DISCUSSION 

Synthesis of Electrophilic Analogues of DNR and 
DOX. Phenyl isothiocyanates 3 and 4 (Chart I) were 
obtained in good yields (93 % and 77 % , respectively) by 
treating p-aminobenzoic acid (1) or 3-(p-aminophenyl)- 
propionic acid (2) with thiophosgene in an aqueous alkaline 
solutions. Although 4 was readily converted to 6 with thio- 
nyl chloride in chloroform at  room temperature, 3 remained 
unchanged under these conditions. Most likely, the car- 
boxylic acid group in 3 is deactivated due to its conjugation 
with the electron-withdrawing phenyl isothiocyanate group. 
Accordingly, the more vigorously reactive DMF/thionyl 
chloride (Vilsmeier reagent ( 2 6 ) )  was required for 
converting 3 to 5. The acid chlorides that remained after 
removing excess reagent and the volatile byproducts served 
as the ”linker reagents” for synthesizing the electro- 
philic anthracycline antibiotic analogues. 

p-(Fluorosulfony1)benzoyl chloride in DMF failed to 
react with the 3‘-amino group in DNR. Under similar 
conditions bromoacetyl bromide reacts with 5’-amino-5‘- 
deoxyadenosine in DMF to give the corresponding 5’-N- 
(bromoacety1)amide (27), and p(fluorosulfony1)benzoyl 
chloride gives the corresponding 3’-ester with adenosine 
(28). However, adding 5,6, bromoacetyl bromide, or p-(flu- 
orosulfony1)benzoyl chloride in chloroform (or benzene) 
to a vigorously stirred, aqueous alkaline (potassium 

2 I t  was suggested during review of this paper that instead of 
adding a cosolvent to  the dialysis mixture, addition of glu- 
tathione (or cysteine) for the bromoacetamide, and glycine (or 
glutamic acid) for the isothiocyanate (or sulfonyl fluoride) may 
facilitate efficient removal of the excess, lipophilic reagents during 
purification of the conjugates. 

‘H NMR (CDCl3) 6 8.05 (d, J = 8 Hz, 2 H), 7.95 (d, J = 

H, 3’-CH); IR 3500, 3420, 2945, 1720 (9 CEO), 1650 
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bicarbonate) solution of DNR or DOX gave excellent yields 
of a 3'-N-substituted electrophilic analogue of the an- 
thracycline antibiotic (Chart  I). The  electrophilic 
analogues of DNR or DOX are stable for months under 
dry, cool, and dark conditions. 

A t  first, crystalline hydrochlorides of DNR or DOX were 
used to synthesize the electrophilic anthracycline antibiotic 
analogues. After discovering that the lactose (added to 
stabilize the drugs) in pharmaceutical preparations does 
not interfere with the N-acylation reactions, equivalent 
amounts of cerubicin (DNR-HC1, buffer, and lactose) 
provided the same yields as aqueous solutions of crystalline 
DNR-HCl. While working up the acylation reaction 
mixtures, lactose remains in the aqueous phase and the 
electrophilic DNR analogues are isolated in the organic 
extracts. 

Anthracycline antibiotics are intensely red (Y- 490 nm; 
6 = 11 000), causing less than 1 pg of the compounds to 
be visible on a TLC plate. Chloroform/methanol (95:5) 
is ideal for separating DOX (Rf  = 0.03) and DNR (Rf  = 
0.06) from the corresponding 3'-N-amide analogues. The 
analogues have mobilities with Rf values of 0.25-0.37 and 
0.44-0.64 for the various N-substituted derivtives of DOX 
and DNR, respectively. Accordingly, flash chromatography 
is the method of choice for final purification of the an- 
thracycline antibiotic analogues. 

Characteristic 'H signals (29, 30) and IR bands (31- 
33) from the DNR and DQX moieties of the N-substituted 
analogues were in complete agreement with the established 
spectra. Thus we reported here only those 'H NMR signals 
for DNR and DOX that reflect changes a t  the 3'-NH 
(amide) and the 3'-CH (sugar) positions, in addition to the 
signals produced by the various 3'-N-substituents. The 
IR spectrum of DNR-HCl contains a characteristic pattern 
of bands at  1715,1623,1588,1416,1293,1217,1125, and 
995 cm-'. This pattern was observed in the IR spectra of 
the DNR and DOX analogues. The phenyl isothiocy- 
anate group in 3 and 4 produces characteristically strong 
absorption bands at  2080-2120 cm-', also observed in the 
IR spectra of the corresponding N-substituted analogues 
(7-9) of DNR and DOX. A synthesis of 3'-N-(iodoacetyl)- 
doxorubicin in 75% yield has been reported (In, but this 
material was only characterized by TLC and therefore the 
spectra could not be compared with those of the present 
DOX analogues. 

Reactions of  Electrophilic DNR and DOX 
Analogues with Proteins. The DNR analogues were 
tested with bovine serum albumin (BSA) to assess the 
reactivity of the N-substituents toward proteins and the 
s tabi l i ty  of t h e  result ing DNR-BSA conjugates. 
Concentrations of BSA were 1-4 mg/mL (ca. 12-50 pM), 
and that of a DNR analogue were approximately 300 pM. 
Various conjugation reactions were carried out between 
pH 7 and 8 (in 0.1 M phosphate buffer, containing 10% 
acetonitrile as cosolvent). The best results were obtained 
at  pH 8. 1,2-Dimethoxyethane and dioxane were tested 
as cosolvents, but they were not as effective as acetoni- 
trile for dissolving the N-substituted DNR analogues at  
the high concentrations required for efficient conjugation 
reactions with proteins in aqueous solutions. 

Dialysis, gel-filtration chromatography, and polyacry- 
lamide gel electrophoresis (PAGE) were used to determine 
the conjugation efficiency of the various DNR analogues. 
The conjugates prepared with DNR analogues containing 
a phenyl isothiocyanate group were expected to be reactive 
like FITC toward proteins. Thus these conjugates were 
only subjected to dialysis. Dialysis of the crude conjugation 
reaction mixture against water alone caused a major portion 
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of the protein and DNR analogue to precipitate. When 
phosphate buffer alone was used for dialysis, the DNR 
analogue precipitated while the DNR-protein conjugate 
remained in solution. However, dialysis of the reaction 
mixture for 2 days against phosphate buffer containing 
10% acetonitrile and for an additional day against 
phosphate buffer alone removes all of the unreacted DNR 
analogue (mostly on the first day of dialysis). During the 
third day of dialysis, the organic cosolvent is removed. The 
pH of the buffer is lowered to 7 on the second and third 
days of dialysis because the conjugate is most stable a t  the 
lower pH during storage. Storing a conjugate a t  0 "C for 
2-3 months a t  pH 8 produces a bathochromic shift in the 
visible spectrum (from 490 to 500-505 nm) of the anthra- 
cycline moiety. This may result from the higher rate of 
oxidation of the hydroquinone function in the anthracy- 
cline group promoted by the alkaline conditions. 

The above dialysis scheme provides a bright red solution 
of a DNR-protein conjugate in the retentate. The dialy- 
sates of the conjugates made from 10 and 12 appeared as 
light red solutions. The red material was extracted with 
chloroform from the dialysate of the dialyzed 10-BSA. TLC 
analysis of the extracted, red material showed it to be un- 
reacted 10. The red dialysate from 12-BSA (dialyzed a t  
pH 8) was repeatedly extracted with chloroform, but no 
colored material appeared in the organic layer. After 
acidification of the dialysate, the red material was extracted 
from the aqueous solution by chloroform. Presumably, 
the red extract contained the sulfonic acid form of 12, that 
had undergone hydrolysis. When 7 or 8 were conjugated 
with BSA, the bright red products remained in the re- 
tentate throughout the 3 days of dialysis. Only a trace of 
red material could be extracted from the faintly red di- 
alysates. 

Two red bands emerged from a Sephadex G25-50 column 
during chromatography of crude 10- or 12-BSA conjugates 
(eluted with 0.1 M phosphate buffered a t  pH 8, containing 
10% acetonitrile). The more rapidly eluted red conjugate 
was followed by a second red band of unconjugated starting 
material. Polyacrylamide gel electrophoresis was 
performed on the following samples: (1) BSA (reference), 
(2) 12-BSA (dialyzed), (3) 12-BSA (gel filtered), and (4) 
12-BSA (crude reaction mixture). Lanes 2-4 exhibited 
the major, bright red bands that migrated with the BSA 
in the reference lane. Lane 4 contained a red spot a t  the 
origin. After staining the gels for protein (Coomasie Blue), 
the major, migrating red bands in lanes 1-4 were vividly 
stained, but the red spot a t  the origin did not stain. The 
results suggest that either dialysis or gel filtration are 
effective in separating the DNR-protein conjugates from 
the unreacted (or hydrolyzed) DNR analogue. 

The relative reactivity with BSA of the electrophilic sub- 
stituents in the analogues of DNR and DOX is the order 
p(fluorosulfony1) benzoyl > phenylisothiocyanato > bro- 
moacetyl. However, the p(fluorosulfony1) benzoyla- 
mide 12 undergoes hydrolysis in competition with protein 
conjugation. Unreacted 3'-N-bromoacetyl-DNR is always 
observed in the dialysates from the conjugation reaction 
mixtures. Accordingly, the phenyl isothiocyanates are 
ideally reactive substituents for producing bioconju- 
gates. The resulting conjugates are entirely stable a t  pH 
7 for at  least days at  room temperature and for months 
a t  0 "C.  

DNR- and DOX-Antibody Conjugates, The elec- 
trophilic analogues of DNR were conjugated with OC125 
(a monoclonal antibody that binds to the CA125 antigen 
in human ovarian cancer cells). During the conjugation 
reactions the protein concentration of OC125 was 0.5- 
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1.0 mg/mL (3.3-6.6 pM), the concentration of the elec- 
trophilic DNR analogues was 33-66 pM, and the reactions 
were conducted in 0.05 M phosphate buffer a t  pH 8 
(containing 10% acetonitrile). The conjugates were 
purified by dialysis in the manner described above for the 
DNR-BSA conjugates, and they exhibited similar stability. 
The measured ratios of DNRlOC125 in the conjugates were 
between 0.5:l and 19:l. Conjugates with ratios higher than 
191  precipitated during dialysis. DNR-OC125 conjugates 
used in earlier in vitro experiments had druglantibody 
ratios of 3:l to 6:l (I, 2). Human ovarian cancer cells were 
used to test the cytotoxicity of DNR-OC125 conjugates 
( I )  in which 8-OC125 had low (2-3:l) and high (10-14:l) 
ratios. The cytotoxicities of these bioconjugates appear 
to be independent of the drug/antibody ratio in that the 
low and high ratio of the DNR-OC125 conjugates exhibit 
equal toxicities for equivalent, nominal concentrations of 
DNR(34). 

The relative stability of the 3’-N linkage formed between 
1 or 2 and DNR is interesting. In experiments that  
preceded the present work, N-hydroxysuccinimide esters 
of the N-trityl derivatives of 1 or 2 were condensed with 
DNR to provide moderate yields of the corresponding 3’- 
N-substituted phenylpropionyl- or benzoylamides (34). 
Both amides were completely stable in neutral solutions. 
However, when detritylation was conducted in acetic acid 
(pH 4) the benzoyl amide derivative formed free DNR and 
1, but the detritylated 3’-N-[3-(p-aminophenyl)propionyl]- 
amide-DNR remained intact. Clearly, the aromatic ring 
that is conjugated with the carboxamide group promotes 
hydrolysis of the 3I-N-amide linkage. By contrast, in 3’- 
N-[3-(p-aminophenyl)propionyl]amide-DNR the two 
additional carbon atoms prevent this effect of the aromatic 
ring by electronically insulating the carboxamide group. 
Furthermore, the aliphatic amide linkages in the 3’-N- 
(bromoacetyl) and 3’-N-[3-(p-isothiocyanatophenyl)- 
propionyl] derivatives (8-1 1) are analogous to natural pep- 
tide linkage systems containing alanine and phenylala- 
nine, respectively. By this analogy, the 3’-N-amide linkage 
in these conjugates are expected to possess greater (i.e., 
”natural”) stability in acidic environments (Le., pH 4) than 
the corresponding 3’-N linkage in protein conjugates from 
7 or 12. 

The relative toxicities in vitro of the DNR-antibody 
conjugates made from 7 or 8 and OC125 may be related 
to certain bond-stability factors (discussed above). Under 
equivalent conditions of concentration and incubation 
periods, 8-OC125 is consistently about twice as toxic as 
7-OC125 to two different cell lines derived from human 
ovarian tumors ( I ) .  Additional experimental work must 
be undertaken on this theme to  precisely relate the 
chemical nature of the 3’-N-amide linkage in the DNR- 
antibody conjugates of 7 and 8 with the observed 
differences in their toxicities. Nevertheless, the reactivity 
of the reagent, stability of the linkage, and toxicity of the 
resulting OC125 conjugate make 6 the preferred reagent 
for producing electrophilic analogues of drugs intended 
for synthesis of bioconjugates. 

The present report describes a variety of reagents that 
efficiently provide stable electrophilic analogues of DNR 
and DOX that can be isolated, characterized, and stored. 
A stable anticancer drug-antibody conjugate can be 
produced by mixing the analogues with a monoclonal 
antibody. The potential use of the present DNR- 
OC125 bioconjugates for treating a variety of antibody- 
targeted cancers is suggested by results from in vitro tests. 
The bioconjugates are both selectively toxic to human ova- 
rian cancer cell lines (I) and also specifically bind to tissue 
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sections from human ovarian cancers (2) that express the 
CA125 antigen. 
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Electrochemical Investigations of the Interaction of Metal Chelates 
with DNA. 3. Electrogenerated Chemiluminescent Investigation of the 
Interaction of Tris( 1,lO-phenanthroline)ruthenium(II) with DNA 
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The electrogenerated chemiluminescence (ECL) that  results from the oxidation of tris(1,lO- 
phenanthroline)ruthenium(II), a t  a gold electrode in the presence of oxalate, was used to investigate 
the interaction of the Ru(I1) chelate with calf thymus DNA. The decrease in ECL emission from the 
excited state, Ru(phen)s2+*, in the presence of DNA, is ascribed to binding of the chelate to the DNA 
strand. An ECL titration of the metal complex with DNA allowed determination of the equilibrium 
constant ( K )  and binding-site size (s) for association of Ru(phen)sZ+, under the assumption that only 
the free metal complex contributes to the observed emission. In 25 mM Na2C2O4, 2 mM phosphate 
buffer, pH 5,0.05% Tween-20,0.05% Triton X-100, regression based on the McGhee/von Hippel model, 
which accounts for free base pair gaps between binding sites, yielded K = 8.1 (* 0.2) X lo3 M-' and s 
= 4 bp. 

INTRODUCTION 
We describe the application of electrogenerated chemilu- 

minescence (ECL) measurements to an investigation of the 
binding of tris( 1,lO-phenanthroline)ruthenium(II), Ru- 
(phen)s2+, to calf thymus DNA. ECL has been used to 
investigate electrode reactions that lead to excited states, 
with applications to analytical problems (1). Many studies 
have been carried out on ECL systems based on chelates 
of Ru(II), e.g. Ru(bpy)g*+ (bpy = 2,2'-bipyridine), Ru- 
(phen)32+, and their derivatives, which yield emissions 
characteristic of the R u L ~ ~ + *  excited state via direct 
annihilation of the 1+ and 3+ oxidation states in cyclic 
potential step experiments (2-61, or via generation of the 
excited state in a single potential step, in the presence of 
a reactant such as oxalate or peroxydisulfate that generates 
a strong oxidant or reductant intermediate (e.g., C0z'- or 
SOr*-) (7-10). Analytical methods, e.g., for oxalate or with 
Ru chelate tags ( I O ) ,  based on ECL have been reported. 
An ECL analysis is carried out in an electrochemical cell 
containing appropriate reagents (e.g., the Ru species, ox- 
alate, buffer). The imposition of the appropriate electrical 
signal to the working electrode causes light emission. The 
fact that no excitation light is employed in ECL, as it is 
in photoluminescence, leads to high sensitivities in ECL 
detection. Moreover, the specific nature of the ECL 
reaction, with control over both electrochemical and 
spectroscopic variables, promotes high selectivity. 

Barton has reported (11-13) the use of enantiomers of 
Ru(phen)z2+ (14), Ru(phen)sZ+, Ru(DIP)s2+ (DIP = 4,7- 
diphenyl-1,lO-phenanthroline) (15-191, and R U ( T M P ) ~ ~ +  
(TMP = 3,4,7,8-tetramethyl-l,lO-phenanthroline) (20) as 
chiral probes for the B, Z, and A conformations of DNA. 
Metal-activated cleavage of DNA strands can also be 
accomplished by Ru(I1) chelates (21,22). Because of the 
wide interest in R ~ ( p h e n ) ~ ~ +  and related complexes in the 
study of DNA conformation and cleavage and of chemilu- 
minescent systems to biological problems (23-251, we have 
chosen to investigate the ECL of Ru(phen)sZ+ in the 
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presence of DNA, as a means of characterizing the binding 
of the luminescor to the DNA strand. 

To our knowledge, ECL studies of equilibria for binding 
of metal chelates to  DNA have not been reported 
previously. ECL provides a useful extension of our 
previously reported voltammetric studies of the binding 
of metal  chelates to  DNA (26 ,  27 ) .  Detection of 
luminescence can be achieved with high precision and has 
the advantage compared to voltammetric and spectro- 
photometric measurements that very low concentrations 
of complex (e.g., micromolar to nanomolar) can be used. 
As shown below, analysis of the binding data from titra- 
tion experiments is simplified, in the case of the Ru- 
(~hen)3~+-oxalate ECL system, where the oxalate species 
does not interact with DNA. 

EXPERIMENTAL PROCEDURES 
Materials. Calf thymus DNA was purchased from 

Sigma Chemical Co. (St. Louis, MO) and used as received. 
Previous studies with this material (26, 27) have shown 
no differences in binding studies with as-received and 
purified material. The details of the handling of the DNA 
have been described previously (26, 27).  Tris(1,lO- 
phenanthroline)ruthenium(II) dichloride, Ru(phen)~-  
Clz, was purchased from Aldrich Chemical Co. (Milwaukee, 
WI). The as-received material was dissolved in hot water 
to filter out an unidentified, insoluble, black substance. 
The filtrate was concentrated to a small volume and 
allowed to evaporate to dryness at  room temperature to 
obtain the metal complex. Tween-20 was obtained from 
Sargent-Welch (Irving, TX) and Triton X-100 was from 
Fluka Chemical Corp. (Ronkonkoma, NY). Tripropy- 
lamine (TPrA) (98%) was obtained from Aldrich and used 
as received. All other chemicals for preparation of 
electrolytes were reagent grade and used without further 
purification. Solutions were prepared with high-purity 
water from a Millipore Milli-Q reagent water system. 

Procedures .  Experiments were carried out with 
solutions of Ru(phen)sZ+ with either oxalate or TPrA 
buffered t o  the  p H  for opt imum ECL response. 
Concentrations of DNA were measured in electrolyte 1 [25 
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mM NazCz04, 2 mM H3P04, 0.05% (w/v) Tween-20, 
0.05% w/v) Triton X-100, adjusted to pH 5 with NaOH] 
and electrolyte 2 (25 mM TPrA, 7.2 mM HzS04,16.1 mM 
NaZS04,0.05% Tween-20,0.05% Triton X-100, adjusted 
to pH 5 with NaOH) assuming 6260 = 6600 M-l cm-l (28). 
Concentrations of Ru(phen)32+ in electrolytes 1 and 2 were 
measured by assuming t 4 4 7  = 19 000 M-1 cm-l (29). 
Solutions of DNA and Ru(phen)s2+ in electrolytes 1 and 
2 showed the same absorbances a t  A,, as in equimolar 
solutions in 50 mM NaC1. The surfactants Tween-20 and 
Triton X-100 were added to prevent bubble formation in 
the flow ECL cell in the analyzer and to promote more 
effective cleaning of the cell in the flushes with pure 
electrolyte between samples (32). In a recent ECL study 
of the interaction of another metal chelate with DNA, to 
be reported elsewhere, we have found procedures where 
addition of surfactant can be avoided. 

For ECL measurements, 0.6 mL of the solution of 
interest (8-9 pM Ru(phen)a2+ containing different excesses 
of nucleotides) was pumped through the flow cell of the 
ECL analyzer described below, in a flow stream of the 
appropriate electrolyte. Measurements were taken during 
a potential sweep, under quiescent solution conditions. The 
potential applied to the potentiostat was scanned linearly 
from 0.565 to 2.4 V vs Ag/AgCl, a t  438 mV/s. The ECL 
cell configuration used in the analyzer resulted in a 
significant uncompensated resistance between working and 
reference electrodes, so the actual working electrode 
potential was less positive, but clearly encompassed the 
Ru(I1) oxidation wave. Luminescence from the Ru- 
(phen)s2+* excited state was measured in 34-ms intervals, 
during a scan. All measurements were obtained on air- 
equilibrated samples, at  the ambient temperature of the 
laboratory (23-25 OC). Five replicate measurements were 
performed on each sample. 

Stock solutions of DNA (2-3 mM nucleotide phosphate, 
NP) and Ru(phe11)3~+ (1 mM) were prepared fresh for each 
series of experiments and discarded immediately after use. 
All glassware was silanized with a 5% solution of trime- 
thylchlorosilane in toluene. 

Instrumentation. Electrogenerated chemilumines- 
cence (ECL) was measured on an Origen 1 Analyzer (IGEN, 
Inc., Rockville, MD), an automated, computer-controlled 
(IBM PS/2 Model 25) flow system for ECL analysis of 
different types of samples (Figure 1). In this system the 
sample is introduced into a flow stream of the appropriate 
solution and is pumped into an electrochemical flow cell, 
equipped with a Plexiglas window where the working 
electrode surface is viewed by a photomultiplier tube 

0 1 2 3 

E, V vs. Ag/AgCI 

Figure 2. Typical intensity-potential curves for 9.2 pM Ru- 
(phen)32+ (A) in the absence and (B) in the presence of 0.28 m M  
nucleotide phosphate. 

(PMT). The working and counter electrodes were gold 
disks (geometric area = 0.071 cm2) and the reference 
electrode was Ag/AgCl (3 M NaC1) located downstream 
of the flow cell. Cell resistances were 2600 fl (working- 
to-counter electrode) and 7.2 X 104 fl (working-to-reference- 
electrode leads), in electrolyte 1, as measured with a Yellow 
Springs Instruments Model 35 conductance meter. The 
thickness of the solution layer in the cell was ca. 0.5 mm. 
During analysis, the flow was stopped and a programmed 
potential sweep was applied to the working electrode. ECL 
during the sweep was detected with a Hamamatsu R 1104 
PMT, operated a t  850 V. 

Spectroscopic measurements were done on a Hewlett- 
Packard Model 8450A dual-beam spectrophotometer. 
Cyclic voltammetry (CV) and square wave voltammetry 
(SWV) were performed on a Bioanalytical Systems (BAS) 
Model 100 electrochemical analyzer. SWV was performed 
with square wave amplitude = 25 mV and step height = 
5 mV. The square wave frequency was 15 Hz. Working 
electrodes for voltammetry were either a BAS glassy carbon 
disk (geometric area = 0.071 cm2) or a gold disk sealed in 
glass (geometric area = 0.03 cm2). A Pt flag served as the 
counter electrode and the reference was a saturated cal- 
omel electrode (SCE). Analysis of titration data from ECL 
experiments was performed using nonlinear-regression 
routines available from the SAS statistical software package 
(The SAS Institute, Cary, NC) on an IBM 3081D computer. 

RESULTS 
Effect of DNA on ECL Emission. A typical intensity 

(I)-potential curve for the R~(phen)3~+-oxalate system 
(electrolyte 1) is shown in Figure 2, for a total concentration 
(C,) of R ~ ( p h e n ) 3 ~ +  of 9.2 pM. The potentials shown in 
Figure 2 should be considered as values applied to the po- 
tentiostat because of the large, uncompensated resistance 
of the electrochemical cell. Onset of ECL from Ru- 
(~hen)3~+*  occurred at  ca. 1.25 V vs Ag/AgCl and reached 
a maximum at ca. 2.0 V, in the absence of DNA. In the 
presence of 0.28 mM nucleotide phosphate [NP] (Figure 
2B, i.e., at  a ratio of nucleotide phosphate, NP, to metal 
complex, R, of 30), the intensity decreased to 48% of that 
in the absence of DNA. Since the solution layer through 
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Figure 3. Detector response for concentrations of Ru(phen)- 
3*+ varied between 9.02 and 0.9 pM, in DNA-free solution. 

which the emitted light passes is thin (ca. 0.5 mm), the 
decrease in ECL in the presence of DNA cannot be 
attributed to scattering by DNA. Additionally, a t  higher 
photomultiplier voltages, where background emission from 
electrolyte could be measured, the presence of a large 
concentration of DNA caused no decrease in the  
background. For example, a t  [NP] = 0, the emission 
intensity, I ,  was 33 (arbitrary units), and at  [NP] = 1.4 
mM, I = 55. Thus, in the presence of DNA, background 
emission actually increased slightly. Significant adsorption 
of DNA onto the gold electrode during a measurement 
would be expected to have the opposite effect, especially 
if light scattering occurred. Irreversible adsorption of DNA 
would also be expected to yield decreases in intensity upon 
repetitive runs on the same Ru(II)/DNA mixture. 
However, all measurements during a series of experiments 
were reproducible, regardless of the order in which the 
solutions were sampled. 

A plot of the peak ECL emission intensity, I ,  against 
concentration of Ru(II), in the absence of DNA, was linear, 
as shown in Figure 3. Here, the concentrations of Ru(I1) 
were chosen to span the range of observed decreases in ECL 
intensity, as a function of DNA concentration, in titra- 
tion experiments (see below). Linearity of the response 
to Ru(I1) concentration is important in this system, since 
it bears directly upon the model used to fit titration data. 
The small intercept represents background emission in the 
oxalate, as previously observed at other electrode materials 
in studies of Ru(bpy)g2+ system ECL (IO). I t  has been 
ascribed to effects of traces of undefined impurity or to 
inverse photoemission from the metal electrode. 

Cyclic Voltammetry in Oxalate Electrolyte. Cyclic 
voltammograms of electrolyte 1 showed an oxidation wave 
at  0.7 V vs SCE on the first positive-going scan at  a gold 
disk. Upon subsequent scans, the wave disappeared. The 
oxidation wave observed on the initial scan corresponds 
to oxidation of the gold electrode surface. On the second 
and subsequent scans this wave is absent because the oxide 
is not reduced by the oxalate in the solution. The oxidation 
wave only reappeared upon scanning the potential of the 
electrode from 0.0 to -1.0 V, but subsequent positive- 
going scans again showed a diminished oxidation wave 
upon repeated scanning. Direct oxidation of oxalate on 

0.0' " " " " " " 
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R 
Figure 4. ECL titration of 8.7 pM Ru(phen)32+ with DNA, in 
electrolyte 1. Normalized emission intensity vs R, where R = [nu- 
cleotide phosphate]/ [total Ru]  = [NP]/C,. Points are 
experimental data and the solid curve represents that calculated 
based on the equilibrium model of McGhee and von Hippel. 

the oxidized gold electrode does not occur until oxidation 
of Ru(phen)s2+ takes place at  +1.1 V vs SCE. 

Experimental Titration Results. Results of a titra- 
tion of 8.7 pM Ru(phen)32+ with DNA, in electrolyte 1, 
are shown in Figure 4. Experimental data are plotted as 
peak emission intensity, I ,  normalized to I at  R = 0, [ I -  
(O)] vs R where 

R = [nucleotide phosphate]/[total Ru] = [NP]/C, 

The data  were regressed onto eq 3, below, with K 
determined from a one-parameter fit, for integer values 
of s (15,27). The best fit for the experimental curve was 
K = 8.1 (f0.2) X 103 M-' and s = 4 bp (solid curve of Figure 
4). Extensive sonication of a solution containing 9.0 pM 
R ~ ( p h e n ) ~ ~ +  and 0.86 mM NP (electrolyte 1) resulted in 
only ca. 14% increase in ECL intensity after 65 min of 
treatment. ECL of a solution containing only Ru- 
(phenh2+ was not affected when sonicated for the same 
amount of time. 

Experiments were performed in which 25 mM tri-n- 
propylamine (TPrA) was cooxidized with Ru(phen)32+ to 
produce ECL (electrolyte 2) (32,33). The ionic strength 
and pH of this system was the same as those for electrolyte 
1. Since binding of R ~ ( p h e n ) ~ ~ +  to DNA is dependent on 
ionic strength ( I B ) ,  no difference in normalized ECL 
intensity would be expected, at the same Ct and R, between 
the R~(phen)3~+-oxalate and R~(phen)3~+-TPrA systems, 
assuming equal interactions of TPrA and oxalate with 
DNA. However, I(R)/I(O) was larger, at all R investigated, 
in the TPrA system than for the corresponding experiment 
in the oxalate system. For example, a t  R = 40 (8.8 pM 
Ru(II)), I(R)/I(O) = 0.47 for oxalate vs 0.63 for TPrA, and 
at  R = 80, I (R)/I(O) = 0.30 for oxalate vs 0.49 for TPrA. 
As shown in Figure 2, the detector response to ECL in the 
Ru(phen)32+-TPrA system was linear with concentration 
of Ru(II), over a concentration range bracketing the 
observed decrease in intensity with addition of DNA. 

An Equilibrium Binding Model. The peak intensity, 
I ,  is a linear function of Ru(phen)s2+ concentration, in the 
absence of DNA 
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z / z ,  = c/c, (1) 
where Z and IO are the peak intensities at  concentrations 
of Ru(I1) C and CO, respectively. A treatment of binding 
data, based on a modification of the classical Scatchard 
binding isotherm (34),  has been reported by McGhee and 
von Hippel. This model (35) accounts for the presence 
of free gaps on DNA which are less than s bp long and thus 
cannot participate in binding of the metal complex (i.e., 
the DNA strand cannot be saturated with metal complex). 
The relevant equation for noncooperative binding, based 
on an analogous one of Barton et  al. (I@, with u = c b /  
[NP], is 

Carter and Bard 

2.4 I 1 

1-2su IS, = K(1- 2 s 4  
Cf 2 1 - 2(s - l ) u  

where Cb and Cf are the equilibrium concentrations of 
DNA-bound and free metal complex, respectively, K is the 
microscopic binding constant, and s is the binding-site size, 
in base pairs, bp. This may be rewritten to  give the 
normalized ECL intensity as a function of Ct and R: 

where Z(R) and I (0)  are the intensities measured a t  R and 
R = 0, respectively, Ct = CI, + Cf, and xb = cb/ct, under 
the assumption tha t  only the  free metal  complex 
contributes to ECL. The value of s for the titration data 
of Figure 4 is in excellent agreement with that determined 
by Barton (15). K is ca. 30% larger than in the previous 
determination (K = 6.3 X lo3 M-l, in 50 mM NaC1,5 mM 
Tris, pH 7.1) (15). 

Comparison to the Voltammetric Binding Model. 
We have previously shown that the concentration of bound 
metal, cb, as a function of total metal concentration, Ct, 
binding constant, K, and binding-site size, s, is (26, 27) 

Cb = ( b  - [ b 2  - ( ~ K V , [ N P ] / S ) ] ' ' ~ ) / ~ K  (4a) 
b = 1 + KC, + K[NP]/2s (4b) 

Equation 4 assumes (1) nonspecific, (2) noncooperative 
binding, and (3) existence of a single, discreet binding site. 
Assumption 3 may be interpreted as the ability to saturate 
the DNA strand with metal complex (Le., all base pairs 
can participate in binding). With this model the ECL 
intensity is given by 

(5) 
where Af and A b  are constants of proportionality for ECL 
arising from free and bound metal complex, respectively. 
This may be rewritten as 

z(R)  = AfCf + XA&b ( 6 4  

I (0)  = AfCt (6b) 
where X (0 I X I 1) represents the fraction of total ECL 
due to bound metal. Combining eqs 6a and 6b gives 

Z(R)/Z(O) = r ( 1 -  X) + X ( 7 4  
r = Cf/C, (7b) 

Equation 7 reduces to the equivalent of eq 1 when X = 0 
(i.e., bound metal does not contribute to ECL emission). 
Note that this assumption allows calculation of binding 
constant and binding-site size without knowledge of the 
diffusion coefficients of the free and DNA-bound metal 

I (R)  = A&c, + AbCb 

4 
.- 

R 

Figure 5. Square wave voltammetric titration of 9.2 X 10-6 M 
Ru(phen)62+ with DNA. The electrolyte was 25 mM NalC204, 
2 mM H3P04, pH 5.0. 

complex (Of and Ob) or of the ECL efficiency for the Ru- 
(~hen)3~+-oxalate system. The magnitudes of the binding 
parameters were calculated via eq 7, again fitting K for 
integer values of s (26,27). A plot of the experimental data, 
superimposed on the best-fit curve, was essentially identical 
to that shown in Figure 4, except as noted below. The best 
fit of the experimental data to the simple binding model 
given above was K = 9.0 (f0.4) X lo4 M-' and s = 10 bp 
(when X = 0), suggesting that some segments of the DNA 
strand are unavailable for binding. The binding-site size 
here is much larger than that determined previously for 
binding of racemic Ru(phen)S2+ (in 50 mM NaC1, 5 mM 
Tris, pH 7.1) to  calf thymus DNA (15 ) .  While the 
agreement between experiment and calculations from the 
two models is about the same for R I 60, there is slightly 
better agreement at  R > 60 when eq 3 is used, vs eq 7. The 
implications of the titration results are discussed below. 

To test further the validity of the assumption that bound 
metal does not contribute significantly to ECL, additional 
two-parameter fits were performed in which K and X were 
determined for s = 10 bp. These calculations gave K = 
9.6 (f0.8) X lo4 M-1 and X = 0.02. The sum of squares 
deviation obtained here agreed with that from the one- 
parameter fit of K, above, to within 3%.  Thus, we can 
estimate that a t  least 98% of the ECL is due to free metal 
complex and that the assumptions used in fitting titra- 
tion data are valid, within the error of the measurement. 

Square Wave Voltammetry. To test the possibility 
that the surfactants present in the electrolyte used for ECL 
measurements may interfere with binding of Ru- 
(phen)s2+ to DNA, independent measurements of binding 
were performed by using square wave voltammetry (SWV). 
SWV was employed, rather than the cyclic voltammetry 
or differential  pulse voltammetry used in earlier 
electrochemical experiments (26,27), because very small 
concentrat ions of Ru(I1) were used t o  keep the  
concentration range equivalent to tha t  in the ECL 
experiments. Measurements cannot be carried out 
conveniently with electrolytes without added surfac- 
tants in the ECL apparatus described above. Typical 
results are shown in Figure 5, where the peak current in 
SWV for oxidation of R~(phen)3~+  to the 3+ ion is plotted 
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as a function of R. The electrolyte here was electrolyte 
1, but without added Triton X-100 or Tween-20. Although 
SWV measurements a t  these concentrations are not very 
precise and the data show appreciable scatter, particularly 
a t  larger values of R where the concentration of unbound 
Ru(phen)s2+ is small, the titration curve in Figure 5 
indicates that the binding-site size (s), in the absence of 
sur fac tan ts ,  is smaller  t h a n  t h a t  found in  ECL 
measurements. A value of s = 10 bp would correspond 
to R = 20 in Figure 5. The data indicate a value of s closer 
to 5 bp. 

The peak potential of the R ~ ( p h e n ) 3 ~ + / ~ +  redox couple 
is severely overlapped by the background oxidation of the 
electrolyte. Although the data shown in Figure 5 represent 
background-subtracted peak currents, the background 
current in the region of Ru(I1) oxidation is not particularly 
reproducible. The result is the scatter in the data shown. 
Thus, while this experiment suggests that the absence of 
surfactant causes the apparent value of s to decrease, we 
could not obtain quantitative results from nonlinear- 
regression analysis, based on a SWV analogue of our 
previously reported voltammetric titration method (26,27). 
Voltammetric measurements under the electrolyte 
conditions of the ECL measurements, Le., with added Tri- 
ton X-100 or Tween-20, could not be carried out because 
electroactive components in the surfactant stock solutions 
interfered with the Ru(I1) oxidation wave. 

DISCUSSION 
ECL in electrolyte 1 originates from oxidation of Ru- 

(phen)s2+, in the presence of oxalate, according to the 
following sequence of reactions (8, 10): 

Ru(I1) - Ru(II1) + e- (8) 

Ru(II1) + C2O?- - Ru(I1) + C,O,'- (9) 

C204'-- CO, + C02'- (10) 

Ru(I1) + COP'-- Ru(1) + CO, (11) 

Ru(II1) + COz'-+ Ru(II)* + COP (124 

Ru(1II) + Ru(1) - Ru(II)* + Ru(I1) (12b) 
Ru(II)* - Ru(I1) + hu (13) 

where Ru(I1) and Ru(II1) represent R~(phen)3~+  and Ru- 
( ~ h e n ) 3 ~ + .  In the presence of DNA, the corresponding 
reaction sequence is 

Ru(I1)-DNA- Ru(II1)-DNA + e- (14) 

(15) 

or 

Ru(II1)-DNA + C 2 0 t - -  Ru(I1)-DNA + C,04'- 

followed by eq 10 and 

Ru(II)-DNA + CO,'-- Ru(I)-DNA + C02 

Ru(III)-DNA + COP.-- Ru(II)*-DNA + COZ 

(16) 

(17) 
or 

Ru(III)-DNA + Ru(I)-DNA-Ru(II)*-DNA + Ru(I1)- 
DNA (18) 

followed by eq 13, where -DNA denotes a metal complex 
bound to DNA. However the results indicate that emission 
does not result from Ru(I1) bound to  DNA. This might 
be caused by inaccessibility of DNA-bound Ru species to 
COZ- or C Z O ~ ~ -  (e.g. because of steric constraints or 
electrostatic effects due to the negative charge on the DNA 
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double helix, as discussed below). This reduces this series 
of reactions to eqs 8-14. The ECL intensity is controlled 
by the equilibrium binding of the metal chelate to DNA. 
Combining eqs 8 and 14, by analogy with our previous work 
(26,27) and electrochemical studies of the interaction of 
electroactive species with micelles (36,371, gives Scheme 
I. 

Scheme I 
Ru(II) Ru(II1) + e- 

1 t K2* 
Ru(1I)-DNA Ru(1II)-DNA + e- 

The mechanism of light emission in the R ~ ( p h e n ) ~ ~ + -  
TPrA system has not been elucidated but probably 
proceeds through a reaction sequence similar to that of 
R~(phen)3~+-oxalate, with cooxidation of R~(phen)3~+ and 
TPrAH+ producing the excited state-chelate by eq 8, 
followed by (32, 33, 38) 

TPrAH' - TPrA" + H+ + e- (19) 

TPrA" - (C3H,),N(CHC2H,') + H+ (20) 

Ru(II1) + (C,H,),N(CHC2H,*) - Ru(II)* + 
[(C3H,),N=CHC2HJ+ (21) 

Binding of cations to DNA is driven by release of coun- 
terions from the helix (e.g., Na+) (39, 40). In view of the 
experimental results described above for the differences 
in behavior of the oxalate and TPrA systems, i t  is 
reasonable that the ECL is essentially due to free Ru- 
(phen)S2+. Since TPrA is fully protonated at  pH 5.0 (pK. 
= 10.6), these results suggest that bound Ru(phen)s2+ can 
participate to a small extent in ECL in electrolyte 2, 
because TPrAH+ can approach the  anionic sugar- 
phosphate backbone of DNA. In electrolyte 1, however, 
oxalate exists as 84% dianionic and 16% monoanionic 
forms. Oxalate would not be expected to interact with 
DNA as strongly as TPrAH+, because of coulombic 
repulsion. While the reactant TPrA' in eqs 20 and 21 is 
uncharged, TPrA is initially delivered to the bound Ru 
species as the protonated form. The results support the 
assumption that the ECL component from bound metal 
in the oxalate system can be neglected and are consistent 
with our previous observations on the lack of influence of 
DNA on the diffusion of anions, such as Mo(CN)a4- and 
Fe(CN)s3- (26,27) as well as observations on luminescence 
quenching of R ~ ( p h e n ) ~ ~ + ,  bound to DNA, by ferrocya- 
nide (17).  The photoluminescence of R ~ ( p h e n ) 3 ~ +  is 
enhanced upon binding to DNA (15, 17, 18, 41), in the 
absence of added quencher. The excited state of another 
intercalator, ethidium, bound to  DNA is effectively 
quenched by cationic species, e.g. methylviologen (42,43), 
whereas Ru(phen)32+ bound to DNA is protected from 
quenching by anionic species such as Fe(CN)s4- ( 1  7). The 
enhanced luminescence of Ru(phen)s2+ intercalated into 
DNA was attributed to "greater rigidity and lower colli- 
sional frequency of the molecule when stacked within the 
helix". This same decreased collisional frequency, with 
CzOd2-, HCz04- and COz'-, would decrease excited-state 
formation. The  lower diffusion coefficient of Ru- 
( ~ h e n ) 3 ~ +  when bound to DNA would also decrease the 
contribution from bound Ru(phen)s2+. The small increase 
in ECL, in experiments where the metal complex-DNA 
mixture was sonicated, may be due to a small contribution 
from cross-reactions, e.g. 
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Ru(II1)-DNA + Ru(1) -Ru(II)-DNA + Ru(II)* or 

in which degradation of the DNA strand by ultrasound 
would enhance ECL production by increasing the diffusion 
coefficient of the bound metal. 

The simple equilibrium binding model, used previously 
for analysis of t i tration curves from voltammetric 
experiments involving diffusion of an equilibrium mixture 
of free and DNA-bound metal complex (26, 27), yields 
values of K and s in this  study tha t  appear to  be 
unreasonably large, compared to those of previous studies. 
This model assumes that the DNA strand can be saturated 
with metal complex (i.e., gaps of <s bp are rare or 
nonexistent). While this model was successful in analyzing 
binding data in uncomplicated solutions, e.g. 50 mM NaCl 
(26,27), in the present case, the presence of surfactants 
may affect the binding of R~(phen)3~+.  For example, the 
nonionic surfactant Triton X-100 could associate hydro- 
phobically with the DNA helix, preventing some base pairs 
from interaction with R ~ ( p h e n ) 3 ~ + .  The structurally 
similar 5-alkylresorcinols (44) and a number of other li- 
pophilic species (45) bind to DNA via association with the 
hydrophobic interior of the strand. While the simple model 
cannot take this into account, direct detection of free and 
DNA-bound Ru(I1) in ECL allows the use of the model 
of McGhee and von Hippel. The agreement between our 
results and previous determination of s for the Ru- 
(phen)s2+-DNA system provides additional evidence for 
the validity of the assumptions used. Finally we might 
mention that similar ECL studies with R ~ ( b p y ) 3 ~ +  show 
no binding effect of DNA, consistent with the known lack 
of intercalative interaction of this species with DNA (46). 
Further related studies with other metal chelates are in 
progress. 

CONCLUSIONS 
Electrogenerated chemiluminescence (ECL) can be 

applied to the study of the binding of certain luminescent 
metal complexes to DNA. Selection of the proper ECL- 
generating system, e.g. with an anionic precursor (C20d2-) 
of a strong reductant (COn*-), allows the independent 
determination of free and DNA-bound complex. ECL data 
from titration experiments can be applied directly to the 
same binding models used in equilibrium dialysis and spec- 
trophotometric determinations, without the need to 
consider diffusion coefficients (required for voltammet- 
ric measurements) or ECL efficiencies. While the range 
of useful metal chelates that show ECL is small, these 
should provide useful tags of DNA and are capable of 
measurements a t  very low metal chelate concentrations. 
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A thioether-linked immunotoxin was made between Pseudomonas exotoxin and the monoclonal antibody 
OVB3. This conjugate, OVB3-PE, was cytotoxic for the human ovarium cancer cell line OVCAR-3 
(ID of 2.5 X lo-'* M) and it was therefore tested for antitumor activity in a nude mouse model of ova- 
rian cancer. This model employs the injection of a lethal number of OVCAR-3 cells into the perito- 
neal cavity of nude mice. When 0.2-1 pg of OVB3-PE was injected intraperitoneally on three successive 
days beginning 3-5 days after OVCAR-3 cell implantation, the survival of the tumor-bearing mice was 
increased 2-4-fold compared to that of untreated control mice. Median survival times for control mice 
ranged from 44 to 50 days while survival times of 150 days or greater were seen in mice treated with 
OVB3-PE. When OVB3-PE administration was delayed until 2-4 weeks after tumor cell implantation, 
OVB3-PE treatment also showed antitumor activity, but the duration of survival was less than with 
the early treatments. OVB3-PE was also cytotoxic for MCF-7 breast carcinoma cells, HT-29 colon 
carcinoma cells, and A431 epidermoid carcinoma cells. 

INTRODUCTION 

Ovarian cancer is an important cause of death in women. 
New approaches, such as immunotoxin therapy (1,2), are 
needed because ovarian cancer is frequently resistant to 
chemotherapy and because it often spreads to the peri- 
toneal cavity before it is discovered so that surgery cannot 
remove all the tumor. In order to treat this disorder, we 
have developed a monoclonal antibody, OVB3, that has 
reacted with all adenocarcinomas of the ovary examined 
so far (25/25) as well as some adenocarcinomas of the 
breast and colon (3) .  This antibody was coupled previously 
to Pseudomonas exotoxin (PE)' by a disulfide bond (3 ,  
4 )  and the resulting conjugate, OVB&PE, was shown to 
kill ovarian cancer cells in tissue culture and to prolong 
the life of immunodeficient mice with human ovarian 
cancer implants (3) .  Here we extend our original findings 
and describe a method to conjugate P E  to OVB3 by a 
thioether bond. Thioether conjugates may have advantages 
in animals over disulfide conjugates since the carbon- 
sulfur bond is likely to be more stable in vivo. 

In this study we have prepared a thioether conjugate 
of OVB3 and P E  and evaluated its cell-killing activity in 
tissue culture and in a tumor model. In vitro it inhibited 
protein synthesis with an ID50 of 2-3 X 10-l2 M. The an- 
titumor activity of the thioether conjugate was tested in 
the OVCAR-3 nude mouse model of human ovarian cancer. 
Mice implanted with 25 X lo6 OVCAR3 cells die about 
40 days after tumor implantation with massive ascites (5) ,  
but mice treated 3-5 days after implantation with OVB3- 
PE  survive to 100 days or longer, with a few animals living 
for over 175 days. Furthermore, administration of OVB3- 
PE  a t  day 26 after tumor implantation, when significant 
ascites and a large tumor load is present, causes the 
disappearance of ascites and prolongation of the life of the 
tumor-bearing animals. 

1 Abbreviations: PE = Pseudomonas exotoxin, MST = median 
survival time, ip = intraperitoneally, H and E = hematoxylin and 
eosin, SMCC = succinimidyl4-(N-maleimidomethyl)cyclohexane- 
l-carboxylate, SDS-PAGE = sodium dodecyl sulfate-polyac- 
rylamide gel electrophoresis. 

Because OVB3-PE has been shown to be active against 
human ovarian cancer growing in mice, a phase I study 
using OVB3-PE has begun in women. The information 
contained in this paper was used to plan the initial protocol. 

EXPERIMENTAL PROCEDURES 

Reagents. Purified P E  was purchased from Swiss 
Serum and Vaccine Institute, Berne, Switzerland. The 
OVB3 antibody was produced by in vitro culture at Da- 
mon Biotech. Purified antiTac antibody was a gift from 
T. Waldmann (NCI).  Cross-linking and protein- 
modification reagents were obtained from Pierce Chemical 
co. 

Construction of OVB3-PE by Thioether Linkage. 
To couple PE to OVB3 by a thioether bond, P E  was first 
reacted with sulfo-SMPB (sulfosuccinimidyl 4 - ( p -  
maleimidopheny1)butyrate). Typically PE  a t  2-3 mg/ 
mL in borate buffer, pH 8.0, was reacted with a 3-fold 
molar excess of sulfo-SMPB. Immediately prior to use 
sulfo-SMPB was dissolved in dimethyl formamide (DMF) 
to a final concentration of 5-10 mg/mL (as appropriate). 
Usually 5 pL or less of the sulfo-SMPB solution was added 
per milliliter of P E  solution. The reaction, which 
proceeded a t  37 "C for 30 min, was quenched by the 
addition of excess glycine. PE modified in this manner 
was then resolved from low molecular weight reactants by 
HPLC gel-filtration chromatography (TSK-250, Bio- 
Rad, 21.5 X 600 mm). The running buffer for this column 
was 0.2 M NaP04, 1 mM EGTA, pH 7.0. With this 
chromatography system, both PE and chemically modified 
PE  elute a t  approximately 140 mL. OVB3 was reacted 
for 1 h at 37 "C with a $fold molar excess of P-iminothi- 
olane in 0.2 M NaP04, 1 mM EGTA a t  pH 8.0. Reaction 
with 2-iminothiolane introduced approximately 0.9 mol 
of SH per mol of OVB3. This was determined with 5,5'- 
dithiobis(2-nitrobenzoic acid) (4) .  As with PE, excess gly- 
cine was used to quench the reaction. Chemically modified 
antibody was recovered by gel filtration on a TSK-250 (21.5 
x 600 mm) column. The running buffer was the same as 
described above and the antibody eluted a t  117 mL. 
Finally, PE, having a reactive maleimide group, was mixed 
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Figure 1. SDS-PAGE run under nonreducing conditions, using 
10% acrylamide: lane l,OVB3-PE (made by thioether linkage); 
lane 2,OVB3; and lane 3, PE. 

with OVB3-SH. The two proteins were allowed to react 
a t  room temperature overnight and then further purified 
by gel filtration. The 1:l conjugate which eluted at  105 
mL was recovered and used in all subsequent experiments 
(see Figure 1 for SDS-page analysis of the final product). 
Protein concentration for the 1:l conjugate was determined 
with the following conversion factor: absorbance of 1.3 a t  
280 nm was equivalent to 1.0 mg/mL of total protein. 

AntiTac-PE was also made by thioether linkage and 
served as a control immunotoxin. AntiTaePE (thioether) 
was made by using a similar protocol to the one used for 
the thioether-linked OVB3 immunotoxin. However, the 
one-to-one conjugate was purified by using a different 
separation strategy. The final reaction mixture was applied 
to a MonoQ (Pharmacia/LKB) column and eluted with 
a linear NaCl gradient. This separated unreacted antibody 
(which eluted a t  approximately 0.2 M NaC1) from a 
complex mixture that contained the immunotoxin and un- 
reacted PE  (this complex mixture eluted between 0.25 and 
0.28 M NaC1). The  one-to-one conjugate was then 
separated from high molecular weight material and un- 
reacted PE on a HPLC sizing column. To ensure the 
conjugate was made correctly, i t  was tested on target 
HUT102 cells and had an ID50 value of 0.5 ng/mL. 

Tissue Culture. OVCAR-3, MCF-7, A431, and HT- 
29 cells were maintained in DMEM, 10% FCS. HUT- 
102 cells were maintained in RPMI 1640,10% FCS. For 
cytotoxicity studies, cells were plated at  1-2 x lo5 cells/ 
well in 24-well Costar tissue-culture plates (6). Adherent 
cells were seeded approximately 24 h before the addition 
of immunotoxin. HUT-102 cells were washed 3 or 4 times 
with tissue-culture medium and used the same day. 

Cytotoxic Activity. Cytotoxic activity was determined 
by measuring inhibition of protein synthesis. Immuno- 
toxins were added to cells in culture for 20 h. At  the end 
of this period, [3H]leucine a t  10 pCi/mL was added for a 
further hour. Cells were washed with PBS, solubilized with 
0.1 M NaOH, precipitated with excess TCA, and counted. 
Experiments were done with triplicate samples and usually 
repeated on 3 or 4 separate occasions. 

Animal Experiments. B75 female mice 6-9 weeks old 
were used to grow OVCAR-3 ascites tumors. Usually, 25 
X lo6 washed cells were injected into recipient mice on day 
1. Untreated, these mice died from their tumor burden 
40-50 days later (5,7). To prevent undue suffering, mice 
beginning to show distress from their tumor burden were 
killed prematurely. Tumor-bearing mice were treated by 
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Figure 2. Inhibition of protein synthesis by OVB3-PE. Various 
concentrations of OVB3-PE (two individual experiments are 
shown) or antiTac-PE shown as total protein in ng/mL were 
added to OVCAR-3 cells for approximately 20 h. Following this, 
[3H]leucine was added to individual wells to a final concentration 
of 10 pCi/mL for 1 h. Inhibition of protein synthesis was 
determined by measuring the radioactivity in TCA-precipita- 
ble material in immunotoxin-treated wells compared to that of 
untreated wells. Parallel experiments were conducted where 
excess OVB3 (75 pg/mL) was added to cells immediately prior 
to the addition of the OVB3-PE. 

Table I. Cytotoxic Activity of OVB3-PE for Various 
Adenocarcinomas 

OVB3-PE OVB3-PE 
cell line IDm,= ng/mL cell line IDm,= ng/mL 

OVCAR-3 0.5 A431 0.4 
MCF-7 0.3 HT-29 0.5 

a ID& were assessed after an overnight incubation with immu- 
notoxin. 

ip administration of immunotoxins. The early-treatment 
protocols (experiments 1-5) involved giving injections of 
OVB3-PE beginning on days 3-5 and various numbers of 
individual injections were administered. For the late- 
t rea tment  protocol (experiment 6), immunotoxin 
treatments were initiated 19-33 days after the injection 
of the tumor cells. In the case of late treatments, five 
injections were given approximately every other day. All 
immunotoxin preparations were formulated in normal 
saline/human serum albumin (10 mg/mL), filter sterilized 
(0.22 pM, GV-Millipore), and injected ip in a volume of 
0.5 mL. 

RESULTS 
OVBB-PE (Thioether): Evaluation of Cytotoxic 

Activity. To assess the cytotoxic potential of a thioether- 
linked immunotoxin, a one-to-one conjugate was made 
between the monoclonal antibody OVB3 and Pseudomo- 
nus exotoxin (PE). OVB3-PE was purified by gel- 
filtration chromatography and evaluated for its cyto- 
toxic activity by adding various concentrations of the im- 
munotoxin to OVCAR-3 cells. After a 20-h incubation, 
inhibition of protein synthesis was determined. As shown 
in Figure 2 and Table I, the ID50 was 0.5 ng/mL (2.5 X 
10-l2 M). When the control immunotoxin, antiTac-PE, 
which does not bind OVCAR-3 cells was added, an ID50 
of greater than 1000 ng/mL was noted. Also excess OVB3 
competed a t  least 100-fold for the cytotoxic activity of 
OVB3-PE. OVB3-PE was also assessed for cytotoxic 
activity against other cancer cell lines and for its antitu- 
mor activity against OVCAR-3 tumors growing in nude 
mice (see below). 

Antitumor Activity Mediated by Early Treatment 
with OVBB-PE. The thioether conjugate of OVB3-PE 
was tested for antitumor activity in the same nude mouse 
model of human ovarian cancer previously used to test the 
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Figure 3. Inhibition of tumor growth by OVB3-PE. OVCAR-3 
(25 X 1Oe) cells were injected into the peritoneal cavity of B75 
athymic nude mice on day 1. On days 3,4, and 5, various amounts 
of OVB3-PE (ranging from 0.2 to 2.0 pg) were injected ip in 0.5 
mL of sterile normal saline, 10 mg/mL of human serum albumin. 
The survival of each group of mice was then followed. There were 
10 mice in each group. 

antitumor activity of the OVB3-PE disulfide conjugate 
(3) and various other immunotoxins (7,B). In this model, 
25 X 106 OVCAR-3 cells were injected intraperitoneally 
into athymic nude mice on day 1, and immunotoxin 
treatment was begun on day 3 or later. The immuno- 
toxin was also given by the ip route. The mice were then 
monitored for immunotoxin-mediated antitumor effects. 
The OVCAR-3 tumor was lethal and untreated mice 
usually died between days 40 and 50. A t  death these mice 
had one or two large tumor masses, studding of the 
abdominal cavity with small tumor implants, and 5-7 mL 
of ascites fluid containing approximately 500 X lo6 
unattached tumor cells. 

When OVB3-PE was injected on days 3,4, and 5 after 
the injection of the tumor cells, there was a large increase 
in the duration of survival compared to that of the un- 
treated animals. The duration of increased survival was 
generally related to the amount of immunotoxin given 
(Figure 3 and Table 11, experiment 1). In this experiment, 
the median survival time (MST) was increased from 50 
days in control mice to 121 days for mice receiving three 
injections of 0.2 pg, to 158 days for mice receiving 0.5 pg, 
and to 193 days for mice receiving 1.0 pg of immuno- 
toxin. The injection of three doses of 1.0 pg of OVB3- 
P E  was the maximum tolerated daily dose. Injection of 
2.0 pg per day for 3 days was lethal for at least 50% of 
the mice. 

Two experiments (nos. 2 and 3 of Table 11) were carried 
out where OVB3-PE was first administered on day five 
and injections were given on days 5,6, and 7. In both cases 
a significant antitumor effect was seen (Table 11). 
Additional experiments were then carried out to determine 
(1) whether a greater number of immunotoxin injections 
would increase median survival and (2) whether beginning 
OVB3-PE treatment 2 days after tumor inoculation would 
be more effective than beginning 5 days after inoculation. 
The results of experiment 4 indicated that seven injections 
were no more effective than three when 0.2 pg of immu- 
notoxin were given but were marginally better when 0.5 
pg were administered. Experiment 5 indicated that a t  early 
times after tumor inoculation there was little or no 
differences in survival when treatment was initiated 2 days 
after inoculation or 5 days after inoculation. 

Antitumor Activity Mediated by Late Treatment 
wi th  OVBS-PE. To determine if it  were possible to 
achieve antitumor effects even when the OVCAR-3 tumors 
had reached a large size and significant ascites was present, 
the first injection of OVB3-PE was delayed by 2-4 weeks 
after the injection of tumor cells. In one experiment (Table 

Table 11. Median Survival Times (MST) of 
Tumor-Bearing Mice Treated with OVBI-PE 

OVB3-PE, MST, no. of day of 
group rglinjection days injections injection 

1 0 
2 0.2 
3 0.5 
4 1.0 
5 2.0 

1 0 
2 0.2 
3 0.5 
4 2.0 

1 0 
2 0.05 
3 0.1 
4 0.2 
5 0.5 
6 1.0 

1 0 
2 0.2 
3 0.5 
4 2.0 
5 0.2 
6 0.5 
7 2.0 

1 0 
2 1.0 
3 1.0 

Experiment 1 (n = 10) 
50 3 3, 4, 5 

121 3 3, 4, 5 
158 3 3, 4, 5 
193 3 3, 4, 5 

8" 3 3, 4, 5 

44 3 5, 6, 7 
87 3 5, 6, 7 
87 3 5, 6, 7 
42" 3 5 , 6 , 7  

48 3 5, 6, 7 
56.5 3 5, 6, 7 
70.0 3 5, 6, 7 
64.5 3 5, 6, 7 
69.5 3 5, 6, 7 
91.5b 3 5, 6, 7 

53 3 5, 6, 7 
81 3 5, 6, 7 
83 3 5, 6, 7 
1 P  3 5, 6, 7 
83 7 5, 6, 7, 9, 10, 11, 12 

118 7 5, 6, 7, 9, 10, 11, 12 
10" 7 5, 6, 7, 9, 10, 11, 12 

46 5 2, 3, 5, 7, 10 
90c 5 2, 3, 5, 7, 10 
90 5 5, 7, 10, 12, 14 

Experiment 2 (n  = 10) 

Experiment 3 (n  = 10) 

Experiment 4 (n = 7) 

Experiment 5 (n  = 10) 

a At least 50% of mice in this group died from dose-related toxicity. 
Three mice alive past day 160. Four mice alive past day 140. 

Table 111. Survival of Tumor-Bearing Mice Receiving 
Early and Late Treatments with OVBI-PE 

experiment 6 OVB3-PE, MST, no. of day of 
(n = 10); group diniect ion daw iniections iniection 

1 0 37 5 5 ,6 ,7 ,10 ,11  
2 1.0 156 5 5, 6, 7, 10, 11 
3 1.0 63 5 19, 20, 21, 24, 25 
4 1.0 63 5 26, 27, 28, 31, 32 

111, experiment 6), five daily injections of 1 pg of OVB3- 
PE were administered to tumor-bearing mice beginning 
on day 19 or 26. As a control for early treatment, OVB3- 
P E  (1 pg) was also administered starting on day 5. The 
results indicated that the administration of OVB3-PE 
beginning on day 19 or 26 resulted in both antitumor 
activity and increased survival compared to control mice 
receiving only diluent (Figure 4 and Table 111). The 
increase in survival time for mice beginning treatment on 
day 19 or 26 was approximately 26 days. In contrast, the 
increase in survival for mice beginning treatment on day 
5 was greater than 100 days. 

To follow tumor growth, each mouse was weighed and 
scored for abdominal girth on a weekly basis. An increase 
in body weight began two weeks after injection of the tumor 
cells. By day 26, most of the mice had gained 10 g and 
had an abdominal girth score of 3-4+ (scale of 0-4+). The 
increase in body weight was due to the build-up of as- 
cites fluid within the abdominal cavity. The body weight 
of the untreated mice continued to increase until death 
(Figure 4A). In the group of mice that received OVB3- 
PE (1 pglinjection X 5 between days 26 and 32) there was 
a rapid decrease in body weight (Figure 4B), a reduction 
in abdominal girth, and a 26-day prolongation of survival 
(Figure 4C). Similar survival data to that shown in Figure 
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until day 33. To estimate the tumor burden at the time 
when OVB3-PE was injected, three mice were sacrificed 
on day 33. By aspirating the peritoneal cavity an average 
of 4 X los OVCAR-3 tumor cells per mouse was recovered 
from ascites fluid. In addition, there was a single solid 
tumor mass in each mouse (approximately 1.0 X 1.0 cm 
in size). A comparison that was made with the tumor 
burden present on days 0-5 showed there were roughly 50- 
100 times more tumor cells present on day 33 than on days 
0-5. Five immunotoxin injections were given beginning 
on day 33. To assess the effect of this treatment, two mice 
from this treatment group were killed and examined for 
evidence of viable tumor 4 days after the final injection 
of immunotoxin. Gross anatomical examination revealed 
that the immunotoxin treatment eliminated the ascites 
fluid and unattached tumor cells. However, the solid tumor 
mass remained evident in both mice and the tumor had 
similar dimensions to the pretreatment solid tumor. This 
posttreatment tumor mass was examined microscopically 
following fixation and H and E staining. The tumor cells 
appeared viable. 

Cell Killing of O V B I P E  on Breast and Colon 
Cancer Cells. The reactivity of OVB3 for various human 
tumor samples was reported previously and has been 
extended here (3). With use of immunocytochemistry on 
frozen sections of cancer specimens, OVB3 has been found 
to react with 25/25 ovarian carcinomas and approximately 
25% of breast cancers and colon tumors. Because of this 
reactivity with tumors other than ovarian, we investigated 
the cytotoxicity of OVB3-PE on cell lines derived from 
breast and colon tumors. OVB3-PE was found to have 
an ID50 of less than 1 ng/mL for both a breast cancer cell 
line, MCF-7, and a colon cancer cell line, HT-29 (Table 
I). Thus OVB3 has potential for use in the treatment of 
other adenocarcinomas besides ovarian cancers. OVB3- 
PE  was also tested on epidermoid carcinomas and found 
to have potent cell-killing activity for A431 cells (Table 
I) and to a lesser extent, KB cells (data not shown). 
Recently, OVB3-PE was shown to have antitumor activity 
against HT-29 tumors (9). 
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0 20 4 0  60 80 100 
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Figure 4. Antitumor effect of OVBB-PE on mice bearing large 
tumor burden with ascites. OVCAR-3 (25 X 106) cells were 
injected into the peritoneal cavity on day 1. Beginning on day 
26, five individual injections (see Table I11 for exact days) of 
OVB3-PE were given to mice with prominent distention from 
ascites accumulation. As a control for early treatment, one group 
of mice was treated beginning on day 5. A shows the progressive 
increase in weight of control mice that were not treated with im- 
munotoxin (data for individual mice are shown). B shows the 
weight of mice treated with OVBB-PE beginning on day 26. The 
arrow indicates the day when immunotoxin treatment was 
initiated. C shows the survival curves for mice treated with 
OVBB-PE (1 pg/injection) beginning on day 26 (m) or day 5 ( e )  
or untreated (a). The arrows indicate the days when immuno- 
toxin treatment was initiated. Additional details are provided 
in Table I11 (experiment 6). 

4C were obtained for the mice that were treated with 
OVB3-PE between days 19 and 25 (Table 111). 

An additional experiment was performed to determine 
the fate of large tumors treated with cytoreductive doses 
of OVB3-PE. In this experiment, the tumors grew slower 
than in the previous experiment so treatment was delayed 

DISCUSSION 

We show here that it is possible to make a very potent 
immunotoxin by conjugating native P E  to OVB3 by a 
thioether linkage. 

OVB3 was originally selected as an ovarian-specific mon- 
oclonal antibody. We have examined many tumors for 
reactivity with OVB3 and  found t h a t  OVB3 has 
preferential reactivity for ovarian cancer (25/25), but it 
also reacts with a significant percentage of adenocarci- 
nomas of the breast and colon. As shown in Table I, OVB3 
is also active against a breast (MCF-7), a colon (HT-29), 
and an epidermoid carcinoma (A431) cell line. While 
OVB3-PE inhibited these cell lines with an ID50 of 0.5 ng/ 
mL, a 200-fold higher concentration was needed to kill 
HUT-102 cells (data not shown). Thus, the cytotoxicity 
of OVB3-PE was relatively specific for cells bearing the 
OVB3 antigen. 

Immunotoxin therapy has been shown to be effective 
in treating intraperitoneal tumor models of human cancer 
(7-10). Here we show in some instances that OVB3-PE 
can increase survival of nude mice bearing OVCAR-3 
tumors by greater than 100 days. The injection of 
irrelevant immunotoxins such as antiTac-PE has no an- 
titumor activity in this model (7). For OVB&PE, 1 pg 
per injection gave the most pronounced antitumor effects. 
The median survival times of 193 days in experiment 1 
and 156 days in experiment 6 represent some of the longest 
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survival times reported to date for an immunotoxin- 
mediated antitumor effect. We have also shown that 
OVB3-PE prolongs the life of tumor-bearing mice when 
given 19-33 days after OVCAR-3 implantation at  a time 
when ascites had developed and large tumor implants were 
present. 

In every experiment where OVB3-PE was administered 
at  a dose of 0.5 or 1.0 pg/injection, there was a significant 
increase in the survival of mice bearing OVCAR-3 tumors. 
However, from experiment to experiment, we have noted 
some variability in the median survival times of the various 
treatment groups. For example, the MST for the 0.5 pg 
per injection dose ranged from 158 days in experiment 1 
to 69 days in experiment 3 and for 1.0 pg from 193 days 
in experiment 1 to 91 days in experiment 3. We have noted 
intermediate MSTs in other experiments. Various lots of 
immunotoxins were checked for changes in cell-killing 
activity upon storage. No systemic loss of activity was 
noted. We do not have an explanation for the variability 
in the mouse experiments except to suggest that animal- 
to-animal variation may be greater than the small 
variations seen in tissue-culture systems. 

The administration of OVB3-PE 2-4 weeks after 
initiating tumor growth was carried out to test for anti- 
tumor activity against a large established tumor. OVB3- 
PE was effective when injections were begun either 19,26, 
or 33 days after the injection of tumor cells. Antitumor 
activity was characterized by increased survival time, 
decreased body weight, diminished abdominal girth, and 
a reduced number of tumor cells recovered immediately 
posttreatment. The antitumor effect was most pronounced 
against ascites tumor cells. In two mice that were au- 
topsied 5 days posttreatment, ascites tumor cells were not 
evident. However, in those same mice, the solid tumor was 
of similar size to tumors examined immediately prior to 
treatment. It would appear that the large solid tumor was 
poorly permeable to the immunotoxin. 

Bjorn et al. had reported that it was possible to produce 
active immunotoxins when P E  was thioether-linked to 
various monoclonal antibodies (11). In this report, we have 
described a novel method to make thioether-linked PE im- 
munotoxins which is different from that of Bjorn et  al. By 
first reacting PE with sulfo-SMPB, and OVB3 with 2-im- 
inothiolane we have made a very potent immunotoxin with 
an IDSO of 2.5 X 10-l2 M. In more recent experiments we 
have used SMCC in place of sulfo-SMPB and shown no 
difference in conjugate potency (data not shown). In this 
report, only data using native PE coupled to OVB3 is 
presented. We have made OVB3 conjugates with PE40, 
a recombinant form of P E  lacking the toxin’s binding 
domain, but these showed little or no cytotoxicity for cells 
and were not pursued further (data not shown). 

The dosing schedule used in these experiments has been 
designed with certain clinical parameters in mind. Patients 
receiving PE conjugated to antibodies have been found to 
develop neutralizing antibodies to PE 10-12 days after the 
initial immunotoxin injection. Because of this, our 
injection protocol did not span more than 2 weeks. Thus, 
we achieved antitumor responses with an injection schedule 
that  could be directly applied to patient treatment. 
Likewise, after the initial evidence that thioether conjugates 
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mediated an antitumor response when the immunotoxin 
was given 3-5 days after tumor implantation, we decided 
to treat more advanced tumors. While it is difficult to 
relate the staging of human disease to mouse tumor load, 
it was clear that we could achieve a significant antitu- 
mor effect when the tumor burden had increased by a 
minimum of 50-fold. OVB3-PE gave an antitumor effect 
in the dose range of 5-50 pglkg in mice when administered 
a t  early t imes a f te r  tumor  implantat ion.  When 
administered after 3 weeks of tumor growth, 50 pg/kg also 
gave a significant antitumor response. A t  100 pg/kg 
OVB3-PE was often lethal. Mice died 24-72 h after 
injection of severe liver toxicity. 
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In previous studies we have demonstrated that antibodies radioiodinated with N-succinimidyl 3-io- 
dobenzoate (SIB) are less susceptible to loss of radioiodine in vivo than antibodies iodinated directly 
by electrophilic substitution on their tyrosine residues with Iodogen. Since the Bolton-Hunter reagent, 
N-succinimidyl3-(4-hydroxy-3-iodophenyl)propionate, is identical with SIB except that it contains a 
hydroxyl group on the aromatic ring and a two-methylene spacer, a comparison of their coupling chemistry 
and in vivo behavior was performed to better understand the structural requirements for a useful io- 
dinated acylation agent. Protein concentration and pH had a significant effect on the coupling efficiency 
of both SIB and the Bolton-Hunter reagent; however, protein-labeling yields with SIB were generally 
higher by a factor of 2. Paired-label biodistribution studies in mice demonstrated that thyroid uptake 
(a monitor of dehalogenation) of antibody labeled by the Bolton-Hunter method was twice that of antibody 
labeled with SIB but only 7 r0 of that observed for antibody labeled with Iodogen. These results suggest 
that even minor differences in iodination site can profoundly alter the retention of label on a protein 
in vivo. 

INTRODUCTION 

Radioiodination of monoclonal antibodies (MAbs)' is 
a labeling approach which offers certain advantages over 
the use of metallic nuclides such as lllIn (1). Because of 
the availability of multiple y-emitting iodine nuclides, 
direct comparison of different MAbs, labeling methods, 
or routes of injection is possible by paired-label analyses, 
greatly facilitating the investigation of the basic processes 
influencing MAb distribution. In addition, the nuclear 
properties of 1231 are nearly ideal for either planar imaging 
or single-photon emission tomography (2). 

Conventional methods for the radioiodination of proteins 
such as the Iodogen method (3) involve direct electro- 
philic substitution of the iodine ortho to the hydroxyl group 
on tyrosine residues (4 ) .  MAbs labeled by this approach 
undergo rapid deiodination after administration in vivo 
(41, a factor which is a major impediment to the utilization 
of radiohalogenated MAbs. In an attempt to develop 
improved methods for protein radioiodination, our 
laboratory has been investigating the influence of the 
chemical nature of the MAb iodination site on subsequent 
behavior in vivo. 

Because of the better biologic properties generally 
associated with proteins labeled by the Bolton-Hunter 
method (5) (presumably because of the nonoxidative 
conditions which are employed), this reagent, N-succin- 
imidyl 3-(4-hydroxy-3-[~25I]iodophenyl)propionate (BH, 
Chart I) was utilized as the point of departure for the 
design of other protein iodination reagents. For example, 
we have developed a conceptually similar compound, 
N-succinimidyl3-iodobenzoate (SIB) (Chart I), which is 
obtained by the iododestannylation of N-succinimidyl 
3- (tri-n-butylstanny1)benzoate (ATE) (Chart I )  (6 ) .  
Subsequent reports by other investigators have described 

1 Abbreviations used: MAbs, monoclonal antibodies; BH, 
N-succinimidyl3-(4-hydroxy-3- [ 125I]iodophenyl)propionate; SIB 
N-succinimidyl 3-iodobenzoate; ATE, N-succinimidyl 3-(tri-n- 
butylstannyl) benzoate. 

1043-1802/90/2901-0269$02.50/0 

Chart I. Structures of ATE, SIB, and Bolton-Hunter 
Reagent 

h 

0 
X 

Y 
BH: X =  I, Y = OH, n = 2  
ATE: X = SnBu3, Y = H, n = 0 
SIB: X = I , Y = H , n = O  

Chart 11. Iodination Site on Protein 
0 [ -HNCHC-] ii 

I 

I 
Y 

BH: 
SIB: X = -(CH&NHCO-, Y = H 

X = -(CHZ)~NHCO(CH~)*)-, Y = OH 

Iodogen: X = -CHz-, Y = OH 

the use of N-succinimidyl 4-iodobenzoate for labeling 
proteins (7,8). As illustrated in Chart 11, labeling proteins 
using both BH and SIB results in modification of lysine 
residues on the protein. However, two structural  
differences were incorporated into the design of SIB in an 
attempt to make this reagent more useful for in vivo 
applications (Chart I). First, the two-carbon spacer 
between the aromatic ring and the activated ester was 
removed in order to increase protein coupling yields by 
minimizing competitive hydrolysis. And second, unlike 
BH, SIB lacks the phenolic hydroxyl group ortho to the 
iodine atom. It  was speculated that the extensive deio- 
dination of proteins which is observed in vivo could be 
minimized by decreasing the structural similarity of the 
protein iodination site to thyroid hormones, for which 
multiple dehalogenases are known to exist (9-1 I). 

0 1990 American Chemical Society 
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Several paired-label studies have documented the fact 
that intact MAbs and their F(ab')2 fragments labeled by 
using the ATE method are more inert to dehalogenation 
than those labeled by direct electrophilic substitution on 
tyrosine residues (Iodogen method) (12, 13).  These 
experiments facilitated the comparison of our results to 
those reported in the literature for directly labeled MAbs; 
however, testing the original design hypothesis for SIB 
requires a direct comparison to MAbs labeled with BH. 
In this study, we have compared the protein-coupling 
chemistries of SIB and BH. In addition, data will be 
presented which suggests that presence or absence of a hy- 
droxyl group ortho to  the site of iodination is not 
necessarily the primary factor influencing the loss of ra- 
dioiodine from MAbs in vivo. 

Vaidyanathan and Zalutsky 

chromatography over a Sephadex G-25 column. The 
trichloroacetic acid precipitibility of this preparation was 
99%. 

Effect of pH. Goat IgG a t  a concentration of 2 mg/ 
mL was prepared in 0.1 M borate buffers with pH in the 
range 8.5-10.0. To both [1311]SIB and [12SI]BH was added 
75 pL of the various protein solutions. Protein coupling 
efficiency was calculated by dividing the activity eluting 
in the void volume of the Sephadex G-25 column by the 
total activity added to the column. Activity levels were 
measured with a Capintec CRC-7 dose calibrator. Two 
to five determinations were performed a t  each pH. 

Effect of Protein Concentration. Goat IgG in pH 8.5, 
0.1 M borate buffer was prepared a t  concentrations of 1, 
2, 3, 4, and 10 mg/mL. To both [1311]SIB and [1251]BH 
was added 75 pL of each goat IgG solution. Methods 
employed for separating the  labeled protein and  
determining coupling efficiency were as described above. 
Two to five determinations were performed a t  each protein 
concentration. 

Biodistribution Studies. MAb 81C6 was labeled with 
1251 by using BH and with 1311 by using SIB as described 
above. Specific activities for the preparations, determined 
by measuring the protein concentration spectrophoto- 
metrically and the radioactivity level with the dose 
calibrator, were approximately 1 pCi/pg. BALB/c mice 
weighing 20-25 g were injected in the tail vein with 3 pg 
each of 1251- and 1311-labeled 81C6. Groups of 5 or 6 mice 
were sacrificed by ether overdose a t  3 , 4 , 5 , 6 ,  and 7 days 
after injection for paired-label biodistribution analysis. This 
protocol was repeated twice. An additional set of mice was 
injected with 2 pg each of 81C6 labeled with 1251 by using 
BH and with 1311 by using Iodogen. Animals were 
dissected; tissues of interest were removed, weighed, 
washed with saline, and counted for both 1251 and 1311 
activity with an LKB Model 1282 dual-channel y-counter. 
Counting data were corrected for crossover of 1311 activity 
into the 1251 counting window. The percent injected dose 
in each tissue for both nuclides was calculated by 
comparison to injection standards of appropriate count 
rate. Blood was assumed to represent 6% of total body 
weight. 

Statistical Analysis.  Comparisons between the  
coupling efficiencies of SIB and BH were made by using 
the Student's t test (16). Since the tissue distribution 
experiments were performed in paired-label format, a direct 
comparison of the different iodination methods, with each 
animal serving as its own control, was possible. Data were 
analyzed by using a paired t test (16). In both analyses, 
only p < 0.05 has been considered to be statistically 
significant. 

RESULTS AND DISCUSSION 
Proteins can be radioiodinated either directly by elec- 

trophilic substitution on tyrosine residues or by conjugation 
of a labeled compound to the eamino group of lysines, thus 
permitting the labeling of protides lacking a reactive ty- 
rosine residue. An additional advantage is that conjugation 
radioiodination methods avoid exposing the protein to 
oxidants. In studies comparing the biologic activity of 
several proteins and peptides labeled directly and by using 
the Bolton-Hunter method, use of the later yielded greater 
retention of immunological activity (5, 17). Since 
preservation of immunocompetence after radiolabeling is 
a critical factor in the labeling of MAbs, acylation agents 
of this type might be useful for radioimmunoscinti- 
graphic and therapeutic applications. 

In an attempt to create a Bolton-Hunter analogue that 
would be more suitable for routine use in vivo, a method 

EXPERIMENTAL PROCEDURES 

Reagents. ATE was synthesized and purified by using 
previously published procedures (6). The mono[ 1 2 q -  

iodinated form of the Bolton-Hunter reagent was obtained 
from Amersham Corp. (Arlington Heights, IL) and sodium 
[131I]iodide was purchased from Du Pont-New England 
Nuclear (Boston, MA). Goat immunoglobulin (IgG) was 
purchased from Sigma Chemical Co. (St. Louis, MO). MAb 
81C6 is of the IgG2b isotype and reacts with an epitope 
of the extracellular matrix antigen tenascin (14). It was 
obtained as a gift from Dr. Dare11 Bigner, Department of 
Pathology, Duke University Medical Center. 

Syn thes i s  of N-Succin imidyl  3-[1311]Iodoben- 
zoate (SIB). Radioiodination of ATE was accomplished 
as described in an earlier publication (15). Briefly, to 1-2 
pL of 1311 in 0.1 N NaOH in a glass, conical vial was added 
twice the volume of 3 9" acetic acid in CHCl3 followed by 
15 pL of tert-butyl hydroperoxide (10% in CHC13) and 5 
pL of ATE (0.5 pmol in CHC13). After stirring for 30 min 
at  room temperature, [1311]SIB was isolated by HPLC. The 
separation system consisted of an Alltech silica gel column 
eluted with hexane/ethyl acetatelacetic acid (70:29.88: 
0.12). 

General Method for Labeling IgG Using SIB and 
BH. The standard labeling conditions used were as 
follows: For the ATE method, the HPLC fractions 
containing [1311]SIB were concentrated to about 50-100 
pL and transferred, with the aid of a small volume of ethyl 
acetate, to  a 0.5-dram glass vial. The  solvent was 
evaporated with a gentle stream of argon. In the case of 
BH, an appropriate volume of the benzene/DMF solution 
containing the 1251-labeled active ester was transferred to 
a 0.5-dram vial and evaporated with a gentle stream of 
argon. 

Goat IgG or 81C6 MAb (75 pL, 150 pg) in 0.1 M bo- 
rate buffer, pH 8.5, was added to the vial containing either 
[13lI]SIB or [12SI]BH, and the mixture was incubated on 
ice a t  4 "C for a period of 20 min with gentle shaking. The 
reaction was terminated by the addition of 300 pL of 0.2 
M glycine in 0.1 M borate. The radioiodinated protein 
was isolated from lower molecular weight impurities with 
a Sephadex G-25 column. Protein-associated activity, 
determined by precipitation with 20% trichloroacetic acid, 
was greater than 95% for all preparations. 

Labeling 81C6 IgG with 1311 Using Iodogen. For use 
in some of the biodistribution studies, 81C6 MAb was 
labeled with 1311 by using a variation of the original Io- 
dogen method (3). MAb 81C6 (200 pg in 220 pL 100 mM 
phosphate buffer, pH 7.4) was added to sodium [1311]- 
iodide in a glass vial coated with 10 pg of Iodogen (Pierce 
Chemical Co., Rockford, IL). After a 10-min reaction a t  
room temperature, radioiodinated 81C6 was purified by 
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conjugation efficiency for SIB was about twice that of BH 
at  all pH's (38.3 f 0.4% BH; 82.0 f 4.9% SIB at  pH 9.5; 
p < 0.005). 

Yields obtained for coupling of SIB to goat IgG are in 
excellent agreement with our previous studies using goat 
IgG (6) and 81C6 MAb (13, 15) and are similar to those 
extrapolated from those of Wilbur et al. (7) and Khawli 
and Kassis (8) using slightly different reaction conditions. 
Likewise, coupling yields for BH are in qualitative 
agreement with those reported previously (5,19). However, 
since coupling efficiencies have been shown to be 
dependent on pH, protein concentration, and even the 
nature of the protein (19), the current study was performed 
to compare the utility of BH and SIB for the radioiodi- 
nation of a protein under identical reaction conditions. 

The results of these experiments indicate that modifying 
the structure of the Bolton-Hunter reagent increased 
protein labeling yields by a factor of 2. I t  is presumed that 
the deletion of the two-carbon spacer between the N-suc- 
cinimidyl ester and the aromatic ring resulted in a greater 
availability of active ester for amide-bond formation due 
to a decreased rate of ester hydrolysis. Indeed, when the 
Bolton-Hunter and SIB esters were exposed to PBS in the 
absence of protein, TLC analysis indicated that conversion 
to the corresponding acid was twice as fast for the Bolton- 
Hunter reagent. These results are in agreement with 
previous studies which have shown that the rate of hy- 
drolysis of ethyl benzoates is considerably lower than that 
for ethyl esters of aryl compounds containing methylene 
spacers between the  benzene ring and t h e  ester  
functionality (20-22). 

Loss of Label in Vivo. Since we have hypothesized 
that the dehalogenation of conventionally radioiodi- 
nated proteins in vivo is facilitated by the presence of a 
hydroxyl group ortho to the iodine on an aromatic ring, 
iodination using the ATE reagent is accomplished via des- 
tannylation in order to avoid this potential problem. The 
reasons for this speculation are that lack of a hydroxyl 
group ortho to the iodine (a) decreases the structural 
similarity to iodotyrosine and thyroxine, known substrates 
for multiple dehalogenases (9-11), and (b) increases the 
strength of the C-I bond (23). 

Paired-label biodistribution studies were performed in 
normal mice to compare the pharmacokinetics of 81C6 
MAb labeled by using both the ATE and Bolton-Hunter 
methods. As summarized in Table I, the tissue distribution 
of radioiodine generally is quite similar for MAb labeled 
using the two methods. However, as shown in Figure 3, 
thyroid uptake of radioiodine from MAb labeled by using 
the Bolton-Hunter method was significantly higher (p < 
0.01-0.001) than that observed in the same mice for 81C6 
labeled by using the ATE method, suggesting more rapid 
dehalogenation of MAb labeled by using the Bolton- 
Hunter method. 

Although differential dehalogenation of MAb labeled 
using the  two different acylation agents was not 
unexpected, the fact that the ATE method offered only 
a %fold advantage was somewhat surprising in light of our 
previous studies (13) comparing this same MAb radioio- 
dinated with ATE and with Iodogen. These results 
demonstrated that the thyroid uptake for 81C6 labeled with 
Iodogen was 40-100-fold higher than MAb labeled with 
ATE. Wilbur et al. (7) have reported that neck uptake 
of radioiodine was 2-8-fold lower for NR-ML-95 MAb 
labeled with p-iodophenyl benzoate compared to chlo- 
ramine-T; however, for a F(ab'h fragment a t  similar time 
points, 25-100-fold differences were seen. 

In order to confirm the unexpectedly low thyroid uptake 
observed for 81C6 labeled with BH, the tissue distribution 
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Figure 1. Effect of protein concentration on protein-labeling 
efficiency for the ATE and Bolton-Hunter methods. Reaction 
conditions, pH = 8.5 for 20 min at 4 "C. 

" I  

8.0 8.5 9.0 9:5 10.0 10.5 

PH 
Figure 2. Effect of pH on protein-labeling efficiency for the ATE 
and Bolton-Hunter methods. Reaction conditions, 150 pg of goat 
IgG per 75 fiL, 20 min at 4 "C. 

was developed for synthesizing N-succinimidyl 3-iOdO- 
benzoate (SIB) from N-succinimidyl3-(tri-n-butylstannyl)- 
benzoate via electrophilic destannylation (6). The purpose 
of the present study was to evaluate by direct comparison 
to the Bolton-Hunter reagent two hypotheses used in the 
design of SIB. 

Coupling Chemistry. A major difficulty with the Bol- 
ton-Hunter reagent and other conjugation labeling 
methods (18) is that  conjugation efficiencies are low, 
generally on the order of 15-30% (18,19). We speculated 
that omitting the two-carbon spacer between the aromatic 
ring and the N-succinimidyl ester moiety should increase 
conjugation efficiency to the protein by minimizing loss 
of labeled ester as a consequence of hydrolysis. 

In Figure 1, the coupling efficiency for BH and SIB at  
pH 8.5 and a reaction time of 20 min is compared. At  1 
mg/mL goat IgG in a 75 FL reaction volume, the yield with 
SIB was 30.3 f 5.4%, a value 1.25 times that obtained with 
the BH reagent (24.3 f 4.295, difference not significant, 
p = 0.06). With both BH and SIB, coupling yield increased 
with increasing protein concentration until 3 mg/mL, after 
which a plateau was reached. In both cases, the results 
do not appear to represent first-order dependence of the 
reaction rate on protein concentration. It is important to 
note that,  a t  all concentrations above 1 mg/mL, the 
coupling yields obtained with SIB were 1.8-2.3 times 
greater than those observed with BH ( p  < 0.005). 

Over the pH range 8.5-10.0, a t  a fixed protein 
concentration of 2 mg/mL, maximum yields were obtained 
for both BH and SIB at  a pH of 9.5 (Figure 2). I t  seems 
likely that the increased coupling efficiency at  higher pH 
is a consequence of greater deprotonation of lysine €-amino 
groups at higher pH, resulting in more amine sites available 
for reaction with the N-succinimidyl esters. Lower yields 
a t  pH 10 could be the result of competitive hydrolysis and/ 
or partial precipitation of goat IgG at  this pH. Again, 
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Table I. Paired-Label Tissue Distribution of Radioiodine in Normal Mice Following Injection of 81C6 Labeled with [12EI]BH 
and with [1311]SIB 

% injected dose per organ 

tissue 3 days 4 days 5 days 6 days 7 days 
Labeled with SIB 

liver 3.44 f 0.32 1.98 f 0.46 1.81 f 0.22" 1.64 f 0.80 1.52 f 0.37b 
spleen 0.21 f 0.02 0.13 f 0.02 0.12 f 0.01 0.09 f 0.04 0.09 f 0.01 

0.73 f 0.47 lung 1.94 f 0.77 0.76 f 0.24 1.24 f 0.42 0.81 f 0.27 
heart 0.28 f 0.07 0.17 f 0.05 0.21 f 0.05 0.15 f 0.07 0.13 f 0.03 
kidney 1.22 f 0.10 0.72 f 0.13 0.67 f 0.11 0.53 f 0.21 0.50 f 0.09 

0.10 f 0.03 stomach 0.30 f 0.08 0.16 f 0.05 0.14 f 0.01 
small intestine 1.59 f 0.15 1.00 f 0.24 0.97 f 0.1 1 0.67 f 0.29 0.73 f 0.09 
large intestine 0.89 f 0.17" 0.46 f 0.14' 0.45 f 0.04 0.37 f 0.16 0.30 f 0.04 
muscle 7.88 f 0.49 5.63 f 1.01 4.63 f 0.63 3.15 f 1.29 3.07 f 0.18 
bone 3.26 f 0.22 3.04 f 0.69 2.61 f 0.69 1.39 f 0.59 1.40 f 0.18 
blood 13.28 f 1.51" 7.78 f 0.65" 8.41 f 1.61a 5.87 f 2.56' 5.45 f 0.75O 
brain 0.11 f 0.02 0.06 f 0.02 0.06 f 0.01 0.05 f 0.02 0.05 f 0.02 

0.13 f 0.07 

liver 
spleen 
lung 
heart 
kidney 
stomach 
small intestine 
large intestine 
muscle 
bone 
blood 
brain 

3.28 f 0.29 
0.21 f 0.02 
1.80 f 0.69 
0.27 f 0.07 
1.23 f 0.12 
0.30 f 0.09 
1.74 f 0.13 
1.18 f 0.25 
7.61 f 0.41 
3.09 f 0.18 

11.93 f 1.44 
0.10 f 0.02 

Labeled with BH 
1.87 f 0.42 
0.13 f 0.02 
0.73 f 0.22 
0.16 f 0.04 
0.73 f 0.12 
0.16 f 0.05 
1.07 f 0.24 
0.59 f 0.20 
5.38 f 0.85 
2.88 f 0.58 
6.92 f 0.59 
0.06 f 0.01 

1.64 f 0.19 
0.11 f 0.01 
1.11 f 0.32 
0.19 f 0.05 
0.66 f 0.10 
0.13 f 0.01 
0.96 f 0.12 
0.51 f 0.08 
4.47 f 1.16 
2.34 f 0.65 
7.30 f 1.44 
0.06 f 0.01 

1.46 f 0.71 
0.08 f 0.03 
0.71 f 0.23 
0.13 f 0.06 
0.52 f 0.20 
0.12 f 0.06 
0.66 f 0.28 
0.44 f 0.17 
2.85 f 1.13 
1.19 f 0.52 
4.96 f 2.18 
0.04 f 0.02 

1.34 f 0.33 
0.08 f 0.01 
0.64 f 0.42 
0.11 f 0.03 
0.49 f 0.09 
0.09 f 0.02 
0.72 f 0.11 
0.35 f 0.07 
2.96 f 0.51 
1.31 f 0.25 
4.51 f 0.68 
0.04 f 0.02 

Significance of difference determined by two-sided paired t test: p < 0.01; * p < 0.05; p < 0.02; other tissues, no significant difference 
( p  > 0.05) 

p 0.54 1 

Days 

Figure 3. Comparison of the percent injected dose of radioio- 
dine localized in the thyroids of normal mice following the 
injection of 8lC6 monoclonal antibody labeled with lZ5I and l 3 l I  
by using the Bolton-Hunter and ATE methods, respectively. 

of 81C6 labeled by using the Bolton-Hunter and Io- 
dogen methods were compared directly in normal mice 3 
days after injection. As shown in Table 11, significant 
differences in radioiodine uptake were observed between 
the two nuclides in only thyroid and stomach, the two 
tissues normally reflecting free-iodide uptake (12). Thyroid 
uptake associated with MAb labeled with the Bolton- 
Hunter reagent was about 13 times lower than for MAb 
labeled with Iodogen. 

In comparing the results obtained in this study with 
those reported previously, it is important to bear in mind 
that many factors can influence the magnitude of thyroid 
accumulation. Although the thyroid uptake observed for 
81C6 labeled with SIB are in good agreement with a 
previous study, also performed in normal mice (24) ,  they 
are 2-3-fold higher than those observed in athymic mice 
for both 81C6 and a nonspecific MAb in tumor-bearing 
athymic mice (13). Similarly, the thyroid uptake observed 
in the current study 3 days after injection of 81C6 labeled 
with Iodogen (5.97 f 0.73 %) was also higher than that seen 
(13) in athymic mice (4.14 f 0.67%), suggesting that 
differences may exist in the catabolism of labeled MAbs 

Table 11. Paired-Label Tissue Distribution of Radioiodine 
in Normal Mice 3 Days following Injection of 81C6 Labeled 
with [12sI]BH and with [lSII]Iodogen 

% iniected dose per organ 
tissue BH Iodogen 

liver 2.81 f 0.50 2.88 f 0.60 
spleen 0.19 f 0.03 0.19 f 0.03 
lung 0.72 f 0.20 0.75 f 0.22 
heart 0.22 f 0.04 0.23 f 0.04 

1.15 f 0.06 kidney 
stomach 0.22 f 0.05" 0.46 f 0.05 
small intestine 1.46 f 0.25 1.29 f 0.18 
large intestine 0.95 f 0.15 0.87 f 0.21 
thyroid 0.44 f 0.06" 5.97 f 0.73 
muscle 7.42 f 2.38 6.84 f 1.04 
bone 3.04 f 0.31 3.56 f 0.48 
blood 12.50 f 1.78 13.50 f 2.02 
brain 0.09 f 0.03 0.09 f 0.01 

p < 0.001; other tissues, no significant difference (p > 0.05). 

1.05 f 0.06 

Significance of difference determined by two-sided paired t test: 

in normal versus athymic mice. In addition, Dumas et al. 
(25) has reported that the deiodinase activity of sheep liver 
microsomes in vitro for aryl iodides varied from lot to lot 
and was dependent on the nutritional and physiological 
state of the animal. Thus, paired-label protocols are 
essential to compare directly the catabolism of label from 
MAbs radioiodinated by using different methods. 

Although many antibodies and other proteins have been 
labeled by using the Bolton-Hunter method for in vitro 
applications, little data are available concerning their 
behavior in vivo. To our knowledge, no systematic study 
of MAbs labeled by using the Bolton-Hunter method has 
been reported which includes a determination of thyroid 
uptake. Although the pharmacokinetics of auromomy- 
cin would not be expected to be similar to those of an 
antibody, it is worth noting that Anatha Samy and co- 
workers (26) have reported that, 8 h after injection of this 
antibiotic labeled with 1251 by using the Bolton-Hunter 
method, uptake of lZ5I activity in the thyroid was only 
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0.13% of the injected dose. In addition, Schiff et al. (27) 
have reported that the radioactive catabolites formed 
following the cellular internalization of asialoglycopro- 
tein labeled by the Bolton-Hunter and the iodine mono- 
chloride methods are different. 

While use of the ATE method for MAb radiohaloge- 
nation results in the lowest degree of thyroid accumulation, 
only a 2-fold advantage was observed relative to the Bol- 
ton-Hunter method in contrast to as much as a 100-fold 
advantage when compared to the Iodogen method. I t  thus 
appears that presence or absence of a hydroxyl group or- 
tho to the iodination site is not the sole factor determining 
the thyroid uptake and presumably the dehalogenation 
of radioiodinated proteins. 

The specificity of deiodinases from sheep thyroidal and 
hepat ic  microsomes for 19 aryl iodides has been 
investigated by Dumas e t  al. ( 2 5 ) .  While 3- iodo-~-  
tyrosine was almost completely dehalogenated, 3-iodo-~- 
tyrosine, 3 - i o d o - a - m e t h y l - ~ ~ - t y r o s i n e ,  and 3-iOdO- 
tyramine were not, indicating a high degree of structural 
specificity for these deiodinases. In a subsequent study 
performed in rats injected with 11 of these compounds, 
a similar pattern of deiodination specificity was reported 
(28). The relevance of these results to the catabolism of 
label from radioiodinated MAbs is unclear, particularly 
since in the in vitro study it was reported that N-acetyl- 
3,5-diiodo-~-tyrosine, the compound with the closest 
structural similarity to an iodinated tyrosine residue on 
a protein (Chart 11), was inert to dehalogenation (25).  
Experiments are currently underway investigating the 
catabolism of label from a series of aromatic iodides and 
their MAb conjugates in order to be able to design better 
acylation agents for the radioiodination of MAbs. 
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Antibody-Directed Fibrinolysis: A Bispecific (Fab’)z That Binds to 
Fibrin and Tissue Plasminogen Activator 
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A bispecific (Fab’)z molecule was constructed by linking the monovalent Fab‘ from an anti-fibrin mon- 
oclonal antibody to the Fab’ from an anti tissue plasminogen activator (tPA, single chain) monoclonal 
antibody by means of inter-heavy-chain disulfide bonds. An immunochemical complex composed of 
the bispecific (Fab’)z molecule bound to tPA [tPA-bispecific (Fab’):! complex] was then generated and 
purified. Its molecular weight was 170 kDa [less than half the molecular weight of a previously described 
tPA-bispecific antibody complex containing the entire anti-fibrin and anti-tPA immunoglobulin molecules; 
Runge, M. S., et al. (1987) Trans. Assoc. Am. Phys. 100,250-2551. The tPA-bispecific (Fab’)z complex 
was 8.6-fold more efficient in fibrinolysis than tPA alone and 94-fold more potent than urokinase. This 
enhancement in the fibrinolytic potency of tPA compares favorably with that observed for the bispe- 
cific whole-antibody complex. These results suggest that this smaller, less immunogenic molecule is 
capable of binding both fibrin and tPA with high affinity and of enhancing the thrombolytic efficiency 
of exogenous and, perhaps, endogenous tPA. 

INTRODUCTION 
Treating myocardial infarction with plasminogen 

activators has been shown to result in a reduction in in- 
farct size ( I ,  2) and mortality ( 3 , 4 ) .  For optimal results, 
treatment must be initiated as soon as possible after the 
onset of symptoms (3) .  This mandates a rapid therapeutic 
decision and heightens the need for a thrombolytic agent 
that is free of serious side effects. 

A bispecific antibody capable of binding both fibrin and 
single-chain tissue plasminogen activator (tPA)l has been 
described (5-7). We assembled it by forming a disulfide 
bond between N-succinimidyl 3-(2-pyridyldithio)- 
propionate modified anti-fibrin monoclonal antibody 59D8 
and 2-iminothiolane-modified anti-tPA monoclonal 
antibody TCL8. The bispecific antibody enhances the fi- 
brinolytic potency of tPA in vitro and in vivo. Here we 
describe the production and characterization of a molecule 
assembled by linking an Fab’ fragment from each of the 
two antibodies. The bispecific (Fab’):! similarly enhances 
the fibrinolytic potency of tPA, but unlike the bispecific 
whole antibody, the bispecific (Fab’)z has a well-defined 
s t ruc tu re ,  is much smaller,  and  lacks t h e  highly 
immunogenic Fc portions of its component antibodies. 

EXPERIMENTAL PROCEDURES 
The tPA used in these studies was derived from 

melanoma cells purchased from BioResponse (Hayward, 
CA). Two-chain, low molecular weight urokinase (Ab- 
bokinase) was purchased from Abbott Laboratories and 
Sepharose 4B-CL was obtained from Pharmacia P-L Bio- 
chemicals. The lZ5I-labeled fibrinogen came from Am- 

+ Present address: Cardiology Division, Emory University, Post 
Office Drawer LL, Atlanta, GA 30322. 

Present address: Medizinische Klinik I11 (Kardiologie) der 
Universitat Heidelberg, 6900 Heidelberg, Federal Republic of 
Germany. 

1 Abbreviations: tPA, tissue plasminogen activator (single 
chain); S-2288, chromogenic substrate H-D-isoleucyl-L-prolyl-L- 
arginine-p-nitroanilide dihydrochloride. 
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ersham; the plasma came from the local blood bank. Chro- 
mogenic substrate H-D-isoleucyl-L-prolyl-L-arginine-p- 
nitroanilide dihydrochloride (S-2288) was obtained from 
Helena Laboratories. Human placenta factor XI11 was 
purchased from Green Cross (Osaka, Japan); the Super- 
ose 12 resin for fast protein-liquid chromatography was 
from Pharmacia. All other chemicals came from Sigma. 

Antibodies. tPA-specific monoclonal antibody TCL8 
and fibrin-specific monoclonal antibody 59D8 were raised 
and purified as described (5,B). 

Protein Concentration. Protein concentration was 
determined by the method of Bradford (9). 

Preparation of tPA-Sepharose. Twenty milligrams 
of recombinant tPA was solubilized in 10 mL of water and 
passed through a Sephadex G-25 column (30 X 2 cm) 
equilibrated with 0.2 M NaHCOs, 1.5 M sodium chloride, 
and 0.1 73 Tween-80 (coupling buffer). The protein was 
immediately incubated with 15 mL of cyanogen bromide 
activated Sepharose (Pharmacia P-L Biochemicals) and 
coupled according to the manufacturer’s instructions. After 
incubation for 24 h a t  4 OC, residual binding sites on the 
Sepharose were blocked with 10 mL of 1.0 M ethanola- 
mine (titrated with HCl to pH 8.0) for an additional 8 h. 

Production and Purification of Bispecific (Fab’)n. 
The bispecific (Fab’):! molecule was prepared by linking 
the monovalent Fab’s of antibodies 59D8 and TCL8 
through the intrinsic heavy-chain cysteines, which usually 
form disulfide bonds in native (Fab’)~ molecules (IO). Each 
antibody was first digested with pepsin (11): 10 mL of 
antibody solution (2.0 mg/mL in 0.01 M sodium phosphate, 
0.15 M sodium chloride, pH 7.4) was mixed with 1 mL of 
1.0 M sodium citrate (pH 2.75) and 1 mL of pepsin solution 
(0.3 mg/mL in water), the final pH was adjusted to 3.5, 
and the mixture was incubated for 2 h a t  37 “C. The 
reactions were stopped by the addition of 1.0 mL of 3.0 
M Tris HCl, pH 8.5. In pilot experiments, these conditions 
had produced optimal yields of 59D8 Fab‘ and TCL8 Fab’. 
Pepsin concentrations had varied between 0.05 and 0.5 mg/ 
mL, the final pH was between 2.5 and 5.0, and the duration 
of incubation was between 30 min and 8 h. 
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(Fab’)2 were purified from the 59D8 and TCL8 digests 
by chromatography against their respective affinity ligands. 
For the former, 0 peptide (Gly-His-Arg-Pro-Leu-Asp-Lys- 
Cys, corresponding to the seven amino-terminal residues 
of the 0 chain of fibrin) coupled to Sepharose (P  peptide- 
Sepharose) was used; for the latter, tPA coupled to 
Sepharose (see Preparation of tPA-Sepharose) was used. 
After elution from the affinity matrices with 0.2 M gly- 
cine (pH 2.8), each (Fab’)~ solution was collected into tubes 
containing a neutralizing amount of 3.0 M Tris HC1 (pH 
8.5), dialyzed into 0.1 M sodium phosphate (pH 6.8), and 
reconcentrated in an ultrafiltration chamber to 2 mg/ 
mL. Reduction of the 59D8 and TCL8 fragments was then 
carried out a t  room temperature in 1 mM 2-mercapto- 
ethylamine, 1 mM ethylenediaminetetraacetic acid, and 
10 mM sodium arsenite, followed by the addition of solid 
Ellman’s reagent to a concentration of 5 mM. After 3 h 
a t  room temperature, excess reagent was removed from 
the two Fab’ solutions by gel filtration on a Sephadex G- 
25 column (30 X 2 cm) equilibrated with 0.1 M sodium 
phosphate (pH 6.8). The thiol form of anti-fibrin 59D8 
Fab’ was then regenerated by treatment with 10 mM 2- 
mercaptoethylamine for 30 min, followed by gel filtration 
as above. After tha t  the anti-fibrin 59D8 Fab‘ was 
incubated with the thionitrobenzoate derivative of the anti- 
tPA TCL8 Fab’ for 16 h at room temperature in 0.1 M 
sodium phosphate and 1 mM ethylenediaminetetraace- 
tic acid (pH 6.8). The desired (Fab’)~ heterodimer was 
purified from the reaction mixture by sequential affinity 
chromatography on peptide-Sepharose and tPA- 
Sepharose. The final yield of bispecific (Fab’)~ was 7 mg, 
or about 25% of the theoretical yield of the coupling of 
two different Fab’ molecules. 

Preparat ion of Immunochemical Complex. An im- 
munochemical complex made up of tPA and the bispe- 
cific (Fab’)~ [tPA-bispecific (Fab’)2 complex] was formed 
by mixing 3.5 mg of tPA (0.5 mg/mL) with 5 mg of bi- 
specific (Fab’)~ (0.5 mg/mL) for 2 h a t  room temperature. 
After concentration to a volume of 9 mL, chromatography 
on Sephacryl S-300 [preequilibriated with 0.1 M sodium 
phosphate, 0.1 M NaCl, 0.01% sodium azide, pH 7.4 
(PBSA)] revealed a peak of approximately 170 kDa [tPA 
bound to the bispecific (Fab’)~] and a second peak of 
approximately 70 kDa (unbound tPA). On the basis of 
enzymatic activity (assayed by S-2288, see below), 
approximately 1 mol of tPA appeared to bind per mole 
of bispecific (Fab’h. 

Measurement of Plasminogen Activator Activity. 
To compare the activity of native tPA with that of tPA 
as part of an immunochemical complex, the amidolytic 
activities and molar amounts of tPA in the various 
preparations were measured in the following manner. 
Standardized samples of melanoma tPA or recombinant 
tPA (as aliquots from a freshly resuspended vial of tPA, 
in international units) were analyzed in the S-2288 assay 
with a substrate concentration of 1 X mol/L and an 
enzyme concentration of 8 X mol/L in 0.15 M Tris, 
0.15 M NaCl, pH 8.4. For tPA, 1 international unit was 
assumed to equal 6.3 X 10-6 nmol. The correlation between 
the reported change in absorbance/minute for the assay 
preparations2 and our samples was excellent, such that 100 
units of tPA (6.3 X 104 mmol) gave an absorbance change 
a t  405 nm of approximately O.O6O/min. On the basis of 
these results, the activity (in appropriate units as above) 
or the molar amount of active enzyme of an unknown 
sample of urokinase or tPA was determined by diluting 
the sample until assay with S-2288 as described above 
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Figure 2. SDS-PAGE of tPA-bispecific (Fab’)~ complex. Ten 
percent polyacrylamide gels were run under nonreducing (panel 
A) and reducing (panel B) conditions. (A) numbers on the left 
correspond to molecular weight standards (Pharmacia): lane 1, 
tPA-bispecific (Fab’)~ complex; lane 2, single-chain recombinant 
tPA; and lane 3, anti-tPA antibody. (B) Lanes 1-3 as in A; lane 
4, antifibrin 59D8 (Fab’)2; Lane 5, anti-tPA TCL8 (Fab’)2. 
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Figure 3. Release of radioactive peptides from 12%labeled fibrin- 
Sepharose by the tPA-bispecific (Fab’)2 complex (filled circle), 
by tPA alone (open triangle), and by urokinase alone (filled 
square). Lysis is expressed as the quotient of released 
radioactivity over total radioactivity. Each point represents the 
mean of three determinations. A three-parameter inverse logit 
function was used to fit the curves to the original triplicate points. 

the other to the size of a tPA molecule. Under reducing 
conditions (panel B), bands corresponding in size to the 
two chains of the Fab’ molecules and to single-chain tPA 
could be seen, and there was evidence of traces of two- 
chain tPA. 

The tPA-bispecific (Fab’)2 complex was compared with 
tPA alone and with urokinase in the quantitative fibrin- 
olysis assay (Figure 3). In these experiments, the tPA- 
bispecific (Fab’):! complex was 8.6-fold more efficient in 
fibrinolysis than tPA alone ( p  < 0.0001), and 94-fold more 
potent than urokinase (p < 0.0001). Here tPA was 11- 
fold more efficient than urokinase, a finding similar to that 
of previous experiments (5). It is of particular interest that 
t h e  tPA-bispecific (Fab’)2 complex showed a n  
enhancement in the fibrinolytic activity of tPA similar to 
that of the tPA-bispecific antibody complex (5). 

DISCUSSION 
Here we describe a bispecific (Fab’)z that has affinity 

for both fibrin and tPA. The rationale for producing this 
bispecific (Fab’)2 was based on promising results obtained 
when intact anti-fibrin and anti-tPA antibodies were 
coupled. We previously demonstrated (5-7) that a bi- 
specific antibody containing intact anti-fibrin and anti- 
tPA antibodies is capable of concentrating t P A  and 
enhancing the fibrinolytic potency of tPA in vitro, in 
human plasma, and in vivo in the rabbit jugular vein model. 
In model experiments, the bispecific antibody was able to 

concentrate the low amounts of tPA normally present in 
human plasma and effect fibrinolysis. This increased 
potency is probably related to the fact that  the antifi- 
brin antibody has an affinity for fibrin 1800 times greater 
than that of tPA: the KD of tPA for fibrin is 0.14 X lo+ 
M (15), whereas that of antibody 59D8 is 0.77 X 10-lo M.3 
However, one limitation to the clinical utility of the bi- 
specific whole antibody is that the coupling chemistry used 
to create it does not yield a homogeneous product. 

The bispecific (Fab’)2 is a better-defined molecule than 
the bispecific whole antibody because the linkage between 
the component Fab’s in the fragment antibody occurs only 
at the disulfide bonds of the hinge region, with the practical 
result that only (Fab’)2 molecules are present after the 
coupling reaction. T o  ensure t h a t  only molecules 
possessing both fibrin and tPA binding properties (in a 
1:l molar ratio) were present in the final reaction mixture, 
we subjected the products of the coupling reaction to  
sequential affinity chromatography against the two 
antigens. The gel-filtration data presented in Figure 2 
suggest that tPA binds to the bispecific (Fab’):! in a 1:l 
complex. Our calculations indicate that almost all the bi- 
specific (Fab’)2 reacted with the tPA. This suggests that  
the purification process selects for functionally active 
molecules. The ability of the bispecific (Fab’)2 to enhance 
the fibrinolytic potency of tPA is apparently identical with 
that of the bispecific whole antibody. Thus monovalent 
binding to both antigens appears to be sufficient to effect 
increased potency. Because of its increased diffusibility, 
the smaller bispecific (Fab’)2, as opposed to the bispe- 
cific whole antibody, may provide advantages for later in 
vivo studies. More importantly, the  (Fab’)2 can be 
synthesized in a reproducible manner that does not require 
the introduction of cross-linking reagents, which have the 
potential to act as immunogenic epitopes. 
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Kinetics of the Dissociation of 
Indium-(p-Substituted-benzyl)ethylenediaminetetraacetic Acid Hapten 
Analogues from the Monoclonal Anti-Hapten Antibody CHA255 
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Half-lives were measured for the dissociation of a series of 20 indium-benzyl-EDTA derivatives from 
a monoclonal antibody that binds to them. Most haptens gave expected monoexponential dissociation 
curves with half-lives ranging from -8 to -100 min at  22 f 1 "C. Precise (*-2.5%) determinations 
were made using centrifugal ultrafiltration to separate free from bound hapten. A strong pH dependence 
of the dissociation half-life was found for the two haptens studied. Activation enthalpies were identical 
(23 f 1 kcal/mol) for the dissociation of four haptens, suggesting that, in contrast to individual rate 
constants, this parameter is insensitive to hapten modification. The dissociation half-lives provided 
evidence for the location of a positive charge in the binding site, but gave no clear indication of the 
role of hydrophobic interactions or of steric requirements in hapten binding. While variations in ionic 
strength had no effect on the dissociation rate, lowering surface tension with dioxane increased the rate 
somewhat. Three hapten-antibody complexes showed biexponential dissociation rates. I t  is postulated 
that this results from distinct conformations of the complex dissociating at  different rates. The dissociation 
rate constant was found to be an extremely sensitive indicator of the hapten-antibody interaction that 
can be measured very precisely. 

INTRODUCTION 

In vivo, anti-hapten monoclonal antibodies can be used 
to control the pharmacokinetic parameters of haptens and 
molecules to which a hapten moiety has been chemically 
attached (1, 2 ) .  For small hydrophilic haptens, the 
presence of anti-hapten antibodies dramatically extends 
the serum and whole-body lifetime of the hapten. "Hybrid" 
or "bifunctional" antibodies which have one binding site 
with high affinity for a hapten and the other binding site 
with high affinity for a cell marker, such as a tumor- 
associated antigen, not only prolong the lifetime of the hap- 
ten but also cause the hapten to preferentially accumulate 
at  the target in nude mouse tumor models and in humans 
( 3 ) .  We have begun animal experiments aimed a t  
exploiting these properties for delivery of radioimaging 
agents, radiotherapy agents, and chemotherapy agents (2) .  

The biodistribution of a radiolabeled hapten is observed 
to change if the hapten structure is modified, even though 
the hapten is complexed to an anti-hapten antibody over 
100 times its molecular weight. Some of this variability 
may be attributed to differences in the binding char- 
acteristics of the antibody to  the  related haptens. 
Therefore, an understanding of how hapten derivatiza- 
tion will affect antibody binding is useful in designing a 
hapten-antibody system. Particularly important is the 
dissociation rate constant, since this parameter should limit 
the rate at  which a hapten leaves the carrier antibody either 
to diffuse away from the target site or to be ingested into 
a target cell. Retention time at  the target, which may affect 
therapeutic dose and targetlbackground ratio, is a function 
of the complex half-life. 

Information about charge location in, and the size of, 
the binding site should. emerge from knowledge of the 
dissociation rate constants for a properly selected group 
of hapten analogues. Dissociation rates can be used to 
screen clones for particular applications and to detect 
changes in binding due to site-specific mutation. The 
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information can also be used to direct the synthesis of new 
haptens for use in a particular application. Thus, we 
elected to develop a simple procedure to measure mon- 
oclonal antibody dissociation rate constants for a series 
of chemically related haptens with the intent of applying 
the information to an in vivo delivery system. 

For pharmacological prediction and evaluation, rate 
constant values at  37 "C are of primary importance, but 
it was found in the course of this study that the dissociation 
rates in our system can be measured much more precisely 
at  room temperature than a t  37 "C. Consequently, the 
temperature dependence of the dissociation rate was 
measured for selected haptens to see whether a relative 
ordering of dissociation rates at  room temperature would 
extrapolate to body temperature. In addition, a knowledge 
of the activation parameters for the dissociation provides 
further insight into the physical nature of the anti- 
hapten antibody system for future applications. In fact, 
it has been concluded ( 4 )  that the activation energy for 
the dissociation reaction is the primary determinant of the 
affinity constant. 

Dissociation and association rate constants have been 
reported for monoclonal (5-7) and polyclonal(7-10, review: 
4 )  antibodies. I t  is concluded that antibody affinities 
correlate inversely with dissociation rate Constants and that 
variations in association rate constants are relatively small 
(11, 12, 4 ) .  Also, Hansch and co-workers (13-16) have 
developed structure-activity relationships for hapten 
derivatives binding to polyclonal antibodies. However, no 
studies have been reported that show quantitatively the 
sensitivity of the dissociation rate constant to variation 
in the hapten structure or to variation in solvent conditions 
for a well-defined anti-hapten monoclonal antibody system. 
Methods used previously to separate free hapten from 
complex include adsorption on activated carbon (7) and 
filtration through cellulose acetate (8,9,4). In this study, 
we used the Centrifree micropartition apparatus (Ami- 
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con Corp.) to separate the unbound hapten from the 
complex and found this to be a convenient and repro- 
ducible method. 

In this paper, we describe the measurement of the 
dissociation rate constants for a series of chemically related 
haptens, all derivatives of the In3+ complex of benzyl- 
EDTA, that bind to an anti-hapten monoclonal antibody, 
designated CHA255. The immunogen from which CHA255 
was obtained is a conjugate of (p-thioureidobenzy1)- 
EDTA-In (3) (In, linked to the eamino group of a lysine 
side chain of keyhole limpet hemocyanin. (p-Isothiocy- 
anatobenzy1)-EDTA and similar (aminobenzy1)-EDTA 
derivatives (e.g., 4) provide a convenient synthetic route 
(18) to a wide range of compounds whose indium che- 
lates are all complexed by the antibody. (Benzyl-EDTA 
chelates of metal ions other than indium are also bound 
by CHA255 but with significantly lower affinity (19).) Our 
results indicate that the dissociation rate constant is an 
extremely sensitive indicator of the antibody-hapten 
interaction and that it can be measured conveniently with 
high precision. 

EXPERIMENTAL PROCEDURES 
Hapten Derivatives. Several of the bifunctional che- 

lates used as hapten derivatives or intermediates were 
prepared as described previously: 1,2,4 (18); 3 (20); 6 and 
22 (2). Compound 18 was prepared by treating 17 with 
glutaric anhydride. Hapten derivatives 7-17, 19, and 20 
were prepared by treating 3 with the appropriate amine 
a t  pH -9. Synthesis of the remaining hapten derivatives 
(5, 21) will be described elsewhere. Purification was 
conveniently accomplished by ion-exchange chroma- 
tography on DEAE Sephadex A25 eluted with a volatile 
buffer such as triethylammonium formate, followed by lyo- 
philization, or by binding to AG1 ion-exchange resin in 
0.5 M formic acid and elution with 8.0 M formic acid. 

Hapten derivatives were characterized by HPLC 
retention time with a Hewlett-Packard 10-cm microbore 
ODS column using a 10-min linear gradient from 50 mM 
triethylammonium acetate containing 10 mM EDTA to 
100% methanol a t  a flow rate of 0.4 mL/min. Indium- 
loaded and metal-free chelates were analyzed with this 
system, giving two characteristic retention times for each 
hapten. Chelates not containing Ins+ were further 
characterized by their ‘H and 13C NMR spectra, obtained 
on a Varian XL-300 Spectrophotometer. 

These chelates were loaded with In3+ in either am- 
monium or triethylammonium citrate (18). 

Antibodies. The antibody used throughout this work 
was CHA255, a murine antibody of the IgGl type. The 
immunizations which led to the isolation of CHA255 were 
performed with a keyhole limpet hemocyanin conjugate 
of the In3+ complex of 3 (1 7). The “bifunctional” antibody 
ECHO37 was derived from a fusion of the CHA255 cell line 
and an anti-CEA monoclonal antibody producing cell line 
designated CEM231. 

Kinetic Scheme. It  can be shown (21) that isotope- 
exchange reactions (eq 1) obey first-order kinetics. As 

Ab-H* + H + Ab-H + H* (1) 

applied to antibody-hapten exchange, the general equation 
is 
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in the case of antibodies and haptens, the affinity constant 
is very high, the dissociation rate constant is many orders 
of magnitude smaller than the association rate constant. 
Consequently, the gross rate of exchange is controlled by 
the dissociation rate, and if dissociation is a first-order 
process (eq 3) 

kl 
Ab-H -+ Ab + H 

and hapten is present in excess, then 
(3) 

R = -k-,([Ab-H] + [Ab-H*]) 

where x is the fraction of exchange that has occurred and 
R is the “gross rate of exchange” of labeled and unla- 
beled hapten (constant for a given reaction mixture). Since, 

Hence 

Experimental conditions have been arranged so that [AbItot 
is much less than [HItot, so 

In (1 - x )  = - k , t  (4) 
If dissociation were a different process, e.g. bimolecu- 

lar (eq 5) 

k-i 
[Ab-H*] + [HI -+ [Ab-HI + [H*] 

R = -k-,[Abl,,[Hl,, 

(5) 

but with other experimental conditions the same, then 

and 

In (1 - x )  = -k-l[H],,t (6) 

Hence, dependence of the observed rate constant on [HI,, 
distinguishes the dissociation mechanisms. 

Two simultaneous first-order processes leading to 
indistinguishable products can be described (22)  by 
equation 7: 

1 - x = A [ f  exp( -k-, t)  + (1 - f )  exp (-k4)] (7) 
where A is the fraction of isotope originally bound to 
antibody (approximately l ) ,  f is the fraction of complex 
dissociating with rate constant k-1, and (1 - f )  is the fraction 
of complex dissociating with rate constant k-2. 

Assay Method. Hapten-antibody dissociation rates 
were determined by measuring the quantity of ll1In3+ che- 
late released from the antibody-hapten complex as a 
function of time after addition of a 100-fold excess (over 
antibody binding sites) of unlabeled hapten. Thus, for each 
hapten, a set of 700-pL reaction solutions were prepared 
containing (1) antibody at  a concentration of 160 nM, (2) 
indium-loaded hapten, trace labeled with IllIn (total 
concentration = 160 nM), (3) normal serum albumin at  
a total concentration of 1.5 mg/mL, and (4) isotonic 
phosphate-buffered saline, pH 7.4. At time TO indium- 
loaded, unlabeled hapten was added to  a final con- 
centration of 32 pM. Reactions were stirred by placing 
the sample containers in a rack mounted on a vortexer 
head. 

A t  various times after addition of the excess hapten, 400- 
p L  portions of the reaction solutions were transferred to 
Centrifree tubes and centrifuged at  lOOg for 8-10 min. The 
reaction time was taken to be the time between addition 
of the excess hapten and the time the centrifuge reached 
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the desired ve1ocity.l Six time points, each in duplicate, 
were obtained over a range of about two reaction half- 
lives for each rate constant determination. A 200-pL 
portion from each centrifuged and uncentrifuged solution 
was then counted for ll1In. The relative concentration of 
free hapten was taken to be the ratio of counts in the 
centrifuged solution (filtered) to the uncentrifuged solution 
at  each time point. Times were recorded to the nearest 
1 / 1 ~  min. 

Room temperature rate constants were measured a t  
ambient temperature, which remained a t  22 f 1 "C. Rate 
constants at  4 "C (or 5 "C) were measured in a refrigerated 
room. The rate constant at  0 "C was measured in an ice- 
water bath in a refrigerated room. Rate constants above 
room temperature were measured in a water bath con- 
trolled to f l  "C. Stirring was maintained throughout the 
reactions. 

Rate constants and standard deviations for the mono- 
exponential dissociations were obtained from a plot of the 
logarithm of the relative complex concentration (e.g. 1 - 
x in eq 4) vs time. These data were analyzed by using the 
linear-regression module of the RS/3 program (BBN 
Software Products Corp.). Biexponential data were fit to 
eq 7, with uniform weighting of each time point, using the 
RS/3  program. (For the purposes of curve-fitting, 
duplicates were averaged before being plotted.) 

Control samples were included in each experiment to 
determine (A) that the initial condition of 100% of labeled 
hapten bound to antibody was met and (B) that in the 
absence of antibody, 100% of the counts were able to 
penetrate the Centrifree membrane. 

If control A showed that a significant portion of the 
counts did not bind to antibody initially, the average 
number of counts in the control duplicates was subtracted 
from all centrifuged and uncentrifuged sample solutions. 
If control B showed that not all of the counts penetrated 
the membrane, each count ratio (i.e., the relative con- 
centration of free hapten) was divided by the average of 
the fraction penetrating the membrane in the control 
duplicates. 
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RESULTS 

Dissociation rates were calculated from linear first- 
order plots (Figure 1) for a series of benzyl-EDTA 
derivatives para-substituted with nitro, amino, thiourea, 
or acetamide functional groups (Table I). (Compounds 
3 and 4 are intermediates in the synthesis of other hap- 
tens, and their dissociation rates were not measured.) The 
room temperature rate constants show that modification 
of the hapten at  the para position does have a sizable effect 
on the dissociation rate, and that the method used is 
capable of distinguishing between very similar haptens. 
For example, the difference in dissociation rate between 
benzyl- and phenyl-substituted thiourea derivatives (1 1 
and 12) is considerable. Also, the dissociation rates for 
the series of alkyl carboxylates 13-15 are strikingly 
different. 

Statistical treatment of the errors for the room tem- 
perature half-life determinations shows that the average 
relative error for the method is 2.4 f 1.2%. Precise 

h 
0 0.01 

-. 
X 
Q) - ; ::::I, , , , , , , \i 

Y 8 
Y c -2.0 - 

0 20 40 60 80 100 120 

Time (min) 
Figure  1. First-order plot of the dissociation of compound 17 
from CHA255 a t  22 "C. 

determinations were obtained for reactions with half- 
lives as short as 5.5 min and as long as 1400 min. 

The reaction rate shows no direct dependence on the 
concentration of excess hapten (Table 11), indicating that 
the dissociation is a first-order process. 

The temperature dependence of the dissociation rate for 
compounds 14, 17, 18, and 20 follows the expected Ar- 
rhenius relationship (Table 111) and is experimentally 
identical for the four compounds. Hapten derivatives for 
which rate constants are available at  only two temperatures 
(7, Table I) show a similar variation with temperature. This 
trend suggests that hapten derivative 22, which gave a biex- 
ponential dissociation plot a t  22 "C, binds much more 
tightly than the other hapten derivatives. 

Only a minor dependence of the dissociation rate of 20 
on ionic strength could be detected (Table IV). A strong 
dependence was expected, given the charge and multiplicity 
of sites available for hydrogen bonding in this set of hap- 
ten derivatives. Decreasing the surface tension by 
including an organic cosolvent increased the dissociation 
rate by a factor of 2. 

In contrast to  the ionic-strength dependence, the 
dissociation rates of 20 and 13 show dramatic and differ- 
ent pH profiles (Figure 2), which suggest the involvement 
of several ionizable residues. 

Compounds 10 and 22 reproducibly exhibited dis- 
sociation rate plots fit by biexponential curves at  22 "C 
(e.g., Figure 3). Compound 10 bound to albumin under 
the conditions of the standard method but gave a biex- 
ponential plot when albumin was omitted from the 
procedure.2 Compound 7 also exhibited a biexponential 
plot a t  5 "C. For compounds 7 and 22, the biexponen- 
tial curvature occurred a t  temperatures a t  which the 
dissociation was very slow, and the plots became monoex- 
ponential at  higher temperature. However, not all hap- 
tens gave biexponential plots under conditions of slow 
dissociation. Also, for compound 10, the biexponential 
curvature was observed when the dissociation rate was in 
the range of the other haptens measured. Its behavior was 
not explored a t  higher temperature. 

DISCUSSION 
The dissociation rate constants for para-substituted 

derivatives in In3+-benzyl-EDTA vary over an unexpect- 

1 Since the separation is not instantaneous, the choice of what 
point in the process to use for the time values is somewhat 
arbitrary. Fortunately, the slope of the first-order dissociation 
rate plot (and the t l l 2 )  is dependent only on the interval between 
measurements so that, as long as the separations all require the 
same amount of time, any point in the process can serve to  identify 
a measurement time. 

A control experiment was performed in which a mixture of 
labeled and cold hapten, at the concentration used in the standard 
assay but in the absence of antibody and albumin, were filtered 
in the Centrifree apparatus. Approximately 94% of the label 
penetrated the membrane in multiple experiments, showing that 
compound 10 does not bind to container surfaces to an extent 
that interferes with the assay. 



Dissociation Kinetics: In-Benzyl-EDTA's from CHA255 Bioconjugate Chem., Vol. 1, No. 4, 1990 281 

Table I. Hapten Derivative Dissociation Rate Data 

no. structure 38 "C 22 "C 5 "C 
p-R1R2NC6H4CH2-EDTA-In 

l b  R1= R2 = H 13.0 
2 R1= Rz =I 0 8.1 (1.5) 
3' R1,R2 = CS 

XCH2CONHC6H4CH2-EDTA-In 
4 X = Br' 
5 X = S(CH~)~SCH~CONH-~-C~H~CHZ-DTPA 50.3 (0.7) 
6 X = S(CH2)4S-Co-bleomycin 51.3 (1.7) 

7 Y = H  9.7 (1.3) 84.2 (2.5) 
8 Y = Et 72.6 (1.3) 
9 Y = n-Bu 90.6 (2.0) 

1 Od Y = n-0ct 
78.0 (0.8) 1 1  Y = Ph 

12 Y = CH2CeH4 94.2 (3.0) 
13' Y = CHzCOzH 49.7 (2.5) 
14 Y = (CH2)&02H 11.6 (0.2) 87.8 (2.6) 1181 (32) 
15 Y = (CH2)3COzH 74.3 (1.8) 
16 Y = ~-C~HICH&OZH 71.5 (0.8) 
17 Y = (CH2)BNHO 5.5 (0.2)f 45.6 (0.8) 611 (16)s 
18 Y = (CH2)2NHCO(CH2)3C02H 14.3 (0.3) 98.8 (1.2) 1446 (21) 

YNHCSNHC6H4CH2-EDTA-In 

19 Y = (CH2)4C(NHCOCHs)HCONH2 90.9 (1.2) 
20 Y = (CH2)zOH 8.8 (0.2) 59.7 (1.5) 749 (11) 
21 Y = ~ X ~ H ~ C H Z - D T P A  22.9 (0.8) 
22 Y = N1A-mitomycin C 40.9 (0.8)f 

Correlation coefficients were between -0.993 and -0.999, except for 2, r = -0.978, and 17,O OC, r = -0,983. Half-life estimated from only 
two time points. Compounds 3 and 4 are intermediates in the synthesis of the other hapten derivatives; their half-lives were not measured. 

Compound 10 bound to albumin under standard conditions and gave a nonlinear first-order plot when albumin was omitted. e Values are 
an average of four determinations. /Actually 37 "C. 8 Actually 4 "C 

Table 11. 22 OC Dissociation Half-Life of 20 as a Function 
of Excess Hapten Level 

excess unlabeled hapten/Ab 
binding site, mol/mol tllz, min U 

20 57.8 1.3 
100 56.2 2.1 
100 58.9 1.1 

lo00 50.9 1.1 

Table 111. Activation Parameters for Selected HaDtens 
hapten H', kcal/mol u S*, eu u -r 
14 22.9 0.9 1.2 1.6 0.999 
17 22.7 0.8 2.4 1.4 0.999 
18 23.5 1.0 2.9 3.6 0.999 
20 22.6 0.7 0.4 1.2 0.999 

Table IV. 22 "C Dissociation Half-Life of Compound 20 as 
a Function of Solvent 
relative ionic strength 76 dioxane DH t, /2. min u -r 

1" 0 7.4 59.7 1.5 0.997 
5 0 7.5 46.2 1.5 0.995 

10 0 7.5 52.4 1.2 0.997 
1 20 7.5 24.7 1.9 0.978 

a 1 = 150 mM NaCl, 15 mM NaP04. 

edly wide range. Determination of these rate constants 
proved to  be convenient and precise. Consequently, 
measurement of the dissociation rate constant is a very 
sensitive method of detecting a change in antibody binding. 
As such, it may be useful for detecting chemical mod- 
ification or site-specific mutation of antibodies, for 
predicting behavior of various in vitro or in vivo systems, 
or for screening new antibodies or haptens. 

First-order dissociation rate plots for the exchange 
reaction could be obtained either from the unimolecular 
dissociation mechanism of eq 3 or from the bimolecular 
reaction of eq 5. That eq 5 is not the observed reaction 
(Le., that dissociation of the antibody-hapten complex is 

50 - 
h c .- 
E 40-  
v 

c! 30- 
7 

c 

*O 10 L 
6.0 7.0 8.0 

PH 
Figure  2. Dissociation half-life of compounds 13, open squares, 
and 20, filled squares, a t  22 "C as a function of pH. Error bars 
indicate standard deviation of a single determination, except for 
13 a t  pH 7.4 (which represents four determinations) and pH 7.5 
and 7.7 (which each represent duplicate determinations) and 20 
a t  p H  6.8 (duplicate determinations) and 7.5 (seven deter- 
minations). (The value of the dissociation rate constant a t  p H  
7.7 for 13 was unexpectedly low. It was repeated, and a value 
a t  p H  7.6 obtained under identical conditions confirmed the 
trend.) 

a unimolecular process) was shown by performing the assay 
at three levels of unlabeled hapten. Since kobd is the same 
in the three cases (Table 111), the reaction is not pseudo- 
first-order and the data fit the mechanism of eq 3. 

The data  reveal several interesting facets of the 
relationship between the hapten and the antibody binding 
site. Since the original immunogen was a conjugate of 3 
with keyhole limpet hemocyanin, the resultant antibody 
is expected to have the tightest binding to, and the slowest 
dissociation from, haptens that contain a thioacyl sub- 
stituent in the para position. Further, according to Han- 
sch and co-workers (13,14), additional steric bulk in the 
para position should lead to tighter antibody binding. 
Clearly, interaction occurs at  the para substituent in the 
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Figure 3. Dissociation plot for Compound 22 at 22 "C over- 
layed with biexponential curve of formula in eq 7. Compound 
7 also exhibited a biexponential plot at 5 "C. For compounds 7 
and 22, the biexponential curvature occurred at temperatures at 
which the dissociation was very slow, and the plots became mo- 
noexponential at higher temperature. However, not all hap- 
tens gave biexponential plots under conditions of slow dissociation. 
Also, for compound 10, the biexponential curvature was observed 
when the dissociation rate was in the range of the other hap- 
tens measured. Its behavior was not explored at higher 
temperature. 
current instance. The para substituents of 1 and 2 (NO2 
and NHz, respectively), for example, have different 
electronic effects and opposite contributions to the binding 
interactions of the aromatic ring, but  both haptens 
dissociate rapidly relative to other haptens that have either 
an acyl or a thioacyl substituent on the nitrogen. Hence, 
the thioacyl substituent present in the immunogen does 
contribute to the CHA255 binding. Also, the two aceta- 
mides tested dissociate faster than almost all the thio- 
ureas, suggesting that there is some specificity in the 
antibody recognition of the thiourea functionality. 

On the other hand, the antibody binding site apparently 
does not specifically recognize substituents five carbons 
removed from the thiourea functionality of haptens 7-22. 
Compound 19 was prepared to resemble as closely as 
possible the original CHA255 immunogen. The a-N- 
acetyl substituent and the amide derivative of the car- 
boxyl group of 19 mimic the backbone of the immuno- 
gen carrier protein, yet the dissociation rate for 19 is as 
fast or faster than several haptens that have much different 
functionality. For example, compound 9, with only a 
hydrocarbon substituent, has no functionality available 
for binding other than hydrophobic interactions but has 
the same dissociation rate as 19. An explanation for this 
observation may be that the binding site for the original 
immunogen surrounds and includes that which is involved 
with hapten binding but that it does not extend into the 
backbone of the immunizing carrier protein. 

Another discernible relationship between hapten and 
binding site involves charged residues. Comparison of half- 
lives for 14 and 17, which put  opposite charges a t  
approximately the same location, suggest that this region 
of the binding site contains a positive charge. Neu- 
tralization of the positive charge on 17 by acylation (18) 
gives a much slower dissociation rate. Placing the negative 
charge further from the thiourea, as in compounds 15 and 
16, essentially neutralizes the interaction (compound 15 
vs compound 8). Placing the negative charge closer to the 
thiourea (13) may interfere with recognition of the thiourea 
itself. It is possible that the relatively rapid dissociation 
of 20 is due to unfavorable interaction of the hydroxyl 
proton with the positively charged amino acid residue. 

Table V. Curve-Fit Parameters for the Biexponential 
Dissociation Reaction of Eq 7 

E x z /  
no. A f tip, la tllz, 2" parameters 
7b 0.929 (0.005)' 0.10 (0.02) 76 (24) 952 (30) 0.84 

10 0.899 (0.014) 0.30 (0.02) 9.5 (1.3) 113 (7) 0.44 
22 0.966 (0.003) 0.19 (0.05) 81 (19) 624 (79) 0.81 

a Rate constants k-1  and kZ, respectively, expressed as half- 
lives, in minutes. * Compound 7 data were collected at 4 OC; data for 
compounds 10 and 22 were collected at 22 O C .  Numbers in 
parentheses are standard errors for each parameter. 

The nature of the charge environment in the CHA255 
binding site is not clarified by the pH dependence of the 
dissociation half-life (Figure 2). The effect of pH over the 
relatively narrow range from 6.2 to 8.1 is strong and 
unexpectedly complex. It suggests that at least three amino 
acid residues, which change ionization state in the pH range 
6-8, are significantly involved in binding 13. (Compounds 
13 and 20 do not change ionization state in this pH range.) 

The importance of hydrophobic interactions and steric 
crowding in hapten-CHA255 binding are difficult to 
identify. Comparison of the half-lives for 11 and 12 
suggests that steric repulsion in the region close to the 
thiourea has a noticeable effect on the rate, but both 21 
and 22 are bulky in this region yet exhibit very slow 
dissociation at  room temperature (see below). It is likely 
that steric effects that are present are manifest weakly, 
if at  all, in dissociation rates, since once a ligand is bound, 
steric interactions could either hasten or hinder its 
dissociation if conformational changes in the binding site 
must be reversed for dissociation to occur. Nonetheless, 
22 appears to exhibit both the slowest dissociation and the 
highest affinity (data not shown) even though it is highly 
sterically crowded in the area close to the thiourea, which 
is clearly involved in binding. 

In an effort to determine which forces ( 4 )  are primarily 
responsible for the slow dissociation (high affinity) of 
CHA255 and indium-benzyl-EDTA's, half-life meas- 
urements were performed for compound 20 a t  three levels 
of ionic strength and in the presence of a solvent which 
lowers surface tension (Table IV). That ionic strength 
variation causes no variation in dissociation rate is 
surprising since the pH profile implicates charged residues 
in binding. The involvement of van der Waal's forces in 
binding is reflected in the decrease in dissociation half- 
life in the presence of dioxane. However, this does not 
provide a complete explanation for the affinity (19) of the 
antibody for this set of haptens. 

Measurement of the dissociation rate constants for 
selected haptens a t  different temperatures (Tables IV and 
V) shows that even though the rates themselves vary 
significantly (as a function of hapten structure), the 
temperature dependence of the rate constants is re- 
markably similar. The activation enthalpies and entropies 
of the four compounds are experimentally identical, despite 
opposite para-substituent charges (14, 17) and vastly 
different room temperature rate constants (14, 18, 20).3 
The temperature dependence of the rate constants for 7 
appears to parallel 18, 14, 20, and 17. 

The temperature dependence of antibody dissociation 
rate constants is infrequently explicitly measured. The 

The fact that the rate constants are clearly distinguishable 
while the activation parameters are experimentally identical points 
out the precision with which rate constants can be measured. The 
interpretation must be that the activation enthalpies and entropies 
are not identical, but the differences are too small to be easily 
measurable. This is clearly shown in a comparison of the standard 
error for the rate constants and the activation parameters. 
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activation enthalpies measured in this system (-23 kcal/ 
mol) are higher than those reported by Pontarotti et al. 
(- 16.1 and 18.7 kcal/mol; ref 7) for a series of anti- 
vinca antibodies by about 5 kcal/mol. The negligible 
activation entropy (Table 111) may result from a com- 
bination of large opposite terms or may simply suggest that 
the constraint in the transition state resembles that in the 
fully bound complex. I t  does, however, argue against the 
requirement for major antibody conformational changes 
in the dissociation reaction. 

Nonlinear first-order dissociation rate plots for certain 
haptens were disconcerting when first encountered, despite 
a report of a similar finding in kinetic investigation of 
antibody binding to cellular antigens (6) .  Prolonged pre- 
incubation of the complex did not produce linear first- 
order plots, eliminating the possibility that the “secondary 
binding” phenomenon ( 4 )  reported for polyclonal in- 
teractions was responsible. We also increased the buffer 
ionic strength to test the possibility that  nonspecific 
hydrophobic interactions were responsible, but we saw no 
change. Eliminating albumin from the assay made no 
change, and using a larger concentration of excess unla- 
beled hapten also did not produce linear first-order 
dissociation rate plots. 

Curve fits were attempted with several different 
functions. The best fits were of biexponential form (eq 
7). The best fit parameters with their standard errors, for 
the three observed cases, are listed in Table V. Fits that 
were of statistically equivalent quality were obtained with 
a monoexponential function of the form of eq 8. However, 

1 - x = Ae-kf + B (8) 

the values of A and B required by this fit imply that close 
to 50% of the hapten becomes irreversibly bound to the 
antibody. While a covalent reaction may be conceivable 
for 22, it is certainly unlikely for 10 and 7. Furthermore, 
if such a reaction did occur, it would be very difficult to 
explain the return to simple first-order dissociation at  
higher temperature (for 7 and 22). While the relative 
standard error for the curve-fit parameters is large, each 
case suggests a minor fast-dissociating component and a 
major slow-dissociating component. The ratio of the rate 
constants of fast-/slow-dissociating components is constant 
within experimental error, for the three cases. 

The fact that these dissociations were fit by biexpo- 
nential curves offers the explanation that two simultaneous 
first-order dissociations contribute to the observed 
dissociation (see the Experimental Procedures). This 
circumstance would occur if (1) the hapten were impure, 
so that two different labeled haptens dissociated with 
different rate constants (eq 9), (2) two slightly different 

(9) 

forms of antibody binding site released the hapten with 
different rate constants (eq lo), or (3) two conformations 

Ab-H - Ab + H; AM-H - Ab‘ + H (10) 

of the antibody-hapten complex dissociated at different 
rates (eq 11). The first of these possibilities is excluded 

Ab-H - Ab + H; (Ab-H)’ 2 Ab + H (11) 

by analytical data. The second possibility cannot be 
eliminated but seems unlikely since such a small percentage 
of the conditions tested (hapten derivatives X temperature) 

k i  
Ab-H 2 Ab + H; Ab-H’ - Ab + H’ 

ki kz  

k i  
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exhibited the phenomenon. The most likely explanation, 
that two forms of complex exist for these particular hap- 
ten derivatives, also offers a potential explanation for the 
fact that the dissociations become first-order at higher 
temperature: if the two conformations are in equilibrium 
(eq 121, with the proper kinetic barrier to interconver- 

(Ab-H) (Ab-H)’ (12) 

sion, then at  low temperature independent dissociation of 
the two forms should be observed, whereas a t  higher 
temperature, rapid equilibration between the two forms 
should lead to dissociation of an “average” form. However, 
there is no direct evidence for the two-conformation model, 
and there is no clear rationalization for the fact that only 
these particular hapten derivatives bind in more than one 
conformation. 

A hybrid bifunctional antibody has been prepared that 
recognizes the benzyl-EDTA hapten with one binding site 
and the tumor-associated antigen CEA with the other 
binding site. We have found that this antibody causes hap- 
ten derivatives to accumulate a t  CEA-bearing tumor sites 
(3). To show whether the hapten binding site of the 
bifunctional antibody is different from that of its parent, 
CHA255, the dissociation rate constant for compound 17 
was measured with the bifunctional antibody. The room 
temperature complex dissociation half-life with the 
bifunctional antibody is 49.6 f 1.3 min, which is close to 
the value with the parent antibody (45.6 f 0.8 min). This 
result confirms that the binding sites are identical. Thus, 
measurement of a dissociation rate constant with the parent 
antibody appears to yield a value that is representative 
of the bifunctional antibody. 

We have found that the dissociation rate con% ;ant is 
useful for comparing small changes in the interaction 
between a monoclonal antibody and a hapten. Although 
the rate constants cannot be directly related to affinity 
constants, the convenience and precision with which rate 
constants can be measured, as described in this paper, 
makes them attractive indicators of the interaction between 
haptens and antibodies. Also, when considering the 
behavior of a formed hapten-antibody complex under 
conditions of infinite dilution (e.g., in vivo), the dissociation 
rate constant assumes importance independent of affinity. 

Interpreting these relative half-lives based on the 
generalization ( 4 )  that dissociation rates are inversely 
correlated with affinities, we conclude that there is a 
positive charge in a certain location of the binding site, 
and that van der Waal’s forces are more important than 
ionic forces in binding hapten and antibody. In addition, 
questions have emerged about the observed pH dependence 
and the small amount of binding energy that could be 
accounted for by tests for ionic and van der Waals’s 
contribution and by the biexponential rate plots for 
particular hapten derivatives. To test these conclusions 
and answer these questions, the structure of the antibody 
binding site is being investigated through X-ray crystal- 
structure analysis of the complex of CHA255 F(ab)’ with 
selected hapten derivatives. 

ACKNOWLEDGMENT 

We would like to acknowledge contributions to this work 
made by S. Christensen, who performed several of the rate 
determinations and helped with the development of the 
procedure, and T. Battersby and L. Anderson, who 
prepared many of the haptens and performed some of the 
radiolabeling. Also, M. Pellegrino, C. Ahlem, P. Sund- 
strom, and W. Butler provided helpful discussion and 
criticism of the manuscript. 



284 

LITERATURE CITED 

(1) Frincke, J. M., Unger, B. W., Burnett, K., Hersh, E., Rosen- 
blum, M., and Gutterman, G. (1984) Antibody Compositions 
of Therapeutic Agents and Extended Serum Half-life, U.S. Pat. 
Ser. No. 732, 154. 

(2) Frincke, J. M., David, G. S., Bartholomew, R. M., and Meyer, 
D. L. (1986) Antibody Complexes of Hapten-Modified 
Diagnostic or Therapeutic Agents, U S .  Pat. Ser. No. 906,728. 

(3) Anderson, L. D., Meyer, D. L., Battersby, T. R., Frincke, J. 
M., Mackensen, D., Lowe, S., and  Connolly, P. (1988) 
Optimization of Ligand Structure for Imaging with a Bi- 
functional Antibody. J. Nucl. Med. 29, 835. 

(4) Absolom, D. R., and van Oss, C. J. (1987) The Nature of the 
Antigen-Antibody Bond and  t h e  Factors Affecting i ts  
Association and Dissociation. CRC Crit. Rev. Immunol. 6,l-46. 

(5) Birnbaum, D., and Kourilsky, F. M. (1981) Differences in the 
Cell Binding Affinity of a Cross-Reactive Monoclonal Anti- 
Ia Alloantibody in Mice of Different H-2 Haplotypes. Eur. 
J. Immunol. 11,734-738. 

(6) Mason, D. W., and Williams, A. F. (1980) The Kinetics of 
Antibody Binding to Membrane Antigens in Solution and at 
the Cell Surface. Biochem. J. 187, 1-20. 

(7) Pontarotti, P. A., Rahmani, R., Martin, M., and Barbet, J. 
(1985) Monoclonal Antibodies to  Antitumor Vinca Alkaloids: 
Thermodynamics and Kinetics. Mol. Immunol. 22,277-284. 

(8 )  Barbet, J., Rougon-Rapuzzi, G., Cupo, A., and Delaage, M. 
A. (1981) Structural Requirements for Recognition of Vaso- 
pressin by Antibody; Thermodynamics and Kinetic Char- 
acteristics of the Interaction. Mol. Immunol. 18,439-446. 

(9) Denizot, F. C., Hirn, M. H., and Delaage, M. A. (1979) 
Relationship Between Affinity and Kinetics in a Hapten- 
Antibody Reaction. Studies on Anti-Cyclic ATP Antibodies. 
Mol. Immunol. 16, 509-513. 

(10) Hornick, C. L., and Karush, F. (1972) Antibody Affinity- 
111. The Role of Multivalence. Immunochemistry 9,325-340. 

(11) Eisen, H. A. (1974) Immunology. An Introduction to the 
Molecular and Cellular Principles of the Immune Response, 
pp 365,366, Harper and Row Publishers, Incorporated, Hag- 
erstown, MD. 

Bioconjugate Chem., Vol. 1, No. 4, 1990 Meyer et al. 

(12) Froese, A. (1968) Immunochemistry 5, 253-264. 
(13) Kutter, E., and Hansch, C. (1969) The Use of Substituent 

Constants in the Quantitative Treatment of Hapten-Antibody 
Interaction. Arch. Biochem. Biophys. 135, 126-135. 

(14) Hansch, C., and Moser, P. (1978) Structure-Activity 
Relationships in Immunochemistry-The Interaction of Phe- 
nylsuccinanates and Pyridine Haptens with Anti-3-Azopyri- 
dine Antibody. Immunochemistry 15,535-540. 

(15) Hansch, C., Yoshimoto, M., and Doll, M. H. (1976) Structure 
Activity Relationships in Immunochemistry. 4. Inhibition of 
Complement by Benzylpyridinium Ions. On the Predictive 
Value of Correlation Equations. J.  Med. Chem. 19,108!+1093. 

(16) Yoshimoto, M., Hansch, C., and Jow, P. Y. C. (1975) 
Structure Activity Relationships in Immunochemistry. 111. 
Inhibition of Complement by Benzyl Pyridinium Ions. Chem. 
Pharm. Bull. 23,437-444. 

(17) Goodwin, D. A,, Meares, C. F., David, G. F., McTigue, M., 
McCall, M. J., Frincke, J. M., Stone, M. R., Bartholomew, R. 
M., and Leung, J. P. (1986) Monoclonal Antibodies as 
Reversible Equilibrium Carriers of Radiopharmaceuticals. 
Nucl. Med. Biol. 13, 383-391. 

(18) Meares, C. F., McCall, M. J., Reardan, D. J., Goodwin, D. 
A., Diamanti, C. I., and McTigue, M. (1984) Conjugation of 
Antibodies with Bifunctional Chelating Agents: Isothiocy- 
anate and Bromoacetamide Reagents, Methods of Analysis and 
Subsequent Addition of Metal Ions. Anal. Biochem. 142,68-78. 

(19) Reardan, D. J., Meares, C. F., Goodwin, D. A,, McTigue, M., 
David, G. S., Stone, M. R., Leung, J. P., Bartholomew, R. M., 
and Frincke, J. M. (1985) Antibodies Against Metal Che- 
lates. Nature 316, 265-267. 

(20) DeRiemer, L. H., Meares, C. F., Goodwin, D. A., and Dia- 
manti, C. I. (1981) Bledta 11: Synthesis of a New Tumor 
Visualizing Derivative of Co(II1)-Bleomycin. J. Labelled 
Compd. Radiopharm. 18,1517-1534. 

(21) Moore, J. W., and Pearson, R. G. (1981) Kinetics and 
Mechanism, 3rd ed., pp 311-313, John Wiley and Sons, New 
York. 

(22) See ref 21, pp 286-288. 



Bioconjugate Chem. 1990, 1, 285-290 285 

A Conjugate of 5-Fluorouridine-Poly(~-lysine) and an Antibody Reactive 
with Human Colon Carcinoma 
E. Hurwitz,*lt I. Stancovski,+ M. Wilchek,t D. Shouva1,s H. Takahashi,ll J. R. Wands,[/ and M. Sela+ 
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The ribose moiety of 5-fluorouridine (FUR) was oxidized with periodate and the product was bound 
through a poly(L-lysine) bridge to monoclonal antibodies, denoted SF25MAb, reactive with a human 
colon carcinoma LS180. The antibody was linked via its polysaccharide (previously oxidized with pe- 
riodate) to the poly(L-lysine)-drug conjugate. The linking of FUR-poly(L-lysine) to the antibody markedly 
increased the latter's binding to the tumor cells. A relatively lower increase was also observed with 
conjugates of nonrelated antibodies, such as anti-hepatitis B surface antigen and anti-epidermal growth 
factor receptor antibodies. The pharmacological activity of the specific conjugate FUR-poly(L-lysine) 
-SF25MAb was higher than that of the drug-substituted polymer alone. The poly(L-lysine) bridge caused 
toxic effects in vivo, even though substituted both by FUR and by antibody. Therefore, the additional 
unreacted lysyl residues were blocked by succinylation. Partial blocking of free amino groups on the 
conjugate rendered it nontoxic but decreased its cell-binding capacity, though to a level still higher than 
that of the original unmodified antibody. The pharmacological activity of the specific conjugate after 
blocking was also reduced and necessitated prolonged incubation periods or higher concentrations. 
Following periodate oxidation and reduction, FUR was as effective as the clinically preferred compound 
5-fluoro-2'-deoxyuridine in vitro and in vivo, against the LS180 colon carcinoma. Experiments in nude 
mice, with LS180 tumor subcutaneous xenotransplants, showed that FUR-poly(~-lysine)-SF25MAb 
(blocked by succinylation) was not toxic and was effective in the retardation of tumor growth. In a 
metastatic form of the colon carcinoma, the conjugate caused a marginal delay in the median survival 
time as well as the prevention of the development of metastases in a small but consistent number of 
mice. Intraperitoneal injection of the specific conjugate (unblocked by succinylation) was not toxic 
but was also not effective. The drug-substituted polymer (without the antibody) was not therapeutically 
effective in the succinylated form. However, in the unblocked form, it diminished the size of an already 
existing tumor when injected directly into the tumor site. 

INTRODUCTION 
Fluorinated derivatives of uracil, such as 5-fluorou- 

racil (FU) and 5-fluoro-2'-deoxyuridine (FUDR), are 
clinically employed against various tumors, particularly 
against those of the gastrointestinal tract. The ribosy- 
lated derivative of FU, 5-fluorouridine (FUR), is not in use 
primarily because of its greater toxicity (1, 2). 

We have previously demonstrated the binding of peri- 
odate-oxidized FUR through a dextran-hydrazone bridge 
to a murine antibody directed against an experimental B 
cell lymphoma (3). In the following study we have 
employed the same drug derivative, periodate-oxidized 
FUR, conjugating it to a monoclonal antibody directed 
against a human colon carcinoma. The conjugation was 
performed via a poly(L-lysine) (pLys) bridge. pLys was 
extensively employed as a carrier for a variety of anti- 
cancer drugs, such as methotrexate (41, adriamycin, dauno- 
mycin, 6-aminonicotinamide (5, 6), and a derivative of 
FUDR (7). It  was shown to increase the uptake of the 
drugs into tumor cells even in cases in which such entry 
was barred, thereby turning drug-resistant cells t o  

susceptible ones (4 ) .  In addition, pLys was found to be 
effective by itself against certain tumors and was 
demonstrated to be an anticancer agent when used below 
its general cytotoxic range (5). The monoclonal antibody 
SF25MAb, which was originally prepared against a human 
hepatoma (FOCUS), binds to a unique antigen expressed 
on LS180 colon adenocarcinoma cells. The antibody was 
capable of concentrating at the tumor site transplanted 
into nude mice (9). The pharmacological activity of the 
conjugate, as shown by its cytotoxicity to the human colon 
carcinoma cells, is maintained. The antibody-specific 
binding of the conjugate to the relevant tumor cells is 
markedly increased. Polymers of L-lysine were shown to 
cause mortality upon in vivo administration (5, IO), which 
could be prevented by complexing them with heparin (10, 
11). In the following studies FUR-pLys derivatives were 
not toxic when injected intraperitoneally or subcutaneously. 
Intravenous administration of the conjugates caused 
mortality which was prevented by blocking the conjugates 
by succinylation. The in vivo effectivity of FUR-pLys- 
SF25MAb was tested against LS180 colon carcinoma 
transplants in nude mice. 
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EXPERIMENTAL PROCEDURES 
The monoclonal antibody (MAb) reactive with colon 

and hepatocarcinomas, SF25MAb (IgG 11, was previously 
described (8,9). The immunoglobulin was obtained from 
the ascitic fluid of hybridoma-bearing mice by affinity chro- 
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matography on protein A-Sepharose CL-4B (Pharma- 
cia, Uppsala, Sweden) or by precipitation with (NH4)2S04 
at 45% saturation. 

Tumor Line. LS180, a human adenocarcinoma, was 
obtained from the American Type Culture Collection 
(Rockville, MD). The cells were maintained in culture in 
Earl's Modified Eagle's Medium (Gibco, Grand Island, NY) 
supplemented with 10% fetal calf serum (inactivated at  
56 "C). The cells were harvested from the monolayer by 
incubation in a mixture of 0.17 % trypsin and 0.07 % ver- 
sane for 45-60 min (in order to obtain single cell sus- 
pensions). 

Oxidation of 5-Fluorouridine. 5-Fluorouridine (FUR) 
(Sigma, St.  Louis, MO) was oxidized as  previously 
described (3)  with some modifications. Half the equimo- 
lar amounts of sodium metaperiodate (Merck, Darm- 
stadt, West Germany) were added to FUR a t  a final 
concentration of 0.05 M in 0.1 M sodium acetate buffer 
at pH 5.5. The mixture was kept in the dark for 4 h a t  4 
"C. The oxidized compound was lyophilized and then 
extracted with methanol. Residual NaI03 and other salts 
were insoluble in the solvent and the nucleotide was 
separated in the methanolic fraction which was then 
evaporated to dryness. [WHlUridine (25 Ci/mmol, Am- 
ersham Buckinghamshire, England) was oxidized along 
with FUR in order to serve as a marker. The oxidized 
product was identified by thin-layer chromatography in 
silica gel 60 F254 (Merck, Darmstadt, West Germany) in 
ethyl acetate/methanol a t  a ratio of 2:l. The Rf of FUR 
was 0.68, while that of oxidized FUR (FUR(oxi)) was 0.8. 
FUR(oxi) was reduced, for some of the experiments, by 
the addition of equimolar amounts of NaBH4 at a final 
concentration of 0.03 M. The reduced product was 
designated FUR(oxi-red). 

Binding of FUR(oxi) t o  Poly(L-lysine). Poly(L- 
lysine) (pLys) [MW 12 000 (90-mer polymerization degree, 
synthesized at the Weizmann Institute, Rehovot, Israel), 
100 mg] was dissolved in 6 mL of 0.07 M sodium carbonate 
buffer at pH 9.5 and mixed with 80 mg of FUR(oxi) in a 
volume of 2 mL of water. The mixture was left a t  4 "C 
for 72 h. The product was reduced by NaCNBHs (0.9 mL 
of 10 mg/mL in water) in 1 h at  37 "C. Unbound FUR- 
(oxi) was removed by dialysis against water. The degree 
of substitution of FUR(oxi) on pLys was 6-11 mol/mol 
drug to polymer. 

Binding of FUR-pLys to  SF25MAb Antibody. The 
polymer binding to  the antibody was performed as 
previously described (12, 13). Briefly, antibody at  a 
concentration of 5 mg/mL was reacted for 1 h with 10 mM 
NaIo4 in 0.1 M acetate buffer a t  pH 5.5. The oxidation 
was terminated by dialysis against phosphate buffer saline 
(0.15 M NaCl, 0.01 M phosphate buffer, at pH 7.2, PBS). 
The oxidized SF25MAb antibody was diluted to  a 
concentration of 0.9 mg/mL with 0.2 M acetate buffer at 
pH 5.5 in 0.15 M NaCl and mixed into a volume of FUR- 
pLys which contained an excess of 10-20 mol of pLys over 
1 mol of antibody. After 72 h a t  4 "C, the product was 
subjected to fractionation on Sephadex G-100 in order to 
separate any unbound FUR-pLys and FUR from the 
antibody-conjugated polymer (1251-labeled antibody, [3H] - 
FUR-pLys, and [3H]FUR were each applied separately 
for the calibration of the column). Between 67 and 78% 
of the FUR-pLys was conjugated to the antibody in 
different preparations. The antibody content in each 
preparation was determined by the Bradford colorimet- 
ric assay (Bio-Rad, Richmond, CA) and the FUR bound 
was determined by its radioactive label. 

Succinylation of the  FUR-pLys and FUR-pLys- 
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SF25MAb. In order to prevent the in vivo toxicity of the 
pLys derivatives (lethal when injected intravenously), a 
partial succinylation of the compounds was performed. Suc- 
cinic anhydride (25 mg, 0.25 mmol) was dissolved in 1 mL 
of dimethyl sulfoxide and added in small aliquots to FUR- 
pLys or FUR-pLys-SF25MAb (0.11 mmol of pLys) 
solutions, in a total volume of 12 mL. The solution was 
maintained at  pH 8-9 (by sodium carbonate buffer a t  pH 
9.5 at  a final buffer concentration of 0.05-0.1 M). The 
extent of the succinylation was aimed a t  blocking 40- 
50% of the free amino groups in the pLys (calculated 
according to the total amount of pLys in the conjugate). 

Binding of Antibody and  Its Conjugates to  LS180 
Cells. The binding of the SF25 MAb was assayed 
indirectly with 12SI-labeled goat antimouse immunoglo- 
bulin (Ig). The iodination was performed with Iodo Beads 
(Pierce, Rockford, IL) according to the manufacturer's 
instructions. Antibody binding was tested either on live 
LS180 cells in 24-well plates (Nunc, Kamstrup, Denmark) 
(0.5-1 X 105 cells/well, 48 h after plating) or on 0.15% for- 
malin-fixed cells (1 X lo5 cells/well in a 96-well microti- 
ter soft plate) (Dynatech Labs, Alexandria, VA). The 
antibody-containing solution was added to the cells for 1 
h at  24 "C. Then, after three washes, 1251-labeled goat an- 
timouse Ig (1-2 X lo5 cpm/well) was added and the 
mixture was left a t  24 "C for another 1-2 h. In the live- 
cell assay, the cells were washed three times in PBS 
containing 1% BSA and then dissolved in 1 N NaOH and 
transferred into counting vials. In the fixed-cell assay, the 
wells containing the cells were dried, cut, and counted. The 
bound 1251 was determined in a Kontron y-counter 
(Munchenstein, Switzerland). 

Cytotoxic Activity of the  FUR-MAb Conjugates. 
The cytotoxicity of the conjugates was determined by two 
methods. 

(1) Inhibition of [3H]Leucine Incorporation as a 
Measure o f  Protein Synthesis. LS180 cells (5 X lo4/ 
well) were plated in 0.1-mL aliquots on 96-well multiti- 
ter plates (Nunc, Kamstrup, Denmark). The drugs 2'- 
deoxy-5-fluorouridine (FUDR), FUR, FUR(oxi), FUR- 
(oxi-red), and the various FUR(oxi)-polymer derivatives 
were added 4 h later and incubated with the cells for 1-48 
h. The inhibitors were then replaced by fresh medium and 
incubation was continued for another 48 h. Following 
incubation, the medium was replaced by 0.1 mL of PBS 
containing 0.5 pCi of [3H]leucine (Amersham, Bucking- 
hamshire, England) and the plate was reincubated for 4 
h a t  37 "C, after which the labeled cells were detached from 
the wells by the trypsin versane mixture and harvested 
for counting. In experiments where longer periods of 
incubation were required, the drug or its conjugates were 
not replaced with fresh medium for further incubation. 
Incorporated [3Hlleucine was determined in Lumax 
scintillation fluid (Landgraaf, Netherlands) in a /3- 
counter (Kontron, Munchenstein, Switzerland). 

(2) Effect of FUR-pLys Conjugates in a Tumor Colony 
Assay. The colonization assay was peformed according 
to Flentje et al. (14) with some modifications. LS180 cells 
(105) were plated in 0.1 mL of medium per well (round- 
bottom 96-well plate). The derivatives were added in 0.1- 
mL aliquots and the plate was left a t  room temperature 
for 1 h. This was followed by washing and plating of 500- 
2000 cells in 6-cm tissue-culture dishes (Nunc, Kam- 
strup, Denmark). The number of colonies was counted 
after 14 days following fixation with 4% formalin and 
staining with hematoxylin. 

In Vivo Experiments. Athymic BALB/c nu/nu mice 
(4-6 weeks old) were obtained from Bomholtgaard and CD1 
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Figure 1. The activity of the FUR drug family on LS180 cells. 
The drugs, FUR (D), FUR(oxi) (A), FUR(oxi-red) (O), FUDR 
(e), and FU (A), were incubated with LS180 cells for 15 h. This 
was followed by an incubation for 48 h with fresh medium, 
addition of [SHIleucine for 4 h, harvesting, and counting. 

nu/nu mice were from the Weizmann Institute Animal 
Center. LS180 colon carcinoma cells (1-3 X 109 were 
injected subcutaneously (sc). Treatments by the specific 
conjugate FUR-pLys-SF25MAb and various controls were 
started 2-3 days after tumor implantation and repeated 
four or five times, every 3-4 days. Lymph node metasta- 
sis of the colon carcinoma was obtained by the intravenous 
(iv) injection of 2 X 106 LS180 cells, 10 days after the mice 
received 400 rad (cobalt-60) of irradiation. The metastatic 
tumor caused death within about 50 days. Treatments 
were given iv as described above. The results are shown 
as the increase in life span (ILS), namely, the increase in 
the median survival time (MST) of the treated group 
divided by the MST of the placebo-receiving group (X100). 

RESULTS 
FUR, which was used as the reference drug in the 

following studies, was shown to be very inhibitory to LS180 
colon carcinoma cells (Figure 1). The oxidation of FUR, 
which opened its ribosyl sugar to a dialdehyde derivative, 
did not affect its activity. Reduction of the aldehydes to 
alcoholic groups decreased the effectivity of the drug, 
making it comparable to the clinically used compound 
FUDR. Both of them, FUR(oxi-red) and FUDR, were 
about 10 times more effective than 5-fluorouracil (FU), 
which has to undergo metabolic conversions to the active 
substance. 

Preparation of FUR-pLys-MAb Conjugates. FUR- 
(oxi) was bound via its aldehyde groups to the amino groups 
of a pLys backbone. Binding could be performed under 
either acidic (pH 5.5) or basic (pH 9.5) conditions. The 
latter resulted in higher substitution rates. The maximal 
binding of drug to pLys was 11 mol/mol. The antibody 
was bound to the pLys bridge through its periodate- 
oxidized polysaccharide chain. The oxidized SF25MAb 
(obtained under mild oxidation conditions) was unaffected 
in its antigen-binding capacity (Table I). FUR-pLys was 
then linked through residual unsubstituted amino groups 
on the pLys to aldehydic groups on the oxidized SF25MAb. 
The conjugates obtained had a molar ratio of 45-100 mol 
of drug per mol of antibody, linking about 5-9 mol of pLys 
per mol antibody. 

Binding of FUR-pLys-MAb Conjugates to LS180 
Cells. The linking of the drug-pLys bridge to the antibody 
markedly increased its antigen-binding capacity (Table I). 
Since pLys has the capability of sticking nonspecifically 
to molecules and surfaces, the FUR-pLys derivative was 
used as a control in the binding assay to the tumor cells. 

Table I. SF25MAb Binding to LS180 Cells' 
bound cpm 

FUR-pLys-SF25MAb 
anti body SF25MAb un- 
concn, SF25- SF25MAb + succin- succin- 
pg/mL MAb oxidized DMSO ylated ylated 

0.1 1160 NDb NDb 4540 35590 
0.5 4620 NDb NDb 9250 59700 
2.0 8230 6409 8120 14450 81270 

10.0 8620 10654 9092 24010 106970 
25.0 8910 8858 9500 21280 105250 

a SF25MAb alone or after various treatments and conjugation with 
FUR-pLys was added at increasing concentrations to LS180 cells. 
The extent of binding to the cells was assayed indirectly with lZ6I- 
labeled goat antimouse Ig. ND = not determined. 

At  high concentrations of FUR-pLys, equivalent to about 
50 pg/mL pLys, nonspecific binding occurred both to the 
tumor cells and to the second antibody (1251-labeled goat 
antimouse Ig). However, these concentrations were above 
those used with the specific antibody conjugates in the 
binding assay. 

In order to determine whether the linking of FUR- 
pLys to unrelated antibody could also increase nonspecific 
binding to the LS180 tumor cells, two unrelated antibody- 
drug conjugates were prepared: FUR-pLys-monoclonal 
anti-epidermal growth factor (EGF) receptor and anti- 
hepatitis B surface (HBS) MAb. The binding properties 
of the conjugates were compared with those of both 
respective unconjugated antibody and with the conjugated 
specific antibody SF25MAb. LS180 cells were fixed with 
0.15% formaldehyde (conditions which did not affect the 
antibody binding epitope of the cells). Indeed, the pLys 
bridge between drug and antibody increased the non- 
specific attachment of unrelated antibodies to the tumor 
cells. Yet, the increased binding capacity was much higher 
with conjugates of the specific antibody (Figure 2). In order 
to abolish any cytotoxicity by the pLys bridge, additional 
lysyl residues were blocked. This was achieved by treating 
the pLys conjugates a t  pH 8-9 with succinic anhydride, 
in dimethyl sulfoxide. The succinylation procedure 
decreased the conjugates binding capacity, but it was still 
higher than that of the original antibody (Table I). Di- 
methyl sulfoxide mixed with the antibody at  final con- 
centrations of 5% had no effect on its antigen binding 
(Table I). 

Cytotoxic Activity of the FUR-pLys Conjugates. 
The drug activity of the conjugates was tested by inhibition 
of protein synthesis of LS180 colon carcinoma cells. The 
inhibitors were incubated with tumor cells for 15 h. The 
specific conjugate FUR-pLys-SF25MAb was a more 
efficient inhibitor than FUR-pLys (Figure 3). Yet, the 
free drug, FUR(oxi), was a better inhibitor than both 
conjugates. Another control for testing the cytotoxic 
activity of the conjugates was pLys substituted with 
uridylic acid. This conjugate, uridylic acid-pLys, was 
inhibitory only at very high concentration (40 tims higher 
than that needed for 50% inhibition of protein synthesis 
by FUR-pLys-SF25MAb). Succinylation reduced the 
activity of both FUR-pLys and its antibody conjugate and 
completely abolished any activity of uridylic acid-plys. 
Shorter incubation periods with the drug derivatives 
showed similar, only lower, inhibitory effects with all the 
compounds. The assays were performed with tumor cells 
prior to their adherance to the plates since firm surface 
binding reduced the susceptibility to the inhibitory action 
of the drugs. The SF25MAb antibody alone had no 
inhibitory or stimulatory effect on the cells in this assay. 

Inhibition of LS180 Colony Formation by FUR- 
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Figure 2. The binding of FUR-pLys-SF25MAb and FUR- 
pLys bound to control antibodies to LS180 cells. LS180 (5 X lo4) 
cells were fixed with 0.15% formalin in the wells of a multititer 
soft plate. Increasing concentrations of antibodies or their 
derivatives were added for 1 h at 25 "C. The antibody solutions 
were then removed. The wells were washed and incubation with 
125I-labeled goat antimouse followed for 1 h at 25 "C. At the 
termination of the experiment the wells were dried, cut, and 
counted: SF25MAb (A), FUR-pLys-FS25MAb (A), anti-EGF 
receptor MAb (a), FUR-pLys-anti-EGF receptor (m), anti- 
HBS MAb (O) ,  FUR-pLys-anti-HBS (@). 
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Figure 3. The cytotoxic activity of the FUR-pLys-antibody 
derivatives. The experiment was performed as that described 
in Figure 1: FUR-pLys-SF25MAb (A), succinylated FUR- 
pLys-SF25MAb (A), FUR-pLys (@), succinylated FUR-pLys (O), 
uridylic acid-pLys (m), succinylated uridylic acid-pLys (0). 
pLys-SF25MAb. Results describing the effects of the 
specific conjugates and various controls on the colony- 
formation capacity of LS180 cells are given in Table I1 and 
Figure 4. The specific conjugate was a better inhibitor than 
FUDR but was less effective than FUR(oxi-red) and FUR- 
pLys. The succinylated specific conjugate needed slightly 
higher doses for 50% inhibition of colony formation than 
the parent compound FUR-pLys-SF25MAb. A succi- 
nylated nonspecific conjugate with anti-HBS antibody was 
effective only at  10 times higher concentrations. 

In Vivo Therapeutic Effectivity of FUR-pLys- 
SF25MAb. The intravenous injection of FUR-pLys- 
SF25MAb containing 0.5-1 mg of pLys caused immediate 
death. The same dose was not toxic if delivered intraperi- 
toneally. Succinylation of the FUR-pLys derivatives 
enabled us to repeat intravenous injections without causing 
any obvious side effects. The therapeutic effectivity of 
FUR-pLys-SF25MAb (succinylated) on a subcutaneous 

Table 11. Inhibition of LS180 Colony Formation by FUDR, 
FUR(oxi-red). and FUR-DLys-Antibody' 

~~~~ ~ 

concn for 50% inhibn, wg/mL 
compound drug PLYS MAb 

FUR(oxi-red) 0.26 - 
FUDR 1.7 - - 
FUR-pLys-SF25MAb 2.6 11.9 2.9 
FUR-pLys 1.0 7.7 - 

succinylated 3.0 13.7 3.4 
FUR-pLys-SF25MAb 
succinylated 25.0 114.5 28.6 
FUR-pLys-anti-HBS MAb 

LS180 cells were incubated for 1 h with FUR derivatives. Cells 
were washed and plated, and the number of colonies formed was 
counted; after 7 days SF25MAb at a concentration of 12 pg/mL had 
no effect on the clone number. 

- - z loof 
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Figure 4. The inhibition of LS180 tumor cell colony formation 
by FUR-pLys conjugates. LS180 cells (lOs/tube) were treated 
with FUR(oxi) and its antibody derivatives for 1 h at 24 "C. The 
cells were plated after washings at dilutions made to 500 cell/ 
culture dish (triplicates for each treatment). After 14 days the 
number of colonies was counted: FUR(oxi-red) (a), FUDR (O), 
FUR-pLys-SF25MAb (A), succinylated FUR-pLys-SF25MAb 
(A). 
LS180 tumor growth is shown in Figure 5, parts A and B. 
The specific conjugate was compared to  FUR-pLys, 
uridylic acid-pLys, and SF25MAb alone and is significantly 
more effective in retarding the tumor growth than any of 
the controls (Figure 5A). In the experiment described in 
Figure 5B, the controls were FUR-pLys, FUR(oxi-red), 
and a mixture of the specific antibody and the drug. In 
this experiment, the combined effect of the drug and the 
antibody was similar to that of the specific conjugate. The 
in vivo antitumor effectivity of FUR(oxi-red) was 
compared to that  of FUDR. Both showed a similar 
reduction in tumor size as compared to that of the control, 
phosphate-buffered saline (PBS). A total dose of 750 pg 
injected three times intravenously every 3 days from the 
3rd day after the tumor implantation resulted in a tumor 
size reduction to 30% of that of the control. A lower dose 
(375 Fg) was almost ineffective (the experiment was 
performed with CDI nude mice). Succinylated FUR- 
pLys-SF25MAb tested against a metastatic tumor by 
repeated intravenous injections marginally, yet significantly 
(p = 0.005), increased the median survival time (Table 111). 
The effect was only slightly better than that obtained by 
the antibody alone while none of the controls was effective 
(the mice in the metastatic model were CD1 nudes). 
DISCUSSION 

A specific drug-antibody conjugate, FUR-pLys- 
SF25MAb, was prepared. In contrast to a previously used 
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1 and 2) and was appreciably higher than the previously 
prepared conjugate, with a dextran-hydrazide bridge (3). 
The activity of the latter was comparable to that of FU, 
which was the least active (Figure 1). The starting 
compound, FUR, although the most active compound from 
this group of fluorinated nucleotides (Figure l) ,  is not used 
clinically because of its toxicity to many normal tissues. 
Its periodate-oxidized and borohydrate-reduced derivative 
(which was used as the control compound both in vitro 
and in vivo) was similar in its overall activity to the 
clinically most widely used drug, FUDR. FUR(oxi-red) 
was superior to its in vitro cytotoxicity compared to the 
pLys-bound drug derivatives, probably because of its rapid 
penetration into the cells. FUR-pLys-SF25MAb was 
consistently more effective than FUR-pLys, although the 
differences between the two were slight (Figure 3). In vivo, 
FUR-pLys-SF25MAb was toxic when delivered in- 
travenously. Injection as a heparin complex (11) was tried 
yet found to be unsuitable; the complex caused pre- 
cipitations of the material unless minute amounts were 
used. Thus, additional free amino groups on the pLys 
bridge had to be blocked, which was achieved by succi- 
nylation. The blocking process also required reduction of 
the Schiff bases formed between the amino groups of pLys 
and aldehyde groups of the oxidized FUR groups. The 
resulting product was a much slower reacting derivative 
(Figure 4). Total killing of the cells was obtained, but 
longer incubation periods were required. The binding of 
the blocked conjugate to the LS180 cells was similar to 
that of the original antibody (Table I). In vivo, FUR- 
pLys-SF25MAb was effective in the retardation of a 
subcutaneous tumor development (Figure 5). The  
conjugate also caused a small increase in the median 
survival time of a metastatic tumor (Table 111). The 
conjugate was more effective than the antibody or the drug 
alone (Figure 5A). Yet, the effect of the conjugate was not 
superior to that of the mixture of the drug and antibody 
(Figure 5B). FUR-pLys-SF25MAb was not toxic by 
injection intraperitoneally. Yet, delivered by this route, 
the capacity of the conjugate to inhibit the subcutaneous 
tumor growth was not superior to that obtained by the 
antibody alone (data not shown). In conclusion, pLys as 
a bridge produced high substitution rates of drug on 
antibody, and such conjugates showed high cell bindings 
and cytotoxic activities in vitro. In the model animals, 
however, these advantages could not be manifested. In 
the unblocked form, FUR-pLys-SF25MAb delivered in- 
traperitoneally, perhaps because of nonspecific attachment 
of the pLys moiety to other cells of tissues, interfered with 
its tumor-targeting capacity. Succinylated FUR-pLys- 
SF25Mab could be injected intravenously. However, the 
blocked conjugate no longer possessed the original pLys 
qualitites, which made it inhibitory to the cells by its own 
merits and therefore could not show additional activity 
to the combined effects of FUR and the specific antibody. 
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Treatment No. 

B 

T 
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Figure 5. The effect of treatment by succinylated FUR-pLys- 
SF25MAb and control derivatives on LS180 colon carcinoma 
growth in athymic mice (Balb/c nu/nu). (A) LS180 (2 X 106) 
cells were injected sc. The treatment groups were (1) FUR- 
pLys-SF25MAb a t  a total dose of 0.34 mg of FURI1.2 mg of 
pLys/3 mg of SF25MAb, and the controls (2) FUR-pLys, (3) 
uridylic acid-plys, and (4) SF25MAb, a t  the respective doses, 
were injected intravenously on days 3, 7, 10, and 17. Tumor 
weights were determined after 30 days. (B) conditions were the 
same as for A except 3 X 106 LS180 cells were injected and 
treatment groups were (1) FUR-pLys-SF25MAb at a total dose 
of 0.54 mg of FUR/4.4 mg of pLys/2.5 mg of Ab, (2) FUR- 
pLys, (3) FUR(oxi-red), (4) a mixture of FUR(oxi-red) and 
SF25MAb, and (5) phosphate-buffered saline, injected on days 
2,7,9,13, and 16. The statistical analysis was by Anova and Dun- 
can's multiple comparison test (15). 

Table 111. The Effect of FUR pLys-SF25MAb on a 
Metastatic Growth of LS 180 Colon Carcinoma. 

compound MSTb 76 ILS' % survival 
FUR-pLys-SF25MA b 64 28 23 
FUR-pLys-anti-DNP 51 2 0 
FUR(oxi-red) 59 18 0 
FUR-p(Lys) 54 8 10 
SF25MAb 67 34 8 
PBS 50 

Q Results are an average of four experiments with six mice per group 
at  a dose range of FUR 0.5-0.87 mg of FUR/3.5-8 mg of pLys/l.6- 
1.8 mg of Ab. MST = median survival time. ILS = increase in life 
span. 

bridge for the conjugation of FUR to antibody (3), the use 
of pLys enabled high substitution rates (45-100 mol/ 
mol). In addition, it was anticipated that such a bridge, 
capable by itself to be active against tumors (5) ,  could add 
to the overall effectivity of the product. In vitro, this 
conjugate was indeed very active both in its binding 
capacity to the target cells and its cytotoxic effect. Poly- 
(L-lysine)-containing antibody conjugates, regardless of the 
antibody specificity, always showed increased level of 
nonspecific binding to the cells tested. Yet, the relative 
increase was much higher with an antibody which 
recognized and bound to  the pertinent cells, colon 
carcinoma LS180 (Table I ,  Figure 2). The in vitro 
chemotherapeutic activity of the specific conjugate was 
comparable to that of FUDR and FUR(oxi-red) (Figures 
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Succinylated Polylysine as a Possible Link between an Antibody 
Molecule and Deferoxamine 
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Modification of antibodies with chelating polymers may be helpful for radioimmunoimaging, radio- 
immunotherapy, and NMR tomography. Succinylated polylysine was activated with carbodiimidel 
N-hydroxysulfosuccinimide in dimethyl sulfoxide and isolated as a dry solid. Sulfosuccinimide- 
esterified polymer was used for the two-stage coupling of an amino-containing chelating agent (defer- 
oxamine) to monoclonal RllDlO (IgG) or its Fab fragment. Conjugates were separated from free 
components by using gel-chromatography and anion-exchange chromatography. Antibody-coupling 
efficiency and the loss of its immunoreactivity upon modification have been studied for polymers with 
different deferoxamine content. Specific binding of 67Ga to the corresponding antigen via the conjugate 
has been demonstrated. 

INTRODUCTION 
Different monoclonal antibodies are already used in ra- 

dioimmunoscintigraphy for the noninvasive diagnosis of 
tumors ( I ) ,  necrotic tissues (21, and thrombi (3). Usually 
it takes 24-48 h to achieve sufficiently high target-to- 
background ratio because of slow antibody clearance and 
relatively high nonspecific binding with nontarget tissues 
(4).  Different approaches have been developed to shorten 
the time of diagnostic procedures (5-7). Thus, for example, 
Fab fragments of antibodies with relatively low molecular 
weight have been used for this purpose (4). 

We have recently shown that the time interval for 
diagnosis of experimental myocardial infarction in a canine 
model can be significantly shortened (up to 3-4 h), when 
lllIn-labeled anticardiac myosin RllDlO Fab coupled to 
a highly negatively charged chelating polymer is used (8). 
The approach decreased the background radioactivity in 
normal myocardium and in nontarget organs such as liver 
and kidneys, thus  enhancing myocardial infarct  
visualization. 

The same approach may be very useful for obtaining 
diagnostic images in a few hours after administration of 
any preparation labeled with short-lived isotopes, which 
can be used both for radioimmunoimaging (llamIn) and 
for positron tomography (88Ga). 

The most popular chelating agent for different isotopes 
of Ga is deferoxamine (DFA) (9, IO). The major object 
of the present paper is the development of the convenient 
and reliable method of DFA conjugation with antibodies 
via polymer with the express purpose to  prepare Ga- 
labeled negatively charged polymeric conjugates of 
antibodies. In our experiments we have used s7Ga instead 
of 6sGa: the latter isotope has very short half-period and 
is not too convenient to work with. 

When developing the method for the preparation of 
polymeric conjugates of antibodies with DFA, we also kept 
in mind that the direct labeling of protein with DFA can 
cause antibody inactivation (10). Modification of an 
antibody with a chelating polymer can allow the coupling 
(without loss of its immunoreactivity) of many more che- 
lating units (and, consequently, metal atoms) than is 
possible by direct modification with low molecular weight 
chelators. This aspect is especially important for immu- 
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nocontrast in NMR tomography (11) and for radioimmu- 
notherapy (12). 

EXPERIMENTAL PROCEDURES 
Monoclonal anticardiac myosin antibody RllDlO was 

prepared by the method described by Khaw et al. (2). The 
purified antibody was then treated with papain (13) to 
produce the Fab. 

Preparation of Succinylated Polylysine (PLS).l To 
prepare PLS, dry succinic anhydride (70 mg) was added 
with stirring to a PL bromide (Sigma, MW 17000,20 mg) 
solution in 2 mL of 0.1 M carbonate buffer, pH 8.0. The 
pH was continuously adjusted to 8.0 with concentrated 
NaOH solution. T h e  degree of P L  amino group 
modification was controlled by spectrophotometric amino 
group titration with TNBS (14). 

The PLS solution was extensively dialyzed against water. 
The solution after dialysis was acidified with 1 N HC1 to 
pH 3.0 to precipitate the free PLS acid. The suspension 
obtained was lyophilyzed. Yield: 19 mg. 

Preparation of the SSI Ester of PLS (PLS Ester). 
PLS was dissolved in dry DMSO up to the concentration 
of 40 mg/mL. A DMSO solution (46 pL) of HSSI (1.84 
mg, 8.5 pmol) and 40 pL of a DMSO solution of EDC (1.6 
mg, 8.4 pmol) were subsequently added to 100 pL of a PLS 
solution (4 mg, 18 pmol of monomer units) a t  25 "C. The 
mixture was incubated for 1.5 h. Then the activated 
polymer was precipitated with dry ethanol (2 mL). After 
centrifugation and ethanol evaporation under an argon 
stream, the PLS ester was isolated as a white solid. Yield: 
3.5 mg. 

Assay for the Active Ester Content of the PLS 
Ester. The PLS ester was dissolved in DMSO up to a 
concentration of 20 mg/mL. A l-pL portion of this solution 
was added to 350 pL of 0.1 M borate buffer, pH 8.0; the 
rate of N-hydroxysulfosuccinimide appearance was 
followed spectrophotometrically a t  259 nm at  25 "C. After 
the reaction was completed (-60 min) and the increase 
in the absorbance leveled off, the active ester concentration 

1 Abbreviations: DFA, deferoxamine (mesylate); PL, poly- 
lysine; PLS, succinylated polylysine; EDC, l-ethyl-3-[3'- 
(dimethylamino)propyl]carbodiimide; HSSI, N-hydroxysulfo- 
succinimide; AEC, anion-exchange chromatography; TNBS, tri- 
nitrobenzenesulfonic acid; TEA, triethylamine; BAC, biologically 
active compound. 
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Chart I. Structure of PLS-DFA Ester 1 2  3 4 5 6 7 8 9 1 0 1 1 l i  

NH NH NH 
I I I 
c=o c=o c=o 

I I I 
0 0 0- 
I I 

NH 

oQ:o; A 
HO 0 

I I I  
R = -(CH,),N-C(CH,),CONH(CH,),- 

-N-C(CH2)2CQNH(CH,)SN-CCH3 
I I I  

HO 0 
I II 

HO 0 

was calculated with €259 = 7500 M-l cm-l (our data). 

the PLS ester, the following equations were used: 
To calculate the percent of esterified COOH group in 

220an + 413(1- a)n = 20 

an  = [ester] (1) 
where 220 and 413 are the molecular weights of nonest- 
erified and esterified monomer units, respectively; n is the 
total amount of moles of monomer units per liter; a is the 
ratio of DFA-modified monomer units to the total number 
of monomer units; and 20 is the amount of PLS ester per 
liter in grams. 

Preparation of DFA-Modified PLS Ester (PLS- 
DFA Ester) and its Conjugate with Antibodies. 
Different volumes of DFA solution in DMSO (1-4 pL, 
0.036-0.14 pmol, concentration 24 mg/mL) were added to 
5 pL of a PLS ester solution in DMSO (100 pg, 0.15 pmol) 
of SSI-esterified units). The mixture was incubated for 
1 h at  25 "C in the presence of triethylamine (TEA; molar 
ratio TEA/DFA = 1:l). 

The coupling efficiency of DFA was estimated following 
spectrophotometric titration of primary amino groups with 
TNBS. Briefly, a 1-pL aliquot of the reaction mixture was 
mixed with 300 pL of 0.05 M borate buffer, pH 9.2, and 
150 pL of a TNBS solution in water (2 mg/mL) was then 
added. After 1-h incubation, 150 pL of 2 M NaH2P04 
solution, containing 2.3 mg/mL of Na2S03, was added into 
the system, and the optical density (OD) at 420 nm was 
measured. 

The reaction mixture obtained was quickly added to an 
antibody solution in 0.065-0.1 M borate buffer, pH 8.0 (1-2 
mg protein/mL), and incubated for 3-4 h a t  25 "C. Then 
the solution was centrifugated and dialyzed against water 
(before gel electrophoresis), 0.05 M phosphate buffer, pH 
6.0 (before AEC on DEAE-Sephadex A-25), or 0.05 M PBS, 
pH 7.5 (before 67Ga-labeling and GC). 

Assay of PLS-DEA-Antibody Conjugates. 1. SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) under 
nonreducing and reducing conditions (15) has been used 
to evaluate the ability of polymers with different DFA 
content to be coupled with antibody molecules. Reaction 
mixtures after PLS-DFA-antibody conjugation and dialysis 
of the mixture obtained against water have been used for 

2. AEC on DEAE-Sephadex A-25 has been used for 
separating free antibodies from conjugates and free 
polymers. A 2-mL column of DEAE-Sephadex A-25 was 
equilibrated with 0.05 M phosphate buffer, pH 6.0. Then 

SDS-PAGE. 
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Figure 1. 10 % SDS-polyacrylamide gel electrophoresis in 
reducing and nonreducing conditions of RllDlO Fab, modified 
with PLS ester (1,7), PLS-DFA11 ester (2,8), PLS-DFA23 ester 
(3,9), PLS-DF& ester (4, lo), PLS-DF& ester (5, ll), and PLS- 
DFA55 ester (conditional designation; 6,12). Samples were (1- 
6) or were not (7-12) reduced with dithiothreitol. The positions 
of molecular weight markers are indicated along the right side 
of the gel. 
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Figure 2. AEC on DEAE-Sephadex A-25 (1 X 2 cm): (0 )  
RllDlO IgG; (A, 0) reaction mixtures after conjugation of 
Rl lDlO IgG with PLS-DFAII ester and PLS-DFAS~ ester, 
respectively. Conditions: start buffer, 0.05 M sodium phosphate, 
pH 6.0; step gradient, 0.05 M sodium phosphate + 0.95 M sodium 
chloride, pH 6.0; Vf, = 2 mL. 
the reaction mixture after dialysis containing all three 
species was loaded onto the column and eluted with 4 
column volumes of the equilibrating buffer. Free Fab or 
IgG was eluted in the wash. The mixture of PLS-DFA- 
antibody and PLS-DFA was then eluted with a 1 M step 
gradient, containing 0.05 M sodium phosphate + 0.95 M 
NaC1, pH 6.0 (see Figure 2). Antibody concentration in 
fractions was estimated with the Bio-Rad protein assay 
reagent (polymer does not influence the results obtained). 
The immunoreactivity of antibody in conjugates was then 
determined by using a solid-phase radioimmunoassay (2). 

3. GC on Sephadex G-75 or G-100 was used to estimate 
the coupling efficiency of polymer to Rl lDlO Fab or 
RllDlO IgG, respectively. This was done after labeling 
of the dialyzed reaction mixture with 67Ga in 0.05 M PBS, 
pH 7.5, for 2-3 h. 

Isolation, Labeling, and Assay of Pure PLS-DFA- 
Antibody Conjugates. The isolation of conjugates was 
performed by using a two-step purification procedure 
including (I) GC on Sephadex G-75 (for Fab-based 
conjugate) or G-100 (for IgG-based conjugate), allowing 
the separation of free polymer from the mixture of free 
antibodies and conjugate; and (2) AEC on DEAE- 
Sephadex A-25, allowing the separation of free antibodies 
from the conjugate (see Figure 2 for the illustration). 



Antibody-Deferoxamine Conjugate 

The labeling of purified conjugates with 67Ga was 
performed for 2-3 h in eluent buffer, its pH being adjusted 
to  7.5, with fresh [67Ga]gallium citrate. After the 
separation of nonbound 67Ga with a PD-10 column of 
Sephadex G-50, the conjugate was subjected to direct solid- 
phase radioimmunoassay (2). Specific radioactivities of 
the labeled IgG- and Fab-based conjugates were close to 
each other and equal to 1 mCi/mg of protein. 

RESULTS 
Spectrophotometrically it was shown that the PLS ester 

solution in DMSO (20 mg/mL) contained 29 mM ester 
groups. From th i s  value and  eq 1 given in the  
Experimental Procedures, it was calculated that 45 % of 
PLS ester monomer units were esterified and were present 
as the SSI ester. 

The titration of DFA amino groups with TNBS has 
shown that the coupling efficiency of DFA with the PLS 
ester exceeds 95%, when ester groups are present in molar 
excess with respect to DFA. This condition corresponds 
to the following ratio between DFA and the PLS ester: 
94 pg of DFA/100 pg of PLS ester (145 nm of active ester 
groups). 

Polymers with different DFA-content were designated 
according to the molar percent of DFA-containing units 
in the polymer chain. For example, polymer obtained at  
DFA/PLS ester weight ratio 48/100 contains -23% of 
DFA-containing units and was designated as PLS- 
DFA23 ester. 

Despite the high yield of the coupling reaction between 
DFA and the PLS-ester, the labeling efficiency of PLS- 
DFA with 67Ga is very low, if nonbound DFA is not 
separated from the polymer prior to labeling. For example, 
when adding 48 pg of DFA to a DMSO solution containing 
100 pg of PLS, ca. 95% of DFA is bound to PLS. A t  the 
same time, the efficiency of the labeling with 67Ga of non- 
dialized PLS-DFA thus obtained is just ca. 5 ?4 . The strong 
effect of free DFA can probably be explained by the 
preferential binding of 67Ga to free DFA molecules, which 
are not sterically hindered. After separating free DFA by 
dialysis, the efficiency of labeling the polymer with e7Ga 
was about 90%. 

The increase in DFA content in the PLS-DFA ester 
reagent drastically reduced the ability of polymer to couple 
with an antibody molecule. SDS-PAGE pattern of the 
reaction mixtures after dialysis (see Figure 1) demonstrates 
this trend for the coupling reaction between different PLS- 
DFA esters and RllDlO Fab. From this pattern one can 
see that the most intensively stained bands from the 
conjugates (see columns 2-4) correspond to the molecular 
weight (MW) just above 5oo00, i.e. to the conjugate of Fab 
R11D10-PLS-DFA type with the average molar polymer- 
to-antibody ratio of 1:l. Two closely situated bands with 
the approximate MW 25000 (columns 1-6) correspond to 
the single chains of reduced Fab, whereas the intensively 
stained band with MW 50000 corresponds to the whole 
nonreduced Fab. 

The same trend of decreasing the coupling efficiency of 
a polymer resulting from the increase in its DFA content 
can be demonstrated by AEC of reaction mixtures 
containing both the conjugate PLS-DFA-antibody and free 
components on DEAE-Sephadex A-25. Figure 2 shows the 
difference between AEC profiles for free RllDlO IgG and 
reaction mixtures obtained upon its conjugation with PLS- 
DFA ester containing different amounts of DFA. A similar 
picture was observed when RllDlO Fab was used instead 
of RllDlO IgG. 

Direct evidence for conjugate formation between the 
antibody molecule and a PLS-DFA ester has been obtained 
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Figure 3. GC on Sephadex G-75 (A) or G-100 (B) (1 X 25 cm): 
A, (A) reaction mixture after conjugation of PLS-DFA11 ester 
with Rl lDlO Fab and its 67Ga-labeling; B, (A) purified 67Ga- 
labeled RllDlO Fab-PLS-DFA11; A and B, (0) 67Ga-labeled PLS- 
DFA11; Vf, = 0.6 mL; eluent, 0.05 M acetate + 0.15 M NaCl, pH 
6.5. 

with GC on Sephadex G-75 or G-100 (see Figure 3). When 
performing GC of RllDlO IgG conjugate on a Sephadex 
G-100 column, the peaks’ separation was practically 
complete, whereas chromatographic peaks (Sephadex G-75) 
corresponding to RllDlO Fab conjugate and free PLS- 
DFA partially overlapped. Nevertheless, even in the latter 
case the pooling of fractions 11-14 (Figure 3a) allowed the 
separation of almost all of the free polymer from the 
conjugate. The absence of the free polymer in the RllDlO 
Fab-PLS-DFAll has been demonstrated after labeling of 
the purified conjugate with 67Ga and GC of the labeled 
sample on Sephadex G-100 (see Figure 3b). 

The immunoreactivity was estimated for conjugates 
derived from PLS-DFA esters with different DFA content. 
Fractions eluted from DEAE-Sephadex with a 1 M step 
gradient (see Figure 2) were used for immunoreactivity 
tests. 

As one can see from Figure 4, there is some loss of im- 
munoreactivity upon conjugation for both RllDlO Fab and 
RllDlO IgG. Intact antibodies denature to a lesser extent 
than do their fragments. DFA content in the polymer has 
some effect on the immunoreactivity of the conjugated 
antibody in the case of RllDlO Fab, but not RllDlO IgG. 
The higher the content of DFA residues in the PLS- 
DFA ester is, the better the preservation of immunore- 
activity of RllDlO Fab upon conjugation. But even for 
PLS-DFA23 ester, 15-25-fold loss of Fab immunoreactiv- 
ity is observed. The loss of whole IgG immunoreactivity 
upon the conjugation with PLS-DFA11 ester is less than 

Despite some loss of antigen-binding activity, conjugated 
antibodies retain the capacity for specific delivery of 67Ga 
to myosin-coated microtiter wells. Figure 5 shows an 
increase in the binding of 67Ga-labeled RllDlO Fab-PLS- 
DFA11, whereas 67Ga-labeled RllDlO IgG-PLS-DFA11 at  

4-5-fold. 
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Figure 4. Solid-phase radioimmunoassay of RllDlO Fab (A) 
and RllDlO IgG (B): (0) nonmodified antibodies; antibodies 
conjugated with PLS-DFA11 (A), PLS-DFAzs (m), PLS-DFA35 
(v). C is the protein concentration in the well. 
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Figure 5. Comparative binding to myosin-coated microtiter wells 
of serial dilutions of 67Ga-RllDlO Fab-PLS-DFAll(0) and 67Ga- 
RllDlO IgG-PLS-DFAll (A), and (0) binding of 67Ga-RllDlO 
IgG-PLS-DFAI1 t o  BSA-coated wells. C is the protein 
concentration in the well. 

the same protein concentrations demonstrates binding 
saturation. This is not surprising taking into account that 
Fab immunoreactivity in the conjugate is less than that 
of IgG. 

DISCUSSION 
The use of polymers capable of carrying a large number 

of chelating groups for the modification of antibodies (and 
other proteins) via a limited number of reactive amino acid 
residues has already been described by us and other authors 
(1 7-20). Two principal approaches were developed: the 
direct binding of the chelating polymer with an antibody 
(1 7,18) or the binding of the chelating polymer with an 
antibody via a nonchelating polymer which is used as a 
link between the protein molecule and chelating agents 
(19). Thus, following the latter approach, Yamamoto et 

al. prepared a conjugate between DFA, dialdehyde starch, 
and fibrinogen (21). However, Shiff base formation in the 
aqueous media used (21) has some disadvantages from the 
chemical point of view. This reaction is relatively slow and 
it is hardly possible to control the number of DFA residues 
introduced into the polymeric chain. Besides, dialde- 
hyde starch at  physiological pH is practically a neutral 
polymer and cannot be used for charge modification of an 
antibody, which is often desirable (8). 

One of the most reliable and convenient methods of 
amino group modification is the use of N-hydroxysuccin- 
imide ester groups. On the other hand, polymer carriers 
based on polylysine are known to be nontoxic and 
biodegradable and were used earlier for the preparation 
of polymeric forms of biologically active substances (BAS) 
(22). PL derivatives such as PLS have a net negative 
charge. Therefore we decided to use PLS with an active 
ester groups as a polymer link. 

The method of PLS activation in organic solvent 
(DMSO) suggested in this paper allows isolation of the 
activated polymer, containing approximately 50% of SSI 
esterified units, as a dry, white solid (HSSI was used 
instead of N-hydroxysuccinimide because PLS activated 
with EDCIN-hydroxysuccinimide is not soluble in water). 
As far as we know, this approach to the activation of 
COOH-containing carriers for BAC has not been previously 
described. In our earlier work the activation of a COOH- 
containing polymer based on polylysine and DTPA with 
HSSI/EDC mixture was performed in an aqueous medium 
(20). In this case, however, to decrease the degree of 
protein (R11D10 Fab) inactivation upon modification, one 
had to separate the activated polymer from free EDC by, 
for example, centrifugation in minicolumns (8). 

Another approach to the introduction of succinimide 
esters into a polymeric chain is copolymerization of the 
corresponding monomers, such as acrylamide and N-acryl- 
oyloxysuccinimide (23). However, this approach results 
in the formation of acrylic polymers which are not 
biodegradable and therefore less preferable as compared 
with PLS. 

The active groups of a PLS ester can react with amine- 
containing compounds in DMSO, providing an equimo- 
lar (with regard to amino groups) amount of TEA is present 
in the  solution. We have shown tha t  under these 
conditions the reaction between DFA mesylate and PLS 
ester proceeds practically quantitatively within 1 h. 
Residual active ester groups of the  polymer can 
subsequently react with the amino groups of a protein after 
the formation of a PLS-DFA ester is completed. This 
allows the use of a PLS ester as a polymeric link in the 
two-stage coupling of DFA to protein molecules. 

Upon modification of 11 % of PLS ester (MW -20 kDa) 
units a polymer with 10 DFA residues per single polymeric 
chain can be obtained. Subsequently, the corresponding 
PLS-DFA11 ester in the second stage modifies -50% of 
RllDlO Fab (Figure 1) and -60% of RllDlO IgG (Figure 
2); the initial polymer-to-protein ratios (w/w) in the 
reaction mixtures being 1:l and 1:2, respectively. From 
the electrophoresis patterns, the average composition of 
the Fab-polymer conjugate can be estimated as 1:l. Hence, 
the average number of DFA residues per protein molecule 
in such conjugates is about 10. The 2-3-fold increase of 
DFA content in the polymeric chain results in a drastic 
reduction of the polymer coupling yield during its 
conjugation with an antibody but has only slight effect on 
the immunoreactivity of conjugated antibodies. Figure 4 
demonstrates this effect for the case of R11D10-Fab: the 
higher the number of DFA residues in the polymeric chain 
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is, the  higher the immunoreactivity of the conjugated Fab. 
Such effects can be regarded as a feature of the polymeric 
link, which permits a n  increase in antibody substitution 
with chelating groups, without inactivation. When using 
low molecular weight chelators, such as DTPA derivatives 
(24) and DFA (25), an increase in the  number of chelat- 
ing groups per protein molecule results in a reduction of 
the  immunoreactivity of the modified antibodies. 

T h e  approach developed in this paper can also be used 
for the conjugation of proteins with other amine-containing 
chelating agents and is applicable t o  the  binding a wide 
spectrum of different heavy metal ions. Among such 
chelators are (S)-p-aminobenzyl-EDTA (26), C-1-(p- 
aminobenzy1)-DTPA (27), 6-(p-aminobenzyl)-l,4,8,11- 
tetraazacyclotetradecane-N,”~~-tetraacetic acid (a), 
etc. Thus ,  a-, P-, and y-isotopes of heavy metals can be 
tightly bound to antibody molecules by using this approach. 
We hope that these conjugates of antibodies with negatively 
charged polymers will demonstrate reduced nontarget 
organ activity and find application both for radioimmu- 
noimaging, positron tomography, and radioimmunother- 
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The intensive use of cleavable cross-linking reagents to study macromolecular biological interactions 
has shown a demand for optimizing these reagents in such a way that the involved macromolecules remain 
intact. The present work focuses on the development of selenium linkers that  are cleavable by mild 
oxidation. The efficiency of cross-linking and subsequent cross-linker cleavage with a new series of 
such homo- or heterobifunctional cross-linking reagents have been tested in a simple model system, 
consisting of albumin and cytochrome c. Resultant, or residual, covalent complex formation is examined 
by SDS-polyacrylamide gel electrophoresis. From this work it can be concluded that diallyl selenides 
are readily cleaved by mild oxidation, whereas dialkyl selenides and benzyl alkyl selenides can only be 
cleaved when the alkyl part of the selenide has an electron-withdrawing group next to the @-carbon 
from selenium. 

INTRODUCTION 

Bifunctional cross-linking reagents are important tools 
for studying molecular interactions between biological 
macromolecules (Lundblad & Noyes, 1984; Ji, 1983; Peters 
& Richards, 1977; Bayley & Knowles, 1977; Buchardt e t  
al., 1989). They allow two-step reactions whereby the 
interaction between various biological entities can be 
examined. 

Such reagents must contain some or all of the following 
components (Scheme I): (a) two different reactive probes 
(P1 and P2) (when one of the probes can be activated pho- 
tochemically, such reagents allow examination of temporal 
sequences in dynamic macromolecular interactions 
(Wisnieski & Bramhall, 1981; Ishida et  al. 1983)); (b) a 
linker which preferentially contains a cleavable site (-X-); 
and (c) a label (-L-) for detecting cross-linker-modified 
(entities in) macromolecules and their complexes, as well 
as allowing their quantification. In Scheme I this is 
illustrated: A biomolecule M1 is modified via P1. Upon 
interaction of the modified M1 with biomolecule M2 and 
irradiation, M1 and M2 are crosslinked via the photo- 
probe P2. Subsequent cleavage results in label transfer 
to M2 (Maassen, 1979; Schwartz et al., 1982). 

Cleavability has so far mainly been obtained with -S-S-, 
1,2-diol, azo-, or ester linkages (Ji & Ji ,  1989). Most 
recently, reagents containing acetals, which are cleaved by 
treatment with mild acid, have been prepared (Srinivasa- 
char & Neville, 1989). However, the cleavage of con- 
ventional linkers is often deleterious to  the modified 
macromolecules. For instance, the molecular structure of 
many proteins is lost when -S-S- bridges are cleaved 
(reduction). Thus novel types of cleavable linkers are 
warranted, and in this paper we present some results with 
selenium containing linkers. 

The basic idea behind the synthesis of selenide con- 
taining linkers (selenium bridges) is that selenides can 
easily be oxidized to yield selenoxides. These oxides are 
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labile at room temperature and react intramolecularly by 
@-elimination or rearrangement to cause cleavage of the 
linker. The mild oxidation necessary to  initiate this 
reaction is in many cases less deleterious to  protein 
structure and activity than alternative procedures (e.g. 
reduction or hydrolysis). 

Selenoxide chemistry has been used in a number of 
different systems (Sharpless & Lauer, 1973; Sharpless et 
al., 1973; Reich, 1987; 1979; Liotta, 1984), e.g., in double 
bond precursors in the synthesis of natural products 
(Grieco et al., 1975; 1976). The necessary elimination/ 
rearrangement reactions have usually been carried out in 
aprotic organic solvents, and the selenides are typically 
oxidized with potent oxidants such as hydrogen peroxide, 
ozone, organic peracids, or periodate. 

In order to study the behavior of selenium bridges in 
protein systems, we have prepared a series of different se- 
lenide containing reagents (Table I). Most of the reagents 
are homobifunctional with amino specific N-hydroxysuc- 
cinimide thermoprobes (1-8). However, we have also 
prepared two heterobifunctional reagents (9, 10) on the 
basis of the well-known 4-azidobenzoyl photoprobes (Lun- 
dblad & Noyes, 1984; Ji, 1983; Peters & Richards, 1977; 
Buchardt et al., 1984; 1989). Upon photolysis of the azide, 
the generated excited singlet loses nitrogen and ring 
expands to a dehydroazepine (Nielsen & Buchardt, 1982; 
Shields e t  al., 1987; 1988). The dehydroazepine reacts 
further by addition of nucleophilic groups such as mer- 
capto, amino, or hydroxy. Besides this, which causes cross- 
linking, other reactions can occur (Nielsen & Buchardt, 
1982; Shields et al., 1987). 
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Table I 
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a Designations are as follows: efficient (++), observable (+), absent 
(-). 

The compounds were tested in a model system, con- 
sisting of cytochrome c (from equine mitochondria) which 
is a basic protein (pZ 10.7) with a positive net charge at 
neutral pH, and albumin (from human serum), which is 
negatively charged a t  neutral pH (PI 4.7-5.5). Their 
electrostatic interaction at low ionic strength has previously 
been demonstrated (Buchardt et al., 1986). N-Chloroben- 

Scheme 11. 

I H O O C ~ S e ~ C O O H  
'' NaBH, 2, B r W C O O .  

31 H+ I 

') NaBH, x~cHz)ncoo' HOOC(CH2),Se(CH2),COOH 
31 H* \ 

" NsBHd '1 Se 

3, X(Cl+)mCoo' H' 
- HOOC(CH2),SeSe(CH2),COOH 

a X = C1, Br; n = 1,2; m = 2,3. 

zenesulfonamide (chloramine-T) immobilized on poly- 
styrene beads (Iodo-Beads) was used as the oxidizing 
reagent. 

EXPERIMENTAL PROCEDURES 
Chemistry. Chemicals for synthesis were commercially 

available from FLUKA and/or EGA. lH and "Se NMR 
spectra were recorded on a JEOL FX 9OQ spectrometer 
(90 MHz) and mass spectra on a Masslab VG 12-250 
instrument. Elemental analyses were performed on a Per- 
kin-Elmer 240 elemental analyzer. Melting points were 
recorded on a Buchi apparatus and are uncorrected. 

The introduction of selenium into organic molecules was 
done by substitution of halogen by reduced selenium 
species. The preferred way to produce selenium nucleo- 
philes was analogous to the Klayman and Griffin procedure 
(Klayman & Griffin, 1973), reduction of elementary 
selenium in water by sodium borohydride (Scheme 11). This 
worked out well when the selenium anions were subjected 
to sufficiently reactive molecules: (A) allylic bromo 
compounds (e.g. 4-bromocrotonic acid), (B) short- 
chained bromo compounds (e.g. 3-bromopropanoic acid), 
or (C) activated short-chained chloro compounds (e.g. 2- 
chloroacetic acid). Diselenides, in contrast to the cor- 
responding monoselenides, substitute chlorine in less 
reactive molecules (e.g. 4-chlorobutanoic acid) due to their 
enhanced nucleophilicity. 

The Klayman and Griffin condition (sodium borohy- 
dride reductions in protic solvents) lowers the nucleo- 
philicity of selenium anions, due to the formation of boron 
complexes of the selenium anions and strong solvation of 
these (Liotta e t  al., 1977; 1981; Liotta & Santiesteban, 
1977). However, the reduction is very easy and quick to 
perform, and should be considered when the reaction 
conditions are suitable. 

Substitution of nonactivated chlorine by monose- 
lenides (e.g., in 4-chlorobutyronitrile) requires activation 
of the selenium species. This can be done by reducing 
elementary selenium with sodium in liquid ammonia (Age- 
nlis & Lindgren, 1969; Fredga & Bendz 1949). These non- 
complexed selenide ions are very powerful nucleophiles 
and readily substitute any aliphatic halogen (Scheme 11). 

The asymmetric selenides were prepared by reducing 
diselenides and subjecting these to subsequent reaction 
with electrophiles (Scheme 111). 4-(Bromomethyl)-3- 
nitrobenzoic acid and 4-azidophenacyl bromide were 
prepared according to the literature (Hixton & Hixton, 
1975; Hepher & Wagner, 1962; Rich & Gurwara, 1975). The 
amino group specific N-hydroxysuccinimide esters were 
prepared from the corresponding acids by standard 
procedures (Scheme IV). 

Synthesis. Compounds 1 and 2 were prepared anal- 
ogously to Buchardt et al., 1986. I t  was found that 1 and 
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2 were more conveniently purified by using ethanol in the 
recrystallization step. 
3,3'-Diselenodipropanoic Acid. Selenium (3.0 g, 38 

mmol) was suspended in degassed water (25 mL). Sodium 
borohydride (3.0 g, 79 mmol) was dissolved in degassed 
water (25 mL) and gradually added to the selenium 
suspension. When the solution was clear, selenium (3.0 
g, 38 mmol) was added. The dark red solution was heated 
to about 40 "C. The whole sequence was carried out under 
nitrogen. The sodium salt of 3-bromopropanoic acid (12.1 
g, 79 mmol in water (25 mL)) was added to the selenide 
solution, and the reaction was stirred over night. After 
this the solution was filtered and acidified with 4 N HCl 
and the yellow suspension extracted twice with ethyl 
acetate. The ethyl acetate solution was filtered, extracted 
twice with water, dried, and evaporated. The resulting di- 
selenide was recrystallized from ethyl acetate, yield 7.0 g 
(61 76)  after recrystallization to analytical purity. 'H NMR 

DMSO): 6 327.7. Mp 128-129 "C (lit. mp 134-135 "C 
(Agenas & Lindgren, 1969)). MS mlz: 3021306 (78Se/ 
80Se). Anal. Calcd for C,#1oO4Se-$ C, 23.68; H, 3.29. 
Found: C, 23.85; H, 3.40. 

4,4'-Diselenodibutanoic acid was prepared from the 
sodium salt of 4-chlorobutanoic acid (76 mmol) as described 
above for 3,3'-diselenodipropanoic acid. After addition of 
4-chlorobutanoic acid the reaction mixture was refluxed 
overnight. The workup was similar to  that  for 3,3'- 
diselenodipropanoic acid. The crude diselenide was re- 
crystallized from aqueous ethanol, yield 4.5 g (36% ) after 
recrystallization to analytical purity. 'H NMR (d6- 
DMSO): 6 1.91 (m, 2 H), 2.36 (t, 2 H), 2.95 (t, 2 H). 77Se 
NMR (d6-DMSO): 6 301.7. Mp 78-79 "C (lit. mp 85-86 
"C (Agenas & Lindgren, 1969)). MS mlz: 3301334 (78Se/ 
80Se). Anal. Calcd for C8H1404Se2: C, 28.94; H, 4.32. 
Found: C, 28.92; H, 4.42. 

4,4'-Selenodibutanoic Acid. Selenium (7.9 g, 0.1 mol) 
was suspended in liquid ammonia (300 mL), and sodium 
(4.6 g, 0.2 mol) was slowly added. The reaction was carried 
out under nitrogen. The color of the suspension was 
initially black, then light blue, and finally colorless. The 
ammonia was evaporated, and methanol (300 mL) carefully 
degassed and kept under nitrogen was added to the light 

(ds-DMSO): b 2.7 (t, 2 H), 3.1 (t, 2 H). 77Se NMR (dcj- 

yellow sodium selenide salt (the solution turned black). 
4-Chlorobutyronitrile (19.2 mL, 0.20 mol) was dissolved 
in methanol (25 mL) and added to the selenide solution. 
The sodium was refluxed overnight and was almost de- 
colorized after 2 h. Water (100 mL) was added, and the 
methanol distilled off with use of a column. When 100 
mL of methanol had been collected, concentrated aqueous 
HC1 (100 mL) was added, and the solution was refluxed 
for 6 h. After this the solution was cooled, and the 
generated precipitate was collected by filtration and re- 
crystallized from water, yield 4 g (16%) after recrystal- 
lization to analytical purity. 'H NMR (CDsOD): 6 1.92 
(m, 2 H), 2.41 (t, 2 H), 2.53 (t, 2 H). Mp 92-93 "C (lit. 
mp 97-98 "C (Agenas & Lindgren, 1969)). Anal. Calcd 
for C8H14O4Se: C, 37.95; H, 5.53. Found: C, 37.63; H, 5.48. 

4,4'-Selenodibutanoic acid bis(N-succinimidyl ester) 
(3) was prepared from 4,4'-selenodibutanoic acid (1.0 g, 
4 mmol), NHSl (1.0 g, 8.8 mmol), and DCC (2.0 g, 9.6 
mmol), as described for compound 1. The product was 
recrystallized from methanol, yield 822 mg (46 74 ) after re- 
crystallization to analytical purity. 'H NMR (CDC13): 6 
2.01 (m, 2 H), 2.68 (t, 2 H), 2.75 (t, 2 H), 2.83 (s,4 H). Mp 
96.5-98 "C. Anal. Calcd for CI~HZONZOSS~: C, 42.95; H, 
4.47; N, 6.26. Found: C, 42.72; H, 4.44; N, 6.01. 

4-Bromo-2(E)-butenoic Acid Methyl Ester. Me- 
thyl crotonate (Jeffrey & Vogel, 1948) (50 g, 0.5 mol) was 
mixed with carbon tetrachloride (75 mL) and N-bromo- 
succinimide (84 g, 0.47 mol) was added. The suspension 
was refluxed for 21  h during which time it turned red and 
the succinimide gathered at  the surface of the solvent. The 
succinimide was removed by filtration, and the title 
compound was purified by vacuum distillation (90-93 "C 
at  15 mmHg), yield 58 g (65%). IH NMR (CCld): 6 3.78 
(s, 3 H), 4.01 (d, 2 H), 5.95 (d, 1 H), 6.95 (d, 1 H). Anal. 
Calcd for CsH702Br: C, 33.81; H, 3.91; Br, 44.69. Found: 
C, 32.2; H, 3.79; Br: 45.40. 
4,4'-Selenodi-2(E)-butenoic Acid Methyl Ester. 4- 

Bromo-2(E)-butenoic acid methyl ester (5.0 g, 28 mmol) 
was added to a selenium solution (1.1 g of selenium and 
1.1 g of sodium borohydride) as described for 2,2'- 

Abbreviations: d, deuterium; DCC, dicyclohexylcarbodiim- 
ide; DCU, dicyclohexylurea; DMF, dimethylformamide; DMSO, 
dimethyl sulfoxide; lit., literature reference; mp, melting point; 
m/z ,  molecular weight determined by mass spectroscopy (EI); 
NHS, N-hydroxysuccimimide; NMR, nuclear magnetic resonance; 
SDS, sodium dodecyl sulfate; THF, tetrahydrofuran; s, singlet; 
d, doublet; dd, doublet of doublets; t, triplet; q, quartet; m, mul- 
tiplet; 6, chemical shift. 
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selenodiacetic acid. The water phase was extracted twice 
with ether. After drying, the ether was evaporated to give 
an oil (the title compound). This was directly hydrolyzed 
to the corresponding acid without further purification. 
However, 'H NMR and mass spectroscopy confirmed that 
the oil predominantly contained the title compound. 'H 

6.97 (m, 2 H). MS m/z:  276/278 (78Se/80Se). 
4,4'-Selenodi-2(E)-butenoic Acid. 4,4'-Selenodi-2- 

(E)-butenoic acid methyl ester (15 g, 54 mmol) was 
suspended in 25% aqueous ethanol (150 mL). The 
suspension was cooled to 2 "C. Barium hydroxide oc- 
tahydrate  (14 g, 44 mmol) was slowly added. The  
suspension was stirred at 2 "C for 15 h, and for 2 h a t  room 
temperature. Water (150 mL) was added to the red 
suspension, after which it was extracted twice with ether. 
The water phase was filtered and acidified with 4 N HC1. 
The brown precipitate was collected by filtration and re- 
crystallized from ethyl acetate, yield 2.5 g (18%) after re- 
crystallization to analytical purity. 'H NMR ((CD&CO): 
6 3.39 (d, 4 H), 5.78/5.95 (d, 2 H), 7.96 (m, 2 H). Mp 171- 
173 "C. MS m/z:  248/250 (78Se/80Se). Anal. Calcd for 
CaHloO4Se: C, 38.55; H, 4.02. Found: C, 38.48; H, 4.04. 
4,4'-Selenodi-2(E)-butenoic acid bis(N-succinim- 

idyl ester) (4) was prepared from 4,4'-selenodi-2(E)- 
butenoic acid (500 mg, 2.01 mmol), NHS (506 mg, 4.40 
mmol), and DCC (988 mg, 4.79 mmol) as described for 1. 
The compound was suspended in boiling chloroform, and 
ethanol was added until a clear solution was obtained, from 
which the product crystallized upon cooling, yield 445 mg 
(50.0 % ) after recrystallization to analytical purity. lH 
NMR (CDC13): 6 2.85 (s, 8 H), 3.34 (d, 4 H), 6.0 (d, 2 H), 
7.16 (m, 2 H). Mp 162-164 "C. MS m/z: 442/444 (78Se/ 
'%e). Anal. Calcd for C&l&&Se: C, 43.34; H, 3.61; 
N, 6.32. Found: C, 42.98; H, 3.54; N, 6.18. 
3-[ (4-Carboxyphenyl)seleno]propanoic Acid. 4- 

Aminobenzoic acid (2.7 g, 18 mmol) was dissolved in water 
(40 mL) and concentrated HCl(4.5 mL) to which sodium 
nitrite (1.2 g) in water (10 mL) was added dropwise. 3,3'- 
Diselenodipropanoic acid (2.74 g, 9.01 mmol) was sus- 
pended in water (10 mL) and sodium borohydride (about 
3 g) was added until the diselenide was dissolved and the 
solution decolorized. The reduced diselenide was added 
dropwise a t  4 "C to the solution containing the diazo- 
nium salt, and a light yellow precipitate was formed. This 
was collected by filtration and  recrystallized from 
chloroform/ethanol (1/1 v/v). lH NMR (&DMSO): 6 
2.74 (t, 2 H), 3.14 (t, 2 H), 7.55 (d, 2 H), 7.84 (d, 2 H). Mp 
187-189 "C. MS m/z:  272/274 (78Se/80Se). Anal. Calcd 
for CloHlo04Se: C, 43.95; H, 3.66. Found: C, 43.34; H, 
3.51. 

3-[ [ 4-[ (Succinimidyloxy)carbonyl]phenyl]seleno]- 
propanoic acid N-succinimidyl ester (5) was prepared 
from 3-(4-carboxyphenyl)selenopropanoic acid (80 mg, 0.30 
mmol), NHS (80 mg, 0.60 mmol), and DCC (124 mg, 0.60 
mmol) analogously to the method described for compound 
1, yield 79 mg (57%) after recrystallization to analytical 
purity. 'H NMR (CDC13): 6 2.84 (5, 4 H), 2.90 (s, 4 H), 
3.20 (t, 2 H), 3.40 (t, 2 H). MS m/z:  466/468 (78Se/ 

N, 6.00. Found: C, 47.11; H, 3.65; N, 6.10. 
34  (4-Carboxy-2-nitrophenyl)seleno]propanoic Acid. 

4-Amino-3-nitrobenzoic acid (Lucius and Bruning, 1902; 
Kaiser, 1885; Ullman and Mauthner, 1903) (4.0 g, 22 mmol) 
was suspended in 4 N H2S0.4 (30 mL) and diazotized with 
sodium nitrite (1.5 g, 26 mmol) in water (8 mL) (below 4 
"C). The solution was filtered before further use, and 3,3'- 
diselenodipropanoic acid was reduced and added to the 

NMR (CDC13): 6 3.32 (d, 4 H), 3.82 (s, 6 H), 6.78 (d, 2 H), 

%e). Anal. Calcd for Cl8H1608N2Se: c, 46.30; H, 3.50; 
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diazonium salt as described above for 34 (4-carboxypheny1)- 
seleno]propanoic acid. The precipitate was collected by 
filtration and dissolved in ethyl acetate. The ethyl acetate 
phase was extracted twice with 0.02 M sodium hydrogen 
carbonate. The alkaline water phase was acidified with 
4 N HCl and a precipitate was formed, which was collected, 
dried, and recrystallized from aqueous ethanol, yield 2.1 
g (31 %) after recrystallization to analytical purity. lH 

H), 8.14 (d, 1 H), 8.66 (s, 1 H). 77Se (d6-DMSO): 6 394.0. 
Mp 257-260 "C. MS m/z: 317/319 (78Se/80Se). Anal. 
Calcd for CloHg06NSe: C, 37.74; H, 2.83; N, 4.40. Found 
C, 37.63; H, 2.92; N, 4.65. 

3 4  [ [ (4-Succinimidyloxy)carbonyl]-2-nitrophenyl]- 
seleno]propanoic acid N-succinimidyl ester (6) was 
prepared from 3-[ (4-carboxy-2-nitrophenyl)seleno]- 
propanoic acid (655 mg, 2.04 mmol), NHS (515 mg, 4.50 
mmol), and DCC (843 mg, 4.04 mmol) as described for 
compound 1. The title compound was crystallized from 
chloroform/ethanol(9/1, v/v) by adding a little petroleum 
ether (bp > 80 "C), yield 690 mg (66%) after recrystal- 
lization to analytical purity. 'H NMR (&acetone: 6 2.89 
(s, 4 H), 2.99 (s, 4 HI, 3.25 (t, 2 HI, 3.56 (t, 2 H), 8.23 (d, 
1 H), 8.37 (d, 1 HI, 8.93 (s, 1 H). 77Se NMR (&-acetone): 
6 414.4. Mp 189-191 "C. MS m/z:  511/513 (78Se/80Se). 
Anal. Calcd for C I ~ H ~ ~ O ~ O N ~ S ~ :  C, 42.15; H, 2.93; N, 8.20. 
Found: C, 41.64; H, 2.97; N, 8.06. 
5-(2-Nitro-4-carboxyphenyl)-4-selenapentanoic 

Acid. 4-(Bromomethyl)-3-nitrobenzoic acid (Rich & Gur- 
vara, 1975) (3.0 g, 11.4 mmol) was dissolved in degassed 
DMF (75 mL). 3,3'-Diselenodipropanoic acid (1.8 g, 5.76 
mmol) was suspended in degassed water, and sodium boro- 
hydride (432 mg, 11.4 mmol) was added. The reduced di- 
selenide was then added to the DMF solution which turned 
yellow at once. Subsequently water (300 mL) was poured 
into the solution, which was acidified with 4 N HC1 and 
extracted three times with ether. The combined ether 
phases were washed once with water and dried (MgS04). 
The solvent was removed by evaporation, in vacuo, and 
the light yellow residue was recrystallized from water, yield 
3.51 g (93%) after recrystallization to analytical purity. 

(s, 2 H), 8.21 (d, 1 H), 8.45 (d, 1 H), 8.4 (s, 1 H). Mp 
173-174 "C. Anal. Calcd for C11H1106NSe: C, 39.79; H, 
3.30; N, 4.22. Found: C, 40.27; H, 3.24; N, 4.33. 

5- [ 2-Nitro-4- [ (s uccinimidyloxy ) carbonyl] p henyll- 
4-selenapentanoic acid N-succinimidyl ester (7) was 
prepared from 5-(2-nitro-4-carboxyphenyl)-4-selenapen- 
tanoic acid (1.0 g, 3.0 mmol), NHS (762 mg, 6.60 mmol), 
and DCC (1.48 g, 7.20 mmol) analogously to the method 
described for 1, and recrystallized form ethanol/ethyl 
acetate (l : l) ,  yield 1.14 g (72%) after recrystallization to 
analytical purity. 'H NMR (CDC13): 6 2.85 (s, 4 H), 2.88 
(t, 2 H), 2.92 (s, 4 H), 3.03 (t, 2 H), 7.60 (d, 1 H), 8.27 (d, 
1 H), 8.76 (s, 1 H). Anal. Calcd for C19H17N3010Se: C, 
43.34; H, 3.23; N, 7.98. Found: C, 43.55; H, 3.31; N, 7.94. 
4-[ (4-Carboxyphenyl)seleno]butanoic acid was 

prepared from 4-aminobenzoic acid (0.82 g, 6 mmol) 
dissolved in water (13.5 mL) and concentrated HC1 (1.5 
mL), and diazotized with sodium nitrite (0.40 g, 5.8 mmol 
in 4 mL water). 4,4'-Diselenodibutanoic acid (1 g, 3 mmol) 
was reduced and added to the diazonium salt as described 
for 3- [ (4-carboxyphenyl)seleno]propanoic acid. The 
collected material was recrystallized from chloroform/ 
ethanol, yield 600 mg (35%) after recrystallization to  
analytical purity. lH NMR (CDCl3): 6 2.15 (m, 2 H), 2.33 
(t, 2 H), 2.95 (t, 2 H), 7.53 (d, 2 H), 7.77 (d, 2 H). Mp 

NMR (&-DMSO): 6 2.76 (t, 2 H), 3.23 (t, 2 H), 7.87 (d, 1 

'H NMR (&DMSO): 6 2.51 (t, 2 H), 2.59 (t, 2 H), 4.16 
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197-200 "C. MS mlz: 2861288 (78Se/80Se). Anal. Calcd 
for C11H1204Se: C, 45.98; H, 4.18. Found: C, 45.43; H, 
4.09. 
44 [ [ (4-Succinimidyloxy)carbonyl]phenyl]seleno]- 

butanoic acid N-succinimidyl ester (8) was prepared 
from 4- [ (4-~arboxyphenyl)seleno] butanoic acid (100 mg, 
0.29 mmol), NHS (80 mg, 0.6 mmol), and DCC (124 mg, 
0.6 mmol) as described for 1 and purified on a silica gel 
column (eluent CH2C12/ethanol 1911, vlv), yield, 61 mg 
(51 %). 1H NMR (CDC13): 6 2.16 (m, 2 H), 2.78 (t, 2 H), 
2.84 (s, 4 H), 2.93 (s, 4 H),  3.12 (t, 2 H), 7.55 (d, 2 H),  7.98 
(d, 2 H). Mp 125-129 "C. MS mlz: 4801482 (78Se/ 
80Se). Anal. Calcd for Cl9Hl8O8N2Se: C, 47.40; H, 3.74; 
N, 5.82. Found: C, 46.96; H, 3.70; N, 5.73. 

3-[ (4-Azidophenacyl)seleno]propanoic Acid. 4- 
Azidophenacyl bromide (Hixton & Hixton, 1975; Hep- 
her & Wagner, 1962) (1.5 g, 6.3 mmol) was dissolved in 
DMF (100 mL). 3,3'-Diselenodipropanoic acid (0.95 g, 3.1 
mmol) was suspended in degassed water and reduced with 
sodium borohydride (to decolorization). This solution was 
acidified with 4 N HC1 and added to the DMF solution 
from above. After 5 min water (200 mL) was added to the 
reaction mixture to give a suspension which was extracted 
twice with ether. The ether phase was extracted twice with 
0.5 M sodium hydrogen carbonate. The aqueous phase 
was acidified and extracted twice with ether. The ether 
phase was washed once with distilled water and dried, and 
the ether was evaporated. The white product was recrys- 
tallized from waterlethano1 1/1 (vlv), yield 1.02 g (52%) 
after recrystallization to analytical purity. 'NMR (de- 
DMSO): 6 2.6 (t, 4 H), 3.96 (s, 2 H), 7.22 (d, 2 H), 8.04 
(d, 2 H). 77Se NMR (CDC13): 6 239.3. Mp 94-95 "C. MS 
mlz: 311/313 (78Se/80Se). Anal. Calcd for CllH1103N3Se: 
C, 42.31; H, 3.53; N, 13.46. Found: C, 42.25; H, 3.56; N, 
13.30. 

3 - [ ( 4 -A z i d o p he n ac y 1 ) s e le n 01 prop an oi c acid N- 
succinimidyl ester (9) was prepared from 3-[(4-azi- 
dophenacyl)seleno]propanoic acid (700 mg, 2.24 mmol), 
NHS (281 mg, 2.44 mmol), and DCC (461 mg, 2.24 mmol) 
as described for 1. When the THF was removed an oil 
remained. Petroleum ether (50 mL, bp 30-50 "C) was 
added and evaporated whereafter crystals remained. These 
were recrystallized from ethanollchloroform, yield 540 mg 
(59% ) after recrystallization to analytical purity. 'H NMR 

(s, 2 H), 7.08 (d, 2 H), 7.97 (d, 2 H). 77Se NMR (CDCl3): 
6 293.4. Mp 98-100 "C. MS mlz: 4081410 (78Se/80Se). 
Anal. Calcd for C15H1405N4Se: C, 44.01; H, 3.43; N, 13.59. 
Found: C, 43.84; H, 3.43; N, 13.61. 
3-[ (2-Aminoethyl)seleno]propanoic Acid. 3,3'- 

Diselenodipropanoic acid (1 g, 3.3 mmol) was dissolved in 
30 mL of degassed ethanol and reduced with sodium boro- 
hydride under nitrogen to decolorization, 2-Bromoetha- 
namine (6.6 mmol) was added and the reaction mixture 
was stirred overnight, concentrated and applied to a column 
of Dowex 50x8 ion-exchange resin (acidic form). The 
column was washed with water and eluted with 0.5 N 
aqueous ammonia. The solution was evaporated and the 
residue was recrystallized from methanol and used without 
further purification, yield 850 mg (66% 1. 'H NMR (D20): 
6 2.68 (m, 6 H), 3.20 (t, 2 H). 

3- [ [ 2- (4- Azidoben zamido)et hyl]seleno] propanoic 
Acid. N-Succinimidyl4-azidobenzoate (520 mg, 2 mmol) 
and 3-[ (2-aminoethyl)seleno]propanoic acid (392 mg, 2 
mmol) were dissolved in dry dioxanelmethanol (1:1, v/v, 
15 mL) containing triethylamine (0.5 mL) and allowed to 
stand overnight a t  ambient temperature. The reaction 
mixture was evaporated, 4 N HCl was added, and the 

(CDC13): 6 2.83 (s, 4 H), 2.97 (t, 2 H), 3.05 (t, 2 H), 3.83 
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solution was extracted with chloroform. After evaporation, 
the residue was recrystallized from chloroform/ether and 
used without further purification, yield 380 mg (56%). 'H 

H), 7.20 (d, 2 H), 7.90 (d, 2 H), 8.67 (t, 1 H). 
3-[ [2-( 4-Azidobenzamido)ethyl]seleno]propanoic 

Acid N-Succinimidyl Ester (10). NHS (115 mg, 1 
mmol), DCC (227 mg, 1.1 mmol), and 3-[[2-(4-azidobenz- 
amido)ethyl]seleno]propanoic acid (341 mg, 1 mmol) were 
dissolved in dry dioxane and allowed to stand overnight 
at  ambient temperature. After filtration, the solution was 
evaporated, and the residue was washed with ether and 
recrystallized from 2-propanol, yield 225 mg (51%). 'H 
NMR (CDC13): 6 2.88 (s, 4 H),  2.9 (m, 6 H), 3.71 (q,2 H), 
6.85 (t, 1 H), 7.06 (d, 2 H), 7.81 (d, 2 H). Mp 110-111 "C. 
Anal. Calcd for Cl6Hl7N5O5Se: C, 43.84; H, 3.92; N, 15.98. 
Found: C, 43.90, H, 3.86, N, 15.90. 

Biochemistry. Albumin (human, "essentially globulin 
free"), and cytochrome c (type IV, horse heart), were from 
the Sigma Chemical Company. Iodo-Beads were from 
Pierce. Calibration proteins for SDS-polyacrylamide gel 
electrophoresis, Low Molecular Markers (LMW: phos- 
phorolase (Mr 94 OW), albumin (Mr 67 OW), ovalbumin (Mr 
43 000), carbonic anhydrase (Mr 30 000), trypsin inhibitor 
( M ,  20 loo), and &-lactalbumin (Mr 14 400)) were from 
Pharmacia, Uppsala, Sweden. 

Lyophilized albumin and cytochrome c were weighed 
and their respective molecular weights, 67 000 and 13 000 
Da, used to calculate their concentration in solution. SDS- 
polyacrylamide gel electrophoresis was performed as 
described by Weber, Pringle, and Osborn (Weber et  al., 
1975) in homogeneous 7.5 % polyacrylamide gel slabs. Prior 
to electrophoresis SDS and urea were added to the protein 
(reaction) mixtures to final concentrations of 35 mM and 
6 M, respectively. The standard marker proteins of 
variable molecular weight were reduced by the further 
addition of dithioerytritol to a final concentration of 100 
mM. All reaction mixtures were hereafter incubated for 
45 min a t  56 "C. Following electrophoresis, gels were fixed 
and stained for 0.5 h at  55 "C in 7 % acetic acid containing 
0.02 % Commassie Brilliant Blue R 250 and destained in 
7% acetic acid. 

Cross-linking efficiency and cleavability were quali- 
tatively determined by the degree of staining of the 
albumin-cytochrome c complex band(s). Optimal degrees 
of cross-linking (denoted ++, in Table I) were, in addition 
to the intensity of the complex bands, chosen by the 
criterion that a band reflecting a trimolecular complex of 
albumin and two molecules of cytochrome c was clearly 
distinguishable. 

Cross-linking of proteins was carried out in sodium 
phosphate buffer (6.93 mM, I = 0.02, pH = 8.0), containing 
15 pM albumin and 30 pM cytochrome c, and 0.25 mM 
cross-linking reagent. Stock solutions (25 mM or 15 mM) 
of the cross-linking reagents were prepared in DMSO and/ 
or acetonitrile. The volume of organic solvents was less 
than 1.5 5% of the volume of the final reaction mixture. The 
protein complexes were incubated for 1 h a t  room 
temperature with the crosslinking reagents. Photoacti- 
vated reagents were irradiated for 5 min in a Rayonet 
reactor equipped with 300-nm light tubes. 

Cleavage of the cross-linked proteins was done by 
incubating the reaction mixtures with two Iodo-Beads per 
150 pL reaction mixture alone or with 10 mM diisopro- 
pylamine for 1 h. 

RESULTS 
The synthesized compounds are shown in Table I, which 

also summarizes their cross-linking efficiency and cleav- 

NMR (d6-DMSO): 6 2.70 (t, 4 H), 2.73 (t, 2 H), 3.46 (4, 2 
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Figure 1. Polyacrylamide electrophoreses of experiments with selected compounds: 1,2,4,7,9. For each compound five lanes have 
been run: lane 1, noncross-linked proteins; lane 2, cross-linked proteins; lane 3, cross-linked material oxidized with Iodo-Beads; lane 
4, cross-linked material oxidized with Iodo-Beads in the presence of diisopropylamine (10 mM); lane 5, reduced low molecular markers 
(LMW), with the following molecular masses: 94 000, 67 000 (albumin), 43 000, 30 000, 20 100, and 14 000, run following reduction 
with 75 mM dithioerythritol as described in the Experimental Procedures. 
ability. Examples of the primary data obtained (with 
reagents 1,2,4,7, and 9) upon examination of the model 
protein electrophoretic system are shown in Figure 1. 
Control electrophoresis of the two proteins involved in 
complex formation reveals high molecular weight bands 
which by separate experiments were shown to stem from 
the albumin preparation and likely represent albumin 
polymers, especially albumin dimer. (Their mobilities do 
not interfere with those of albumin-cytochrome c 
complexes and it was therefore deemed superfluous to 
remove them from the commercial albumin preparation.) 

The mobility of albumin in SDS-polyacrylamide gel elec- 
trophoresis is influenced by reduction and by cross- 
linking. Reduction results in impeded mobility (compare 
the mobility of albumin in lanes 5 and 1 of all gel slabs, 
Figure 1), whereas efficient cross-linking increases albumin 
mobility. Cross-linker cleavage reverses this latter effect, 
(see for example experiments with reagent 4). 

Cross-Linking. The homobifunctional reagents (1- 
8) are generally more efficient cross-linkers than the two 
heterobifunctional reagents with aryl azide photoprobes 
(9 and 10). The different homobifunctional reagents cross- 
link to about the same extent, although 4 and 7 seem to 
be particularly efficient (Figure 1, reagents 2,4, and 7) and 
1 is less efficient. 

Cross-Linker Cleavage. Proteins cross-linked with 
reagents 2,4, and 7 were found to be readily cleaved by 
oxidation with Iodo-Beads. Those cross-linked with 
reagent 4 can only be totally cleaved in the presence of 
amines, whereas no amine effect is found on the cleavage 
of proteins cross-linked with reagents 2 and 7. Proteins 
cross-linked with the other reagents were not cleavable. 

Stronger oxidizing reagents (e.g. hydrogen peroxide, 
sodium periodate) were found to be deleterious to the 
proteins (results not published). The protein bands in the 
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gels disappeared even a t  oxidant concentrations smaller 
than that of the cross-linker reagents originally used (0.25 
mM). 

We tested three secondary amines as cleavage enhancers 
and found that diisopropylamine was the best. 
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DISCUSSION 

The Model Electrophoretic System and Its  
Usefulness in Determining Cross-Linker Efficiency 
and Cross-Linker Cleavage. Both reduction of albumin 
with dithioerytritol and cross-linking are shown to influence 
its mobility (Figure 1). The fact that reduction results in 
impeded mobility compared to nonreduced samples is not 
surprising (Weber et al., 1972). 

The reversible influence of cross-linking particularly on 
albumin mobility in the electrophoretic system is most 
probably caused by intramolecular cross-linking. This may 
exert conformational constraints (just as do disulfide 
bridges) fixing the protein in a tighter conformation than 
exposure to SDS (and urea) otherwise would allow. 

The relatively marginal change in mobility caused by 
cross-linking however does not prevent distinct iden- 
tification of the albumin band as well as the bands of di- 
molecular complex formation between albumin and cy- 
tochrome c or trimolecular complex formation between 
albumin and two molecules of cytochrome c ,  (Figure 1, 
reagents 2, 4, and 7; Buchardt et  al., 1986). 

Cross-Linking. T h e  relatively inefficient cross- 
linking found with the heterobifunctional reagents is 
probably a result of the nonproductive reactions of aryl 
azide upon photolysis (Shields et  al., 1987), which will 
always reduce the yield for such reagents. However, the 
yield is good enough for practical use. The lower cross- 
linking efficiency of reagent 1 may be related to  its 
relatively short linker length. 

Cross-Linker Cleavage. It  is necessary to look a t  the 
fundamental selenium chemistry in order to explain the 
cleavability pattern. Successful cleavage of selenium 
bridges and permanent separation of the previously cross- 
linked proteins involve three successive steps: (1) oxidation 
to selenoxide; (2) elimination or rearrangement of the se- 
lenoxide; (3) prevention of reunion of the separated 
proteins induced by the cleavage products. 

Oxidation of the selenide (step 1) is known to be feasible 
even by mild oxidation (as has previously been demon- 
strated for reagent 2 (Buchardt e t  al., 1986)). Mild 
oxidation conditions are requisite to the preservation of 
protein structure and function which in turn are necessary 
for their (optimal) detection and identification. This is 
the case with immunological procedures and with analyses 
based on e.g. intrinsic enzymatic activity or receptor 
function. In aqueous solution the N-chlorosulfonamide 
component of Iodo-Beads hydrolyses to give rise to low 
concentrations of the actual oxidizing species, HOC1 
(Seevers & Counsell, 1982; Jennings, 1974). However, this 
may also have deleterious effects on the involved proteins 
(Stagg et al., 1970; Alexander, 1973), probably as a result 
of histidine, tyrosine, and/or tryptophan residue modi- 
fication. 

In the second step of cleavage, two mechanisms may be 
operating (Scheme V): (A) The selenoxides formed after 
use of reagents 2, 3, and 5-10 are able to undergo 0- 
elimination equivalent to the Cope and sulfoxide elimi- 
nations. The two latter require elevated temperatures, in 
contrast to the selenoxide elmination, which often runs 
smoothly at  room temperature (Sharpless & Lauer, 1973; 
Sharpless et  al., 1973; Reich, 1979; 1987; Liotta, 1984). (B) 
The allylic selenoxide from reagent 4 can undergo 2,3- 

Scheme V 
A) 

R’-Se. 

k 2  

sigmatropic rearrangement which proceeds even more 
easily than elimination (Scheme V part B). Thus, for se- 
lenoxides where both fi-elimination and 2,3-sigmatropic 
rearrangement are possible, the latter is the most abundant 
(Reich, 1987). 

Reunion of the proteins after cleavage (step 3) may be 
caused by an addition of the selenenic acid and the ole- 
fin products. This produces a-hydroxy selenides, which 
will not eliminate under mild conditions (see below). 
However, this side reaction can be avoided by trapping 
the selenenic acid with amines: 

R’SeOH + HNR, s R’SeNR, + H,O 

Although selenenamides are hydrolyzable, an excess of 
amine will eliminate the selenium electrophiles by forcing 
the equilibrium to the right. These general rules are 
obeyed for cleaving of reagents 2, 4, and 7. 

However, for the other reagents, which are noncleav- 
able under the general conditions, unwanted interference 
in the cleaving sequence is taking place. Use of reagent 
1, which contains no P-hydrogens (hydrogens attached to 
the carbon /3 to selenium, Scheme V part C), cannot lead 
to cleavage, and it was prepared as a negative control. 
However reagent 3, which contains hydrogens fi  to selenium 
and therefore is theoretically able to cleave, does not. This 
shows that available hydrogens ,6 to selenium are not the 
only necessary requisite for cleavability. It has been shown 
that electron-withdrawing substituents in the &position 
(R2 or R3, Scheme V part C) strongly accelerate the rate 
of elimination (cf. Reich et al., 1978; Back, 1987). The 
opposite is found for electron-donating substituents which 
decrease the rate of elimination, whereas a-alkyl groups 
(R1) increase the rate of elimination. The @-effect is clearly 
demonstrated by the difference in cleavability with 2 and 
3: 2 has a carbonyl group in the &position and cleaves, 
whereas 3 has an alkyl group and does not. The lack of 
cleavage with 8 is also related to this. 

In aqueous systems this need to “activate” the alkyl parts 
of the reagents (electron-withdrawing groups in the 0- 
position) is necessary, because water will markedly decrease 
the rate of selenoxide elimination by forming powerful 
hydrogen bonds to the selenoxide (Reich et al., 1978). 

The position of electron-attracting groups in the /3- 
position is not the only prerequisite for cross-linker 
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cleavage. Note that proteins cross-linked with 5 and 6 are 
noncleavable. Such aryl alkyl selenides are generally 
known to give higher elimination yields when oxidized than 
dialkylselenides (Labar e t  al., 1978; 1978). This  is 
particularly true for alkyl selenoxides bearing an electron- 
withdrawing group on the benzene ring (Sharpless & 
Young, 1975). It is therefore surprising that proteins cross- 
linked by 5 or 6 were not cleaved in our system. Aryl alkyl 
selenoxides are known to be very labile and any stabili- 
zation of the selenoxide by the solvent, via hydrogen 
bonding, can also be excluded as the cause of inefficient 
cleavage with 5 and 6 because this effect is comparable 
to the solvent effects exerted on cleavable reagents such 
as 2 and 7. Most likely, the cleavage sequence is simply 
not initiated, i.e. these aryl alkyl selenides are not oxidized 
under the circumstances. 

The two heterobifunctional reagents 9 and 10 were found 
to give noncleavable adducts (Figure 1, reagent 9). It is 
also believed that the noncleavability with 9 is due to lack 
of selenium oxidation under the reaction conditions. 

The lack of cleavage with 10 is not believed to be an 
oxidation problem (results not published). Reagent 10 was 
constructed such that the electronic surroundings of the 
selenium atom were analogous to those of reagent 2 which 
was readily cleaved. It is expected that an oxidant is unable 
to  discriminate between selenium in the structure 
-CH2-CH2-Se-CH2-CH2- in 10 and in 2, which could 
indicate that  10 is readily oxidized. Furthermore, 10 
contains a carbonyl group in the right position which should 
promote cleavage. The effect of amines was insignificant, 
and therefore reunion of separated species is not acting 
here. Selenoxides are very polarized species, which count 
for the hydration (Reich et al., 1978), but this effect should 
not be more significant here than with reagents 2 and 7. 
However, another and more powerful stabilization of se- 
lenoxides is due to intramolecular hydrogen bonding, which 
presumably is exerted here between the selenoxide and 
the amide group. Such intramolecular hydrogen bonding 
between selenoxides and amides has been shown to block 
elimination completely (Detty, 1980; Toshimitsu et  al., 
1981). 

The rates of 2,3-sigmatropic rearrangements of sele- 
noxides a t  room temperature are very high. We therefore 
prepared a cross-linking reagent containing allylic se- 
lenides. This reagent led t o  easy cleavage, and, con- 
sequently, the three demands set up at  the beginning of 
the discussion are fulfilled. However, efficient cleavage 
can only be obtained in the presence of excess amine. This 
is presumably due to the presence of unconjugated double 
bonds, which add selenic acids. This addition is blocked 
by amines. 

CONCLUSION 
This work describes which structural features of selenium 

linkers in cross-linking reagents are requisite to  their 
cleavage by mild oxidation. We find that: (1) Diallyl se- 
lenides can be cleaved effectively upon moderate oxidation 
as a result of rearrangement if amines are added. (2) Di- 
alkyl and benzyl alkyl selenides will eliminate if the alkyl 
part has an acidifying group next to the &hydrogen. (3) 
Aryl alkyl selenides are found not to eliminate. (4) It is 
confirmed that groups (such as the amido groups in reagent 
10) that exert a stabilizing effect on the selenoxide must 
be avoided. 
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Starburst dendrimers, spherical polymers constructed from methyl acrylate and ethylenediamine, were 
successfully used to covalently couple synthetic porphyrins to antibody molecules. The dendrimers, 
as linker molecules, have great potential for increasing the specific activity of radiolabeled antibodies 
for tumor therapy and diagnosis. 

Modifying antibodies with radioisotopes, toxins, or 
cytotoxic drugs is becoming of increasing value in the 
ongoing search for site-selective or -specific chemothera- 
peutic agents. Antibodies are of potentially great value 
in targeted drug therapy because of the inherent specificity 
of the antibody-antigen interaction. Unfortunately, 
modification of the antibody molecule with the cyto- 
toxic agent often diminishes or eliminates the biological 
activity of the macromolecule, thus negating any targeting 
potential. 

For these reasons, methods must be developed to  
maximize drug loading while minimizing the deleterious 
effects of such loading on the biological integrity of the 
antibody. An attractive approach is to use intermediate 
linker molecules which can be highly modified with drug, 
but which will only modify a single site on the surface of 
the antibody. 

Several systems are being investigated for their ability 
to  function as linkers in this scenario. Dextrans, pep- 
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tides, proteins, and synthetic polymers may all be useful. 
Current work in our laboratory is concentrating on star- 
burst dendrimers (1) as the linker molecule capable of being 
highly modified, then attached to antibody. 

NHP NH: 

NHZ NH, 

Starburst dendrimer, 1 

(schematic) 

Starburst dendrimers are spherical polymers that possess 
known molecular weights, dimensions, and number of 
terminal functional groups depending on the “generation” 
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of the dendrimer ( I ) .  The dendrimers offer optimal 
properties for a linker molecule and are likely to be useful 
in a number of related applications. We used either third- 
or fourth-generation dendrimers in the current studies. 
Third-generation dendrimers have a molecular weight of 
5147 Da and possess 24 terminal amines, while fourth- 
generation have 10 632 as their molecular weight with 48 
amine groups. 

Along with using linker molecules, selectively modifying 
the carbohydrate region of antibodies, a site remote from 
the antigen binding domain, is another promising method 
to  assure minimal effects of covalent modification on 
antibody integrity. 

The system under study uses N-(4-nitrobenzyl)-5-(4- 
carboxyphenyl)-l0,15,20-tris(4-sulfophenyl)porphine (N- 
bzHCS3P, 2) as a chelating agent with excellent ability to 

Roberts et al. 

N-bZHCS,P, 2 

chelate radiocopper ions (2-4); in particular, copper-67 is 
being used in these studies because of its attractive nuclear 
decay properties (5). N-bzHCS3P has the added advantage 
of the benzyl substitution on one of the pyrrole nitro- 
gens. This modification distorts the normally planar 
arrangement of the porphyrin macrocycle, which allows 
metal ion incorporation under very mild conditions (neutral 
pH, aqueous systems, 40 "C) that are compatible with 
antibody integrity. 

In our pilot studies, N-bzHCS3P was coupled to the den- 
drimer molecule by using l-ethyl-3-[3'-(dimethyiamino)- 
propyllcarbodiimide (EDAC) in the presence of N-hy- 
droxysuccinimide (NHS) (2-4). This method involves the 
initial activation of the carboxylate group on the porphy- 
rin, followed by coupling to terminal amino groups on the 
dendrimer. The dendrimer-porphyrin conjugates were 
then coupled to the antibody after oxidizing the sugar 
residues in the carbohydrate region of the glycoprotein with 
NaI04.  The  resulting aldehydes were reacted with 
remaining free amines on the dendrimer, and the inter- 
mediate Schiff base was reduced with NaCNBH3 (6). 
Figure 1 outlines the overall synthetic scheme for producing 
the antibody-dendrimer-porphyrin conjugate. These 
complexes were analyzed by sodium dodecylsulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) to  
determine the extent of antibody labeling. Bound and 
unbound porphyrin are easily separated by SDS-PAGE 
and can be quantitated by the absorbance a t  435 nm. 
Purification of the conjugates was effected by gel filtration 
chromatography to yield the tertiary complex ready for 
radiolabeling. Conjugates without the linker molecule, viz., 
with porphyrin randomly coupled over the surface of the 
antibody, were synthesized for comparative biological 
studies. B 

(c 
0 



Letters Bioconjugate Chem., Vol. 1, No. 5, 1990 307 

Gel electrophoresis reagents were purchased from Bio- 
Rad (Richmond, CA). Starburst dendrimers (1) and 
N-bzHCS3P (3) were prepared as previously described. Por- 
phyrin-containing reactions were carried out in the dark 
to avoid photooxidation. Protein was measured by the 
Bradford method (7). 

Preparation of Dendrimer-Porphyrin Conjugates. 
The carboxylate on the porphyrin was activated by 
combining 20 pL of N-bzHCS3P (1.8 mg in 200 pL of 
DMF), 10 pL of EDAC (2.6 mg in 100 pL of 1 2  mM 
NaH2P04, pH 6.0), and 10 pL of NHS (1.5 mg in 100 pL 
of 12 mM NaH2P04, pH 6.0). After stirring for 1.5 h at  
room temperature, 160 pL of a fourth generation den- 
drimer stock solution (3.8 mg in 1 mL of 100 mM borate 
buffer, 80 mM NaC1, pH 8.5) was added, and the mixture 
was stirred for an additional 3.5 h at  room temperature. 

Preparation of Antibody-Dendrimer-Porphyrin 
Conjugates. In 1 mL of sodium acetate buffer (30 mM, 
150 mM NaC1, pH 5.5), 7.5 mg of rabbit immunoglobu- 
lin G (RIgG) was combined with 1.0 mg of NaI04. The 
mixture was kept in the dark for 8 h at  room temperature 
with occasional agitation. The antibody mixture was 
dialyzed into phosphate buffer (20 mM, pH 6.0). This 
solution was combined with the porphyrin-dendrimer 
reaction mixture in the presence of 1.3 mg NaCNBH3. The 
mixture was stirred in the dark for an additional 8 h (6) .  
The molar ratio of reactants used was 2:l:l (porphyrin: 
dendrimerantibody). 

Aliquots (10 pL) of the reaction mixture were analyzed 
by SDS-PAGE in tube gels composed of an initial 5 % acry- 
lamide region followed by a 12 % acrylamide region. The 
gels were run at  2 mA per gel, then were scanned at  435 
nm for porphyrin absorbance. The amount of porphy- 
rin covalently attached to antibody was calculated from 
the areas under the peaks. 

Purification of the product conjugate was carried out 
by gel filtration chromatography on Sephadex G-25. 

Preparation of Antibody-Porphyrin Conjugates. 
Antibody conjugates with no linker molecules and, 
therefore, porphyrin randomly attached to the surface were 
prepared as previously described (4 ) .  

Preparation of Radiolabeled Antibody-Dendrimer- 
Porphyrin Conjugates. 67CuC12 was prepared and 
purified as previously described (3).  The radioisotope was 
taken up into DMF, and a 1:l ratio of no-carrier-added 
67CuC12:porphyrin was incubated with the antibody 
conjugates for 60 min at  40 "C. The radiolabeled material 
was purified by vacuum dialysis against PBS (0.01 M 
sodium phosphate, 0.15 M NaC1, pH 7.4) containing 0.05 
M sodium citrate to chelate any uncomplexed radiocop- 
per. 

Site of Attachment. Antibody conjugates were 
incubated for 3 min in a boiling-water bath with a solution 
containing 2-mercaptoethanol to reduce the intrachain dis- 
ulfide linkages (2). The chains were separated, and the 
amount of porphyrin attached to each chain was quanti- 
tated by gel electrophoresis as described above. 

ELISA. ELISA was carried out as described (2) with 
rabbit anti-conalbumin as the antibody and conalbumin 
as the antigen. Modified and unmodified antibodies were 
compared on each plate, with unmodified antibody 
representing 100 5% immunoreactivity. Negative control 
(RIgG) antibody was included to determine nonspecific 
interaction. 
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Table I. Need for Reduction of the Schiff Base for 
Stability of Antibody-Dendrimer-PorDhyrin Conjugate 

% N-bzHCSsP 
bound to 

antibodpday 
with without 

dav NaCNBHl NaCNBHq 
0 23 30 
3 21 9 
8 22 5 

10 20 5 
Determined by SDS-PAGE. 

To investigate the need to reduce the intermediate Schiff 
base formed in the reaction sequence, conjugates were 
synthesized both in the presence and absence of NaCNBH3 
and subjected to SDS-PAGE analysis on days 0,3,8,  and 
10. Table I illustrates the rapid loss of the porphyrin- 
dendrimer from the antibody when the reducing agent is 
not included. 

Preliminary biological evaluation of the conjugates 
involved an investigation of the site of attachment (2) on 
the antibody surface to confirm coupling to the carbo- 
hydrate region. We observed 100 % of the porphyrin bound 
to the heavy chain of the antibody, as expected. In  
contrast, only 69% of porphyrin was attached to the heavy 
chain by using the random-labeling technique; 31 % of the 
porphyrin was attached to  the light chain which is 
concentrated in the vicinity of antigen recognition. Also, 
an enzyme-linked immunosorbant assay (ELISA) was 
carried out to investigate the immunoreactivity remaining 
in the modified conjugates (2). The dendrimer conjugates 
were found to contain 90% of the immunoreactivity of un- 
modified antibody; conjugates labeled by the random- 
coupling method yielded 82 % of the immunoreactivity of 
unmodified antibody. Both preparations contained two 
porphyrins per antibody, a labeling level chosen to compare 
the two methods. Negative control antibody showed 1 ?6 
immunoreactivity. 

In radiolabeling experiments, copper-67 was incorporated 
into the conjugates by incubating the radioisotope (as 
67CuC12) with modified antibody. Final purification was 
effected by vacuum dialysis against phosphate-buffered 
saline (PBS), pH 7.4, containing sodium citrate to complex 
any remaining free copper-67. The dendrimer-containing 
conjugates showed a high radiolabeling level, with 80 % 
of the copper-67 being bound. This is in contrast to studies 
with conjugates synthesized with the random-coupling 
method that show an average of 55-60% radiochemical 
yield ( 4 ) .  

In summary, the starburst dendrimer represents a novel 
linker molecule that possesses favorable chemical and 
physical properties useful for antibody modification. Den- 
drimers can be synthesized with a specific molecular weight 
and a specific number of terminal functional groups, 
making them a homogeneous reagent. This property is 
a distinct advantage over commonly used polymers, in 
which a range of molecular weights and modifiable groups 
are produced. 

The pilot studies described herein offer evidence for the 
use of starburst dendrimers coupled to synthetic porphy- 
rins for antibody radiolabeling. Experiments with higher 
generation dendrimers that are highly modified with drug 
or radioisotope will continue to explore the ultimate utility 
of this system in cancer imaging and therapy. 

EXPERIMENTAL PROCEDURES 
All reagents were obtained from Sigma Chemical Co. (St. 

Louis, MO) and were used without further purification. 
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ARTICLES 

Synthesis and Characterization of Digoxin-Phospholipid Conjugates',$ 

D. R. Hwang,. M. E. Scott,+ and E. Hedaya 
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The preparation of immunoreactive derivatives of digoxin for analytical applications is most often carried 
out by periodate cleavage of the terminal sugar ring (digitoxose) followed by reaction with an enzyme, 
protein, carrier, or related biological molecules. Here we report an improved and more efficient synthesis 
which was developed to provide digoxin-phospholipid conjugates useful for liposome immunoassay. 
The approach used involved the linking of the cleaved digitoxose through a carboxymethyl oxime 
functionality, which provides much improved yields of readily purified products. The synthetic 
modification should be applicable to the preparation of analogous phospholipid conjugates involving 
linkage through a sugar ring (digitoxin, ouabain, and related cardiac glycosides) or to those involving 
steroids (Le., 3-digoxigenone) which can be modified to form oxime derivatives remote from key func- 
tionalities important for immunorecognition by specific antibody. The characterization of the digoxin- 
phospholipid conjugates with high-resolution NMR and fast atom bombardment mass spectropho- 
tometry will also be discussed. 

Digoxin is a potent cardiac glycoside. Toxic amounts 
of digoxin exert undesirable and potentially lethal elec- 
trophysiological effects (2). Accordingly, various immu- 
noassay methods for cardiac glycosides are now widely used 
for determination of appropriate dosage schedules for 
patients receiving these drugs. Because digoxin is too small 
a molecule to be antigenic by itself, it is necessary to 
conjugate digoxin covalently as a hapten to an antigenic 
carrier, for example, human serum albumin (HSA), bovine 
serum albumin (BSA), or keyhole limpet hemocyanin 
(KLH), in order to elicit digoxin-specific antibodies in 
experimental animals for use in immunoassay. The 
preparation of immunoreactive digoxin derivatives is 
typically carried out by the procedures of Butler and Chen 
(3)  which is based on the work of Erlanger and Beiser (4 ) .  
The reaction sequence involved periodate cleavage of the 
terminal sugar ring (digitoxose or rhamnose) followed by 
reaction with an amino functionality from a protein carrier, 
enzyme, or related biological molecule, and finally reductive 
amination of the intermediate Schiff base with sodium 
borohydride. Thus, digoxin-HSA (3) ,  digoxin-BSA (5), 
mellitin-ouabain (6) ,  and digoxin-dibenzo-18-crown-6 (7) 
conjugates have been prepared by using the aforementioned 
reaction sequence. 

We have attempted to adopt the procedure of Butler 
and Chen (3) to prepare diogoxin-dipalmitoyl phospha- 
tidylethanolamine (digoxin-DPPE) conjugates for use in 
homogeneous liposome immunoassays for determination 
of haptens such as digoxin (9). In our hands, following 
the procedure of Butler ( 3 )  and Cole (8) gave a very 
complex mixture from the reaction, and thus the reaction 
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+ Chemistry Department, University of Akron. 
t Abbreviations: DPPE, dipalmitoyl phosphatidylethanola- 

mine; HSA, human serum albumin; BSA, bovine serum albumin; 
KLH, keyhole limpet hemocyanin; TLC, thin-layer chroma- 
tography; IR, infrared spectroscopy; UV, ultraviolet spectroscopy; 
NMR, nuclear magnetic resonance; FAB, fast atom bombardmenk 
LPLC, low-pressure liquid chromatography. 

1043-1802/90/2901-0309$02.50/0 

sequence via the Schiff base was not useful for our purpose. 
Here, we report an improved and more efficient synthesis 
for digoxin-DPPE conjugates which were immunoreac- 
tive and useful for liposome immunoassay. 

RESULTS AND DISCUSSION 

The synthetic sequence is outlined in Scheme I. The 
terminal digitoxose in digoxin is cleaved to give dialde- 
hyde in quantitative yield by using sodium periodate under 
nitrogen atmosphere. The condensation reaction of digoxin 
dialdehyde and carboxymethoxylamine hemihydrochlo- 
ride proceeds rapidly in sodium acetatelethanol under a 
nitrogen atmosphere. A quantitative yield of the bis[O- 
(carboxymethyl)oxime] was obtained (11). The digoxin 
dioxime derivative was used immediately in the next 
reaction step, where the carboxy functionalities of the di- 
oxime is reacted with N-hydroxysuccinimide in the 
presence of dicyclohexylcarbodiimide to give an active ester. 
The dioxime active ester is then condensed with a stoi- 
chiometric amount of dipalmitoyl phosphatidylethano- 
lamine (DPPE) with gentle heating for 1 2  h. The reaction 
was monitored closely by TLC. Thin-layer chroma- 
tography with the solvent system chloroform/methanol/ 
water 7512513 by volume showed two major components 
a t  Rf  0.20 and 0.13 along with N-hydroxysuccinimide at 
Rj 0.30. The phospholipid moiety of the conjugates was 
detected by molybdenum spray (11). 

The excess N-hydroxysuccinimide was removed from the 
reaction mixture by preparative LPLC. Pure digoxin-di- 
DPPE conjugate (0.1348 g, 20%; Rf 0.30) and digoxin- 
mono-DPPE conjugate (0.1424 g, 26.5%; Rf  0.15) were 
isolated from crude reaction mixture by preparative TLC 
in chloroform/methanol/water (7512513 by volume). Two 
other minor products were also isolated which were not 
identified. It should be noted that when twice the stoi- 
chiometric amount of dipalmitoyl phosphatidylethan- 
olamine was used for condensation reaction with the 
digoxin dioxime active ester, only digoxin-di-DPPE was 

0 1990 American Chemical Society 
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Scheme I. Improved Synthesis of Digoxin-DPPE 
Conjugates 

0 

Hwang et al. 

DIGOXIN i 

a. SODIUM PERIODATE b , /NH2OCH2COOH/2. HCl/NoOAc*EfOH 

C. NHS t 0. C. C. - ACT/ YE ESTER 

d OlPALMITOYl PHOSPHATIDYL ETHANOlAMlN€/CHC+ / E $ N  
I DPPEl 

Chart I. Structure of Digoxin-Phospholipid Conjugates 
DIGOXIN-MONO-DPPE 

H on 
n CH 0 

H O O C C H z O - N * C d  f H 2 0 - N ~ ! ~ o $ o ~  

C'O on 
I 

DIGOXIN-Di-DPPE 

C H ~ O C O C H ~ C H ~ I  c n 2 ) p 3  
I 
I 

DPPE = CH3 ( C H Z )  C H ~ C H ~ C O O C H  
I 2  

C H Z O P ( O ) O C H ~ C H ~ N H ~  

OH 

formed (45%) along with some unreacted DPPE and 
degradation products of DPPE. 

The proof of the structure of the two major conjugates 
was extracted fro the IR, UV, and high-resolution proton 
NMR spectra. The structure of diogoxin-mono-DPPE is 
shown (Chart I) as one of the two possible positional 
isomers. At  the present time, we are unable to distinguish 
these unambiguously because of the complexity of the 

Table I. NMR, UV, and IR Spectral Data for 
Digoxin-Mono-DPPE 

absorption description 
NMR (300 MHz, CDC13, ppm) 

0.8 
0.96 
0.90 

singlet, 3 H, 18 CH3 
singlet, 3 H, 19 CH3 
triplet, 6 H, terminal methyl group in . -  ~ 

phospholipid 
2.23-1.05 comDlex multblet, 83 H. 2 (CHdiz, 3 CHa 

(digitoxose iing), 3 CH, (digitoxose ring), 8 CH2 
(digoxigenin ring), 2 CHz(CHz)1z 

two overlapping triplets, 4 H, 2 CHzCO 
complex multiplet, 27 H, CHzOCOR, 9 CH 

(digitoxose ring protons), 6 CH (digoxigenin 
ring proton), glycero CHzOP protons, 
ethanolamine CHzOP, -OCH2CO-, and CHzNH 

C1, Clg, and C1.f in digitoxose 

2.32 
4.72-3.05 

4.95 

5.25 multiplet, 1 H, CHOCOR 
5.95 

241 (e 1744) maximum 

3435 broad OH 
2923 
2852 
1743 ester 
1668 
1622 

multiplet, 5 H, CHz in lactone and 3 protons at 

singlet, 1 H, lactone, C=CH 

UV (Cary 219, CHCl3, nm) 

IR (KBr, Perkin-Elmer 1430 Ratio Reading, cm-l) 

Table 11. NMR, UV, and IR Spectral Data for 
Digoxin-Di-DPPE 

absorption description 
NMR (300 MHz, CDCl3, ppm) 
singlet 3 H, 18 CH3 
singlet, 3 H, 19 CH3 
triplet, 12 H, terminal methyl group in 

phospholipid 
multiplet, 8 H, 4 CHzCO 

0.82 
0.94 
0.90 

2.32 
2.2-1.05 complex multiplet 
4.75-2.8 complex multiplet 
4.9 

5.25 
5.95 

241 (e 2071) maximum 

3427 broad OH 
2923 
2853 
1781 
1743 
1668 

multiplet, 5 H, CHz in lactone and 3 protons at 

multiplet, 2 H, 2 CHOCOR 
singlet, 1 H, lactone C=CH 

C1, Clt, and Cl,,, in digitoxose 

UV (Cay 219, CHC13, nm) 

IR (KBr, Perkin-Elmer 1430 Ratio Reading, cm-') 

NMR spectra. The NMR, UV, and IR data are sum- 
marized in Tables I and 11. As a further confirmation of 
the structure, positive ion fast atom bombardment (FAB) 
mass spectra from pure conjugates in a thioglycerol matrix 
were obtained with an MS-50 high resolution mass spectro- 
meter. The most intense peak appeared in the molecular 
ion region, representing the mlz of (M + metal)+ and the 
isotopically enriched species. The molecular ion for 
digoxin-mono-DPPE is 1621 (M + Na)+ and the molecular 
ion for digoxin-di-DPPE is 2311 (M + K)+. 

EXPERIMENTAL PROCEDURES 

Materials and Methods. Digoxin and d,l-dipalmi- 
toy1 phosphatidylethanolamine were obtained from Sigma 
and Biosynth AG, respectively. N-hydroxysuccinimide, 
dicyclohexylcarbodiimide, and carboxymethoxylamine 
hemihydrochloride were obtained from Aldrich. Molyb- 
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Figure 1. Digoxin-mono-DPPE (top) and digoxin-di-DPPE 
(bottom) are shown. 

denum spray was prepared according to the procedure of 
Dittmer and Lester ( I  I ) .  FT NMR spectra were obtained 
with the 7 T spectrometer at  the Rockefeller University. 
FAB mass spectra were obtained with the MS-50 high- 
resolution mass spectrometer a t  the Middle Atlantic 
Regional Mass Spectrometer Center at  Johns Hopkins 
University. Preparative low-pressure liquid chroma- 
tography (LC) was carried out on a home-built LC system 
using a Kieselgel60 (200 g, 0.040-0.063 mm) glass column 
(2.5 X 50 cm). 

Digoxin Dialdehyde. Digoxin (0.4985 g, 0.64 mmol) 
is dissolved in 10 mL of chloroform/methanol(3/1.5) and 
placed into a 100-mL two-necked flask. Sodium period- 
ate (0.3102 g, 1.4 mmol) is dissolved in a 4 mL of distilled 
water and placed into a pressure-equalized addition funnel. 
The periodate solution is slowly added to the flask while 
the reaction mixture is stirred under nitrogen. A white 
precipitate is immediately formed and the reaction is 
complete within 15 min after addition of the periodate. 
Reaction progress is monitored by TLC (E. M. Merck, pre- 
coated TLC sheets, silica gel 60 F254,0.2 mm thickness) 
in chloroform/methanol (10/1 by volume, Rf 0.16 = di- 
aldehyde, one homogeneous spot; Rf 0.07 = digoxin). Both 
spots became dark brownish when the TLC plate is sprayed 
with methanol/concentrated sulfuric acid (9/ 1 by volume) 
and placed in a 100 "C oven for 5 min. The reaction 
mixture is evaporated on a rotary evaporator and dissolved 
in 30 mL of chloroform and 3 mL of water. The cloudy 
solution is extracted and the aqueous layer is washed three 
times with 10 mL of chloroform. The organic phases are 
combined (60 mL) and dried over magnesium sulfate. The 
organic solvents are evaporated to dryness. A light yellow 
brownish, oily material is left. Satisfactory NMR spectra 
have been obtained. The aldehydic protons appear as two 
complex multiplets near 9.68 and 9.77 ppm (Figure 2a). 
The J values are relatively small. This material is used 

DIGOXINa 1 I 
DIALDEHYDE 

10 8 6 4 
PPM 

Figure 2. NMR of (a) digoxin dialdehyde and (b) digoxin di- 
oxime, 

immediately in the next reaction. No attempt was made 
to isolate the dialdehyde because of its lability. 

Digoxin Bis[ 0-(carboxymethyl)oxime] Carboxy- 
methoxylamine hemihydrochloride (0.3119 g, 1.4 mmol) 
and sodium acetate (0.2260 g, 1.6 mmol) are dissolved in 
3 mL of water and placed into a 50-mL two-necked flask. 
The digoxin dialdehyde, dissolved in 1.3 mL of methanol, 
is placed into a pressure-equalized funnel and slowly added 
to the flask while the reaction mixture is stirred under 
nitrogen. The reaction is completed within 10 min (TLC 
chloroform/methanol, 6/ 1 by volume, Rf 0.09-0.13). The 
reaction mixture is evaporated to dryness and dissolved 
in 20 mL of ethyl acetate and 3 mL of water. The organic 
layer is separated and the aqueous layer is washed three 
times with 5.0 mL of ethyl acetate. The organic layers are 
combined and dried over anhydrous magnesium sulfate. 
The solution is filtered and evaporated to dryness. The 
residue is dried for 30 min under high vacuum (0.1 mmHg) 
and used immediately for the next step. Satisfactory 
elemental analysis and NMR spectra were obtained for 
the residual product. Elemental anal. for C45H~8018 
N202H20 (calcd): C, 56.65 (56.22); N, 7.39 (7.56); 0 33.22 
(33.70); H, 2.91 (2.91). The aldehydic protons of the di- 
oxime appeared as two multiplets near 6.94 and 7.5 ppm 
(Figure 2b). 

N-Hydroxysuccinimide Ester of Digoxin Bis[ 0- 
(carboxymet hyl)oxime]. Dicyclohexylcarbodiimide 
(DCC, 0.2805 g, 1.3 mmol) is dissolved in 6 mL of dry DMF 
and placed into a 50-mL two-necked flask. The solution 
is cooled in an ice-water bath (4 "C). Digoxin (bis[O- 
(carboxymethyl)oxime], dissolved in 80 mL of DMF, is 
slowly added while the reaction mixture is stirred under 
nitrogen. Immediately afterward, N-hydroxysuccin- 
imide (NHS) solution (0.1500 g, 1.3 mmol, in 6 mL of DMF) 
is likewise added. Reaction progress is monitored by TLC 
[chloroform/methanol/water, 75/25/3 by volume, Rf 1.0 
(DCC), 0.75 (dioxime NHS active ester), 0.34 (NHS), 0.1 
(dioxime)]. The reaction continues at  4 "C under nitrogen 
for 18 h. The white solid precipitate in the mixture is 
removed by filtration. The filtrate is then evaporated with 
a rotary evaporator under vacuum (0.1 mmHg). An oil 
material is left. 

The desired product possesses the following TLC 
characteristics: (1) homogeneous UV detectable spot (short 
wavelength), (2) the homogeneous spot turns brownish 
when the TLC plate is sprayed with methanol/con- 
centrated sulfuric acid (9/ 1 by volume) and warmed briefly 
in a 100 "C oven. 

Digoxin-DPPE Conjugates. The crude dioxime active 
ester (17 mL of reaction mixture) is placed into a 100- 
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Figure 3. FAB MS of digoxin-mono-DPPE, 
mL two-necked flask. A suspension of DPPE (0.4431 g, 
0.64 mmol, dispersed in 30 mL of dry chloroform and 0.87 
mL of triethylamine) is placed into an addition funnel and 
slowly added to the flask while the reaction mixture is 
stirred under nitrogen and protected from light. The 
mixture was heated gently (40-50 "C) and this continues 
for 72 h. The reaction was monitored by TLC [solvent 
system chloroform/methanol/water, 7512513 by volume, 
Rf 0.75 (active ester), 0.52 (unknown l ) ,  0.45 (unknown 
2), 0.30 (NHS), 0.21 (DPPE), 0.20 (disubstituted conjugate), 
0.13 (monosubstituted conjugate)]. The phospholipid 
moiety of the conjugates was detected by molybdate blue 
spray. The reaction mixture was evaporated and brought 
up in 10 mL of chloroform/methanol/water (21811). The 
N-hydroxysuccinimide was removed from the mixture by 
LPLC [Kieselgel, 200 g, glass column (2.5 cm X 50 cm), 
solvent system chloroform/methanol/water (2181 1 by 
volume)]. Pure mono- and disubstituted conjugates can 
be obtained by preparative TLC in chloforom/methanol/ 
water [75/25/3 by volume: Rf 0.30 (disubstituted), 0.15 
(monosubstituted)]. Pure digoxin-di-DPPE conjugate 
(0.1349 g, 20 76) and digoxin-mono-DPPE conjugate (0.1424 
g, 26.5%) were obtained. Two other minor products were 
also isolated. The structures of the minor products were 
not identified. The molecular ion for digoxin-mono- 
DPPE is 1621 (M + Na)+ (Figure 3) and the molecular 
ion for digoxin-di-DPPE is 2311 (M + K)+ (Figure 4). 

CONCLUSION 
An important advantage of the above synthetic pro- 

cedure is the use of the relatively stable, storable, yet ac- 
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Figure 4. FAB MS of digoxin-di-DPPE. 

tivatable, oxime intermediate. This  intermediate 
overcomes the disadvantages inherent in the Butler et al. 
procedure discussed earlier. These include the propensity 
for the dialdehyde intermediate to undergo deleterious side 
reactions, particularly in the presence of amine derivatives 
of lesser reactivities such as phospholipids. An additional 
advantage is tha t  the improved procedure provides 
products which can be readily isolated, characterized, and 
purified, in contrast to that  of Butler, which, to our 
knowledge, yields a sufficiently complex mixture, thwarting 
the desired product characterization. 

The objective of this work has been to provide digoxin- 
phospholipid conjugates which are ultimately incorporated 
in liposome diagnostic reagents. It is interesting to  
compare the digoxin-mono- and -di-DPPE conjugates 
prepared here with respect to their incorporation within 
a liposome bilayer membrane was well as their comparative 
impact on diagnostic utility, even though these con- 
siderations go beyond the scope of this preparative report. 
CPK models of the digoxin-mono- and -di-DPPE deriv- 
atives (see Figure 1) suggest that the di-DPPE derivatives 
should be more effectively incorporated in a bilayer 
membrane, owing its four fatty acid legs. Data bearing 
on this and related diagnostic applications will be reported 
separately. 

The synthetic method described here is also applicable 
to the preparation of analogous phospholipid conjugates 
involving linkage through a sugar ring such as digitoxin, 
gitoxin, ouabain, digitonin, and related cardiac glyco- 
sides, or those involving steroids (i.e., 3-ketodigoxi- 
genin) which can be modified to form oxime derivatives 
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remote from key functionalities important for immuno- 
recognition by specific antibodies. For example, digoxi- 
genin-DPPE was prepared efficiently from digoxigenin 
3- [ (carboxymethyl)oxime] and dipalmitoyl phospha- 
tidylethanolamine via a NHS active ester. The digoxi- 
genin 3-[ (carboxymethyl)oxime] was prepared quanti- 
tatively from the reaction of 3-digoxigenone and car- 
boxymethoxylamine hemihydrochloride. The preparation 
of 3-digoxigenone from digoxigenin was performed by 
previous methods (12). 
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(5) Smith,  T. W., Butler, V. P., Jr., and Huber,  E. (1970) 
Characterization of antibodies of high affinity and specificity 
for the ditigalis glycoside digoxin. Biochemistry 9, 331-337. 

(6) Freytag, J. W. and Litchfield, J. (1984) Liposome-mediated 
immunoassays for small haptens (digoxin) independent of 
complement. J .  Immunol. Method 70, 133-140. 

(7) Keating, M. Y., and Rechnitz, G. A. (1984) Potentiometric 
digoxin antibody measurements with antigen-ionophore based 
membrane electrodes. Anal. Chem. 56, 801-806. 

(8) Cole Francis, X. U S .  Patent 4,342,826, Aug. 3, 1982. [im- 
munoassay products and methods (see examples IX and X) 
and references cited therein]. 

(9) Adolfsen, R., Hedaya, E., Mark, C., and Schwarzberg, M. US. 
patent 4,839,276, June 13, 1989 (interference-resistant lip- 
some specific binding assay). 

(10) There was only one product according to extensive TLC 
studies. Whereas, the NMR spectra of digoxin dioxime showed 
two multiplets (6.94 and 7.5 ppm) separated by 0.56 ppm which 
were assignable to the aldehydic proton. (Phillips, W. D. (1958) 
Studies of hindered internal rotation in organic molecules by 
nuclear magnetic resonance. Ann. N .  Y.  Acad. Sci. 70, 817- 
832.) The existence of two separated proton resonances could 
be explained by the simultaneous existence of syn and anti 
isomers. Area ratio of proton resonances provided the efficient 
determination of the equilibrium concentration of the isomers. 
The isomer ratio (syn/anti) was calculated to  be 2. 

(11) Ditter, J. D., and Lester, R. L. (1964) A simple, specific spray 
for the detection of phospholipids on thin-layer chromato- 
grams. J .  Lipid Res. 24, 126. 

(12) (a) Shimiju, Y., and Mitusuhashi, M. (1968) Studies on 
C-NOR-D homosteroids-1 X solvolysis of 14B-hydroxy-12B tos- 
yloxy steroids. Tetrahedron 24, 4207. (b) Tamm, Ch., and 
Gubler, A. (1959) Microbiological conversion of cardiac active 
glycosides and aglycones. Chimia 13, 116-117. 
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The radiation sensitizer misonidazole has been linked to the monoclonal antibody 17-1A which recognizes 
a nonshed antigen of a human gastrointestinal tumor. Linkage was accomplished through a hemisuc- 
cinate of misonidazole attached by a mixed anhydride coupling and gave a conjugate whose plasma 
half-life (for drug cleavage) was ca. 70 h. The degree of substitution on the antibody could be precisely 
regulated by varying the reactant ratios. The binding avidities of the resulting conjugates to the SW1116 
colorectal tumor cells decrease logarithmically with increasing drug load. Four to six misonidazoles 
per antibody represented the optimum drug loading on this system. Enzymatic cleavage of the conjugate 
drug union took place at both the ester and the amide linkages with the former scission predominating. 

Radiation sensitizers such as misonidazole, desmeth- 
ylmisonidazole, and metronidazole enhance radiation 
lethality on hypoxic tumor cells in culture but have been 
much less successful in clinical trials because of their 
marked dose-limiting neuropathies and minimal tumor 
affinities (1-6). The tumor-delivery successes reported for 
the use of monoclonal antibody conjugates in diagnosis (ra- 
dioimmunoimaging) and in drug targeting (immuno- 
chemotherapy) offer a solution to enhancement of the 
clinical utility of sensitizers (7-9). 

In an earlier study we reported the conjugation of mi- 
sonidazole to the anti-colorectal carcinoma monoclonal 
antibody 19-9 (10). This antibody was derived from a hy- 
bridoma 1116-NS-19-9, produced by fusion of the 653 
variant of P3X63 Ag8 murine myeloma cells with sple- 
nocytes from a mouse immunized with the human colo- 
rectal carcinoma cell line SW1116 (11). These studies 
showed that an optimum number of 10-12 misonida- 
zoles could be attached to the IgG with retention of 
approximately 40 % immunorecognition. However, since 
the antigenic determinant recognized by 19-9 is found not 
only on the cell but is also shed into the blood of patients 
with colorectal cancer, only a fraction of the sensitizer- 
antibody conjugate would bind at the tumor target (12). 

The antibody 17-1A recognizes a nonshed antigen and 
was originally derived from the injection of the SW1083 
human colon carcinoma line into BALB/c mice with 
subsequent fusion of the splenocytes with P3x63/Ag8 my- 
eloma cells (11,121. 17-1A recognizes a membrane receptor 
on colon carcinoma, primary pancreatic cancer, and 
metastatic adenocarcinomas and has already been used 
to deliver toxins and boron compounds for neutron therapy 
to tumors (7, 13, 14). 

In the following discussion, the synthesis, charac- 
terization, and in vitro evaluation of misonidazole- 
antibody conjugates with 17-1A are described. Antibody- 
drug conjugates have been prepared with retained binding 
avidity and sufficient resistance to plasma-enzyme hy- 

* To whom requests for reprints should be addressed. 
f Lehigh University. * Hahnemann University. 

drolysis to permit targeting. This preliminary investigation 
indicates that monoclonal transport of sensitizers may 
constitute an effective way to enhance radiation therapy 
of hypoxic tumors. 

EXPERIMENTAL PROCEDURES 

Materials. Misonidazole was obtained from Dr. Peter 
Sorter of Hoffmann-La Roche, Nutley, NJ. The mono- 
clonal antibody 17-1A was obtained from Centocor, Mal- 
vern, PA. Human plasma employed in the hydrolysis 
studies was donated by one of the authors (D.L.P.). 

Conjugation of Misonidazole Hemisuccinate to 17- 
1A. Ratios of sensitizer molecules/IgG from 44 to 1 could 
be obtained by altering the reaction ratios of the sensitizer 
and the antibody as well as the contact times of the 
reactants. Table I shows the relationship between reactant 
ratios and loading factors at a fixed reaction time (15 h). 
A typical preparation which resulted in a drug load of six 
sensitizers per antibody is described. 

Individual stock solutions were prepared of misonida- 
zole hemisucccinate (IO), triethylamine, and isobutyl chlo- 
roformate each at a 0.05 M concentration in anhydrous 
acetonitrile. Aliquots of 0.031 mL (1.55 X mmol) of 
the triethylamine and the misonidazole hemisuccinate stock 
solutions were mixed at  4 OC for 15 min to form a light 
yellow reaction mixture. To this was added 0.031 mL (1.55 
X mmol) of isobutyl chloroformate stock solution with 
the resulting colorless mixture incubated at  4 OC for 1 h. 
This reaction solution was added dropwise to a solution 
of 4.65 mg of 17-1A (3.1 X mmol) in 4.5 mL of 0.1 M 
phosphate buffered saline, pH 7.7 (PBS). The reaction 
was allowed to proceed for 15 h at  4 "C during which time 
the pH decreased to 7.5, whereafter the product was 
isolated and purified as described below. This particular 
conjugate had a loading factor of 6 and a binding avidity 
of 62%. 

Purification of the Antibody Conjugates. The 
requisite antibody conjugate was isolated from the crude 
reaction mixture by chromatography on Sephadex G-25 
(Pharmacia PD-10 columns, Pharmacia Laboratory 
Separation Division, Uppsala, Sweden), equilibrated, and 
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Table I. Reactant Ratios, Loading Factors, and Binding 
Avidities of Misonidazole Hemisuccinate Conjugation to 
17-1A 

conjugate reactant ratioa loading factorb 76 avidity 
1 2 0  1 1.4 88 
2 35:l 5 67 
3 5 0  1 6 62 
4 1001 12 9.3 
5 c  9 0  1 14 6.0 
6 150:l 21 4.7 
7 500:l 44 <1 

a Moles of misonidazole hemisuccinate to moles of 17-1A. Moles 
of misonidazole hemisuccinate bound per mole of 17-1A. Reac- 
tant contact time = 26 h; all other runs = 15 h. 

eluted with 0.9% aqueous sodium chloride a t  room 
temperature. Fractions of 3.0 mL were collected and 
analyzed at the A,, for the drug and the antibody (vide 
infra). The desired antibody conjugate was collected in 
fractions 1 and 2 and unconjugated drug followed in 
fractions 4 and 5. The conjugate was further purified and 
concentrated with Centricon 30 Microconcentrators (Am- 
icon, Danvers, MA), which allow molecules of less than 30 
kD to pass through the membrane. Purity was then 
assessed by high-performance liquid chromatography 
(HPLC) on a Du Pont GF-250 Bioseries column (Zorbax 
PSM-150,9.4 mm X 24 cm id; Du Pont Instruments, Wilm- 
ington, DE) employing 0.2 M PBS, pH 7.2, a t  a 1.0 mL/ 
min flow rate with monitoring at  325 nm. Elution times 
for 17-1A and free-drug standards were 8.3 and 11.8 min. 

Determination of Loading Factor. Antibody loading 
factor, i.e. number of moles of drug per mole of antibody, 
was determined by UV difference spectrometry. Standard 
solutions of drug and antibody in 0.9% sodium chloride 
solution were prepared and standard curves were de- 
termined to provide extinction coefficients (e) for insertion 
to eq 1 and 2. Herein, A325 and A280 correspond to the 

= 'at 325 for + 'at 325 for (l) 

= 'at 280 for d r ~ g [ ~ ' ~ g l  + %t 280 for MoAb[MoAb] (2) 
absorbances of a purified conjugate a t  these wavelength 
maxima, [drug] is the moles/liter concentration of mis- 
onidazole present in the conjugate, and [MoAb] is the 
moles/liter of the antibody present in the conjugate. The 
molar concentrations of drug and antibody in a conjugate 
were calculated by measuring that conjugate's absorption 
(A)  at  both wavelengths, and solving these equations simul- 
taneously to obtain the loading factor as [drug]/[MoAb]. 

E v a l u a t i o n  of Ant ibody  Con juga te  Act ivi ty .  
Maintenance of Cells i n  Culture. SW1116 cells are human 
colon adenocarcinoma cells established by the Scott- 
White Clinic of Temple, TX. This cell line was originally 
derived from a Broders Grade 11, Dukes' A adenocarci- 
noma of the colon of a 73-year-old, white male (15). The 
cells were maintained in a growth medium of three parts 
RPMI 1640 and one part Liebovitz's L-15 medium which 
was supplemented with 20% fetal bovine serum. Cells were 
maintained in Corning polystyrene tissue-culture flasks 
in a humidified 5% COz chamber at  37 "C. The cultures 
were tested periodically for mycoplasma and found to be 
free by Mycotrim T.C. test kits (Hana Media, Berkeley, 
CA). 

Cells in log phase were harvested by removing the 
medium and washing with 0.05% trypsin, 0.02% EDTA, 
5 pg/mL DNAase solution, and they were subsequently 
incubated with a second aliquot of the solution for 0.5 h 
a t  37 "C. The cells were washed by suspending in pH 7.4 
PBS with 5 pg/mL of DNAase, centrifuging for 10 min 
at  1200 rpm, separating, and discarding the supernatant. 
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Figure 1. Radioimmunoassay evaluation of misonidazole- 
labeled 17-1A antibody conjugates. Varying dilutions of un- 
modified 17-1A (m) and misonidazole-antibody conjugate with 
a loading factor of 5 (0) and 12 (0) were incubated competitively 
with 125I-labeled antibody for binding to SW1116 cells. 

These cells were then resuspended to a concentration of 
1 X lo7 per mL in the PBS-DNAase medium and used 
in the free cell binding study. 

Cell B ind ing  of Modi f i ed  Conjugates .  Antibody 
conjugate and unmodified 17-1A were diluted serially from 
a stock solution of 0.3 mg/mL in PBS. Twelve dilutions 
were prepared with PBS containing 1.0% bovine serum 
albumin (BSA) as the diluent: 1-8 being 2.33-fold serially 
and 9-12 being 5.00-fold serially diluted. To 0.2 mL of 
the above solutions was added 0.1 mL (3.0 X lo6 cpm/ 
mL) of lZ5I-17-1A prepared and purified by our published 
method (17). The specific activity of the 1251-17-1A was 
10 pCi/pg. From each of the above antibody conjugate/ 
lZ5I-17-1A solutions, 0.05 mL was added to a solution of 
SW1116 cells (0.05 mL at  1 X 107 cells/mL) and the 
mixture was incubated for 18 h at 4 "C in 96-well micro- 
titer plates. All assays were done in triplicate. An 
additional control binding assay was used to determine 
the maximal cpm bound using the same cell concentration 
and only lZ5I-17-1A at  the same radioactive concentration. 
The plates were centrifuged and the pelleted cells were 
washed three times with PBS containing 1 % BSA. Cell 
pellets were then removed with cotton swabs and counted 
in a Searle Autogamma counter set for lZ5I. 

The relative binding avidity of each conjugate was 
compared to unmodified 17-1A by using a competitive 
binding assay. Various concentrations of antibody 
conjugates were allowed to bind to antigen containing 
SW1116 cells in the presence of a fixed quantity of radi- 
olabeled lEI-17-1A. A binding curve was then determined 
in which the percent counts bound of 1251-17-1A was 
plotted against the negative log of the antibody conjugate 
concentration (see Figure 1). The percent counts bound 
was determined by dividing the actual spm of antibody 
binding (at various antibody conjugate concentrations) by 
the maximal possible cpm bound of lZ5I-17-1A alone. The 
percent avidity was determined as the concentration of 
the conjugate a t  50% bound divided by the concentration 
of the control (unmodified 17-1A) at  50% bound. The 
percent avidities of the conjugate are shown in Table I. 

Evalua t ion  of Conjuga te  S t a b i l i t y  t o  P l a s m a  



318 

Enzymes. Conjugates were evaluated both for stability 
to cleavage by plasma enzymes and to storage in saline. 
Freshly drawn human blood (40 mL in evacuated con- 
tainers coated with sodium heparin) was centrifuged to 
separate the plasma phase. Three milliliters of plasma was 
transferred to a sterile vial and a misonidazole-17-1A 
conjugate (loading factor = 39) was added to achieve a final 
concentration of 2 mg/mL. The mixing of the two 
solutions from preequilibrated stocks was taken as time 
zero. The solutions and the  reaction mixture were 
maintained at 37 "C in a VWR-1910 incubator. Samples 
were withdrawn at the indicated times (see Figure 4) and 
were injected onto a Du Pont Bioseries GF-250 column 
packed with Zorbax PSM 150 (9.4 mm X 25 cm id; Du Pont 
Instruments, Wilmington, DE) mounted on a Perkin- 
Elmer Series 2 HPLC with UV monitoring at 325 nm and 
a mobile phase of 0.2 M PBS at pH 7.4 flowing at 1.0 mL/ 
min. The main analytical column was protected by a guard 
column (2.1 mm X 2.0 cm id) of identical packing material. 
The peaks were identified by separate injection and coin- 
jection of standards. Storage stability of the conjugate was 
determined by this HPLC method with conjugate a t  a 
concentration of 2 mg/mL in saline at 4 "C and at 25 "C. 

Biodistributions. Conjugate 3 (Table I) was labeled 
with "'In-DTPA by the Hnatowich method (18) and 
evaluated for tumor/muscle/blood distribution a t  2 days 
postdosing by serial necropsy in three Harlan Sprague- 
Dawley nude mice bearing the SW1116 tumor as a flank 
implant. Animals were 8-10-week-old females implanted 
9 days previously with 1.5 X lo7 cells and maintained in 
colony until the tumors developed to an average weight 
of 125-200 mg. Biodistributions were performed in the 
previously reported fashion (12, 19). Labeled conjugate 
3 (0.5 uCi) was administered i.v. into the lateral tail vein. 
At  48 h 0.2 mL of blood was withdrawn by cardiac puncture 
just before necropsy. 
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RESULTS AND DISCUSSION 

Loading factor is remarkably sensitive to the relative 
concentrations of the misonidazole hemisuccinate and 17- 
1 A  in the coupling medium, allowing the controlled 
syntheses of a whole spectrum of conjugates (see Table 
I). Roughly 7-10 drug moieties become affixed to the IgG 
for each successive 10 mol equiv increase in the relative 
hemisuccinate-to-antibody ratio. Binding avidity, however, 
decreases rapidly with increasing radiosensitizer burden, 
falling by ca. 50% between 6 and 12 misonidazoles attached 
(Figure 2). 

For in vivo radiosensitization application the amount 
of misonidazole delivered to the tumor site would depend 
on the number of drugs that are covalently attached to 
the antibody as well as on the avidity retained by a given 
misonidazoleantibody conjugate to the target antigen. The 
plot of loading factor times binding avidity versus loading 
factor (Figure 3) may be used to determine the optimal 
druglantibody ratio for therapeutic usage. Binding 
avidities employed in this calculation are derived from the 
least-squares line (Figure 2). It can be seen from Figure 
3 that the curve reaches a maximum at a loading factor 
of ca. 6, indicating that the optimal load for conjugates 
when used for immunoradiotherapy lies between 4 and 8. 

The stability of a misonidazole-antibody conjugate 
(loading factor = 39) was evaluated by HPLC methods in 
human plasma and in saline at room temperature (25 OC) 
and at 4 "C. It  can be seen from Figure 4 that a marked 
difference exists in the stability of the antibody conjugate 
in plasma vs saline. The amount of misonidazole that 
remains attached to the antibody decreases more rapidly 

looh ., 

.\ 

0.1 I I I I I I 
O 10 20 30 40 50 

LOMINC FACTOR 

Figure 2. Relationship between percentage of antibody- 
binding avidity as measured by radioimmunoassay (Table I), and 
loading factor. 
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Figure 3. Product of fractional antibody avidity times loading 
factor, obtained from Table I, versus loading factor. 

in plasma than in a standard buffer solution. The drug 
may be cleaved as misonidazole hemisuccinate (amide bond 
cleavage) or as misonidazole itself (ester bond cleavage). 
Obviously, in plasma the mechanism by which the drug 
is cleaved from the antibody involves not only simple hy- 
drolysis but also includes the action of peptidases and es- 
terases on the conjugate. At all times the amount of free 
drug in the form of misonidazole was greater than that in 
the form of misonidazole hemisuccinate, indicating the 
relative instability of the ester bond vs amide bond toward 
cleavage. The peak in the HPLC chromatogram cor- 
responding to the intact misonidazole-antibody conjugate 
(Figure 5, peak A) appears to resolve into multiple peaks 
at longer incubation times as the drug is freed either as 
misonidazole or its hemisuccinate. 

Evaluation of Conjugate Stability to Plasma 
Enzymes. Figure 5 displays an HPLC chromatogram of 
the cleavage products of the misonidazole-17-1A conjugate 
(loading factor = 39) in plasma at 37 OC at an incubation 
time of 24 h. The analysis was conducted as indicated in 
the Experimental Procedures. An antibody fraction (peak 
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onidazole hemisuccinate, and their respective metabolites) 
from total peak integration for all antibody bound and 
unbound species with the subsequent expression of this 
quantity as a percentage of total integration. With the 
HPLC UV detector measuring at  325 nm, the peaks are 
completely attributable to the imidazole chromophore, and 
therefore to drug concentration. Antibody is transparent 
a t  this wavelength. 

Figure 4 shows the percent drug bound to antibody vs 
time in plasma at  37 "C. As indicated, 76% of the drug 
remains antibody-bound at 24 h, but by 120 h the bound 
drug has decreased to <40 76. Although the drug release 
rate is not a simple function, a half-life of 70 h can be 
extracted from the data. HPLC evaluation of the stability 
of the antibody-drug conjugate demonstrates prote- 
olytic cleavage of the amide linkage between the antibody 
and the misonidazole hemisuccinate as well as preferential 
enzymatic/ hydrolytic cleavage of the misonidazole ester. 

Corresponding analyses were performed in saline at  4 
"C and at  25 "C to determine stability of the conjugate 
to various storage conditions. At  25 "C the hydrolysis 
showed linear kinetics with a half-life of 162 h. At  the lower 
temperature, however, the conjugate was virtually 
unchanged over >120 h, indicating that 4 "C saline solution 
represents an effective medium for storage. 

Although the optimum loading of 4-6 misonidazoles 
(Figure 3) is less for 17-1A than for 19-9 (10-12 misonida- 
zoles) (16) and the hydrolysis rate for drug release is slightly 
greater, the immunotargeting potential could undoubtedly 
be enhanced by removing a fraction of inactive antibody 
by affinity chromatography. As it stands, preliminary bio- 
distribution to evaluate tumor uptake, performed in tumor- 
bearing nude mice with six-drug-load conjugate, was 
encouraging. At 48 h postdosing this did show a tumor/ 
blood ratio of 5.4 and a tumor/muscle ratio of 11.0 with 
absolute levels of 3.31 f 0.92% dose/gram in tumors of 
the conjugate-dosed mice. An earlier study of the uptake 
of radioiodinated (l3lI)  17-1A in a similar nude mouse 
tumor reported 8% doselgram at  1 day postdosing and 
12% dose/gram at  5 days postdosing (12). In this study, 
the drug-substitution rates which could be obtained 
without substantial loss of antibody activity were too low 
to justify in vivo radiosensitizing testing. Additional studies 
with more potent sensitizers conjugated to polymeric 
spacers on antibody fragments are underway in these 
laboratories. 
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Figure 4. HPLC analysis of release rates of drug from mis- 
onidazole-17-1A-antibody conjugate (loading factor = 39) in 
plasma a t  37 "C (m), saline at 25 "C (a), and saline a t  4 "C (I). 
Bound drug refers to the remaining percent of misonidazole which 
is considered bound to the antibody. 
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Figure 5. HPLC chromatogram of misonidazole-antibody 
conjugate (loading factor = 39) in serum a t  37 "C a t  t = 24.5 h. 

A)-containing the initial antibody conjugate, its cross- 
linked homologues, and its partially hydrolyzed deriv- 
atives-eluted as a multiple-component peak from ca. 6.5- 
10 min. By peak-enhancement techniques the original, 
unhydrolyzed conjugate in plasma was established to elute 
a t  7.7 min. A shoulder a t  7.1 min is apparently cross- 
linked antibody since it is generated in the synthesis of 
the original antibody conjugate. Other shoulders elut- 
ing after the original unhydrolyzed conjugate in the 
antibody portion (peak A) a t  longer incubation times are 
a t t r ibuted to  antibody remaining after fractional 
hydrolytic/enzymatic scission of misonidazole and/or mi- 
sonidazole hemisuccinate. Peak-enhancement techniques 
identify peak B, eluting at  11.8 min, as misonidazole 
hemisuccinate and peak C, eluting at  13.0 min, as mis- 
onidazole. The shoulder a t  13.9 min is attributed to a 
metabolite of misonidazole since it is found only a t  longer 
incubation times in plasma and is not present in saline. 

Because the fragment peaks and their metabolites arise 
from multiple possible sources, i.e. original antibody- 
conjugate or misonidazole hemisuccinate cleaved therefrom, 
it is not possible to determine distinct kinetic parameters 
for each product. However, the relative percent drug 
bound to the antibody could be measured by subtraction 
of the summation of the individual chromatographic peak 
integrations for all fragment species (misonidazole, mis- 
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Synthesis and Interactive Properties of an Oligonucleotide with 
Anthraquinone at the Sugar Fragment 
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The synthesis of a self-complementary oligonucleotide possessing an anthraquinonylmethyl substit- 
uent a t  the designated sugar fragment, 5’-CCU(B’AQ)AGCTAGG (I), is described. The anthraquinon- 
ylmethyl group was introduced to 2’-hydroxyl moiety of uridine, which was then converted to the protected 
phosphorobisdiethylamidite derivative. This reagent was used for the solid-phase synthesis of the modified 
oligonucleotide 1. The UV and CD melting behaviors indicate that the modified oligonucleotide 1 can 
form a duplex in aqueous buffer solution similar to the unmodified strand 5’XCTAGCTAGG (7). The 
observed melting temperatures for the duplexes 1 and 7 were 57.4 and 40.0 “C, respectively. The 
temperature-dependent change in the intensity of the induced CD a t  around 335 nm reflected directly 
to the melting behaviors of duplex 1, indicating that the anthraquinone groups intercalate into the base 
pairs in the duplex. The intercalation-induced stability of the duplex translates into a free energy cost 
of 5.2 kcal/mol. The present work provides a novel method for enhancing the affinity of oligonucle- 
otides for their complementary sequences. 

There is current interest in conjugation of oligonucle- 
otides with intercalating agents that stabilize the complexes 
with the complementary sequences without losing the 
specificity of recognition (1-11). It has been previously 
shown that oligonucleotide-acridine or -anthraquinone 
conjugates can be used for inhibiting mRNA translation 
or viral expression (5-8). The synthesis of oligonucleotide- 
intercalator conjugates has been accomplished by linking 
oligonucleotides via linker arms to intercalating agents a t  
a terminal position (1-8), an internal phosphorus (9, IO), 
or a pyrimidine C-5 (11). 

We describe here the synthesis of an oligonucleotide with 
an anthraquinone selectively incorporated to the sugar at 
a specific residue. Our strategy involves the preparation 
of a 2’-anthraquinone-modified uridine derivative that is 
suitable for a solid-phase synthesis of oligonucleotides. 
Molecular models allowed us to consider that  an an- 
thraquinone group could be incorporated via a relatively 
short linker to the 2’-sugar position in an oligonucle- 
otide, the resulting oligonucleotide binds to complementary 
sequence, and the anthraquinone intercalates between the 
base pairs adjacent to the sugar in the duplex. To test the 
validity of our consideration, we synthesized self- 
complementary oligonucleotide 5’-CCU(2’AQ)AGCTAGG 
( l ) , I  containing the anthraquinone-modified uridine (Figure 
1). Spectroscopic and thermodynamic studies indicate that 
a single oligonucleotide-anthraquinone conjugate 1 binds 
to another in aqueous buffer solution forming a duplex with 
an enhanced thermal stability by intercalation. 

+ Kyoto University. 
* Abbreviations: U(2’AQ), 2’-0-(2-anthraquinonylmethyl)- 

uridine; BzU(2’AQ), 2’-0-(2-anthraquinonylmethy1)-N3- 
benzoyluridine; DMT, 4,4’-dimethoxytrityl; BzC, N4-benzoylde- 
oxycytidine; ibG, W-isobutyryldeoxyguanosine; CPG, controlled- 
pore glass; oligonucleotide-anthraquinone conjugate, 5’-CCU- 
(2’AQ)AGCTAGG [an oligodoxyribonucleotide containing an 
anthraquinone-modified uridine [U(2’AQ)] at position 71; tm, 
melting temperature, poly(rA), poly(riboadeny1ic acid). 

1043-1 802/90/290 1-03 19$02.50/0 

0 
I 

O = P - 0  

5’-CCU(AQ)AGCTAGG 1 
Figure 1. The oligonucleotide containing an anthraquinone at 
the sugar fragment. 

EXPERIMENTAL PROCEDURES 
Melting and boiling points were uncorrected. Ele- 

mentary analyses were performed a t  the Analytical Center 
of Kyoto University. ‘H NMR and 31P NMR spectra were 
obtained on a JEOL-JNM-GX400 spectrometer, using 
tetramethylsilane as internal standard and 85 96 H3P04 
as external standard, respectively. Assignment of IH NMR 
signals was done by analysis of 2D NMR spectra. High- 
performance liquid chromatography (HPLC) was per- 
formed on a Waters ALC/GPC 600E model equipped with 
a 254 nm fixed-wavelength detecter, using a reversed- 
phase Cosmosil5Cl~-300 column (0.46 X 15 cm). Column 
chromatography and thin-layer chromatography (TLC) 
were carried out on Wako silica gel C-200 and Merck 60 
PFm, respectively. Ultraviolet (UV) spectra were recorded 
with a Shimadzu UV-300 spectrophotometer equipped with 

0 1990 American Chemical Society 



320 6/oconJugare Chem., Voi. 1, NO. 5, 1990 

a thermoelectrically controlled cell holder. Circular di- 
chroism (CD) spectra were obtained on a JASCO CD 5-600 
spectrometer equipped with a thermoelectrically controlled 
cell holder. 

Materials and Solvents. N3-Benzoyluridine (12), 
2-(bromomethy1)anthraquinone (13), and N-(trimethyls- 
i1yl)diethylamine (14) were prepared by the literature 
procedures. Protected deoxyribonucleoside P-cyanoeth- 
yl phosphoramidites and CPG support were purchased 
from Applied Biosystems. The oligodeoxyribonucle- 
otide 5’-CCTAGCTAGG was synthesized by using a DNA 
synthesizer (Applied Model 380A). Snake venom phos- 
phodiesterase and alkaline phosphatase were obtained from 
Boehringer-Mannheim. Dimethylformamide (DMF) was 
stirred in the presence of CaHz, distilled, and stored over 
CaHz. Dichloromethane, acetonitrile, and diethylamine 
were dried by refluxing with CaHz a t  least for 5 h and then 
distilled and stored over CaHz or molecular sieves. 

Synthesis of 5’-DMT-U(2’AQ) (5). N3-Benzoyluri- 
dine (2; 2.1 g, 6 mmol) was allowed to react with di-n- 
butyltin oxide (1.5 g, 6 mmol) in methanol (300 mL) under 
reflux for 2 h (15). The solvent was removed to dryness, 
giving 2‘,3‘-0-dibutylstannylene-N3-benzoyluridine (3). 
Dibutylstannylene derivative 3 was dried over PzO5 under 
vacuum for 12 h. To a solution of 3 in dry DMF (36 mL) 
were added 2-(bromomethy1)anthraquinone (4.5 g, 15 
mmol) and CsF (1.8 g, 12 mmol), and the mixture was 
stirred at room temperature for 45 h. Ethyl acetate (200 
mL) was added to the reaction mixture and the resulting 
solution was washed with water (50 mL X 3) and then dried 
over NazS04. The solution was concentrated to a minimum 
volume and then applied to a silica gel column (4.5 X 30 
cm); elution with CHzClz-MeOH (20:1, v/v) gave fractions 
which contain a mixture of BzU(2’AQ) (4)  and its 3’- 
isomer (1.9 g, 55% combined yield). The mixture (1.9 g, 
3.3 mol) was allowed to react with DMT chloride (1.2 g, 
3.6 mmol) in dry pyridine (20 mL) a t  room temperature 
for 6 h. Concentrated ammonium hydroxide ( 5  mL) was 
added to the solution and the solution was stirred at room 
temperature for 16 h. The solution was concentrated to 
dryness, dissolved in CHzClz (50 mL), and then washed 
with water (20 mL). The organic solution was dried over 
NazS04, the solvent was removed, and then the residue 
was applied to a silica gel column (3 X 45 cm); elution with 
CHzClz-MeOH (20:1, v/v) gave two major fractions which 
were separated to 5’-DMT-U(2’AQ) (5; 0.8 g, 31 % ) and 
its 3’-isomer (1.1 g, 54%) .  5: mp 138-139 “C; TLC 
(CHzClz-MeOH 9:1, v/v) Rf 0.69; ‘H NMR (DMSO-ds) 6 
3.30 (m, 2 H, H ~ P ) ,  3.72 (s, 6 H, CH30 of DMT), 4.09 (m, 
1 H, H4’), 4.10 (dd, 1 H, Hz’), 4.28 (ddd, 1 H, becoming 
dd with D20, H3’), 4.92 (d, 2 H, J g e m  = 13.68 Hz, ArCHz), 
5.24 (d, 1 H, uracil H5), 5.47 (d, 1 H, diminished with DzO, 

uracil HG), 7.80, 7.94, and 8.20 (m, total 7 H, Ar of an- 
thraquinone). Anal. Calcd for C45H38N2010: C, 70.49; H, 
4.99; N, 3.65. Found: C, 69.97; H, 4.90; N, 3.58. 3’- 
isomer of 5: mp 140-141 “C; TLC (CHzClz-MeOH 9:1, v/v) 
Rf  0.55; ‘H NMR (DMs0-d~)  6 3.27 (m, 2 H, H5’),3.68 (s, 
6 H, CH30 of DMT), 4.13 (m, 1 H, H4’),4.14 (dd, 1 H, H i ) ,  
4.42 (ddd, 1 H, becoming dd with D20, Hz’), 4.82 (d, 2 H, 
J,,, = 13.19 Hz, ArCHZ), 5.24 (d, 1 H, uracil H5), 5.72 (d, 
1 H, diminished with DzO, 2’-OH), 5.80 (d, 1 H, JIT,~/ = 4.15 
Hz, HI’), 7.78 (d, 1 H, uracil He), 7.78, 7.95, and 8.20 (m, 
total  7 H ,  Ar of anthraquinone). Anal. Calcd for 
C45H38N2010: C, 70.49; H, 4.99; N, 3.65. Found: C, 69.40; 
H, 4.77; N, 3.52. 

Conversion of 5 to U(2’AQ). 5’-DMT-U(2’AQ) (76.6 
mg, 0.1 mmol) was treated with 10 mL of 80% CH3COOH 

3-OH), 5.95 (d, 1 H, Jlt,~! = 3.66 Hz, HI’), 6 7.26 (d, 1 H, 
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in water at room temperature for 2 h. The solvent was 
removed to dryness. The residue was dissolved in CHzClz 
(10 mL) and the solution was washed with aqueous 5% 
NaHC03. A pale yellow crystalline solid appeared from 
the organic solution. The product was filtered and then 
dried in vacuo over PzO5 to yield 38 mg (82%): TLC 
(CHzClz-MeOH 9:1, v/v) Rf 0.42; ‘H NMR (DMSO-ds) 6 
3.63 (m, 2 H, H59, 3.96 (m, 1 H, H4’), 4.10 (dd, 1 H, Hz’), 
4.20 (ddd, 1 H, H i ) ,  4.85 (d, 2 H, Jgem = 13.19 Hz, ArCHz), 
5.56 (d, 1 H, uracil H5), 5.97 (d, 1 H, J I T , ~ !  = 4.87 Hz, HI’), 
7.90, 7.94, and 8.20 (total 8 H, Ar of anthraquinone and 
uracial Hs); €260 (25 “C, Hz0-EtOH 1:1, v/v) 3.50 X lo5, 
€335 (25 “C, H20-EtOH 1:1, v/v) 0.46 X lo5. 

Synthesis of Bis(diethy1amino)phosphorochlo- 
ridite. To PCl3 (11.6 mL, 0.13 mol) cooled a t  0 “C with 
stirring was added N-(trimethylsily1)diethylamine (53.6 
mL, 0.28 mol). The reaction was carried out for 60 min. 
The produced trimethylsilyl chloride was removed by 
distillation at atmospheric pressure. The remaining liquid 
was distilled under reduced pressure to give bis(diethy1- 
amino)phosphorochloridite as a colorless liquid (20 g, 
72%): bp 68-71 “Cat  3 mmHg; dw 1.018; 31P NMR 6 161.5. 
Anal. Calcd for C4HloNzPCl: C, 45.16; H, 9.57; N, 13.30; 
P ,  14.70. Found C, 45.19; H,  9.92; N, 13.09; P, 14.78. 

Synthesis of 5’-DMT-U(2’AQ) Phosphorobisdieth- 
ylamidite (6). To a solution of 5 (35.2 mg, 0.046 mmol) 
in dry CHzClz (0.25 mL) containing triethylamine (1 equiv) 
was added a solution (92 pL) of bis(diethy1amino)- 
phosphorochloridite (1 equiv vs 5) in CHzClz. The solution 
was stirred at room temperature for 15 min. Diethyl- 
amine (0.23 mmol) in CHzClz (0.7 mL) was added to the 
solution and the solution was washed with aqueous, 
saturated NaCl (1 mL). The organic solution was dried 
over Na2S04 and then the solvent was removed in vacuo 
to dryness. The residual powder was dissolved in dry 
CH3CN and then analyzed by 3’P NMR. The one major 
peak appeared a t  134 ppm, indicating that bisamidite 6 
thus obtained could be used for the solid-phase oligonu- 
cleotide synthesis. 5’-DMT-BzC phosphorobisdiethyla- 
midite was synthesized by essentially the same procedure 
described above. 

Synthesis of Oligonucleotide-Anthraquinone 
Conjugate 5’-CCU(2’AQ)AGCTAGG (I). The synthesis 
of oligonucleotide-anthraquinone conjugate 1 was 
accomplished by the manual solid-phase phosphora- 
midite (16,17) and phosphorobisamidite (18,19) methods, 
beginning with 5’-DMT-ibG (0.2 pmol) bound to a CPG 
support. The fully protected 5’-DMT-AGCTAGGCPG 
was synthesized by using deoxyribonucleoside P-cyano- 
ethyl phosphoramidites (16,17). Bisamidite 6 was coupled 
in the seventh addition cycle as follows: 6 (0.046 mmol) 
was activated with 0.5 equiv of @-nitropheny1)tetrazole 
in CH3CN (0.2 mL) and coupled (15 min) to the protected, 
CPG-bound, 5’-detritylated AGCTAGG. After the hy- 
drolysis with aqueous tetrazole (181, DMT cation released 
from the CPG was monitored spectroscopically, indicating 
a coupling yield of 87% for U(2’AQ). The remainder of 
the oligonucleotide synthesis cycles using 5’-DMT-BzC 
phosphorobisdiethylamidite were as previously described 
( I @ ,  resulting in each coupling yield of 96%. Thus an 
overall yield for the 10-mer 1 based on DMT cation was 
approximately 70%. The remaining H-phosphonate 
linkage was oxidized with iodine-water (18) and then CPG- 
bound 10-mer 1 was treated with concentrated ammonium 
hydroxide a t  55 “C for 12 h. The purification of oligo- 
mer 1 was performed with reversed-phase HPLC eluting 
with a CH3CN linear gradient (1 % /mid  from 3% CH3CN 
in 0.1 M triethylammonium acetate (pH 7.0) a t  a flow rate 
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Figure 2. Synthesis of the anthraquinone-modified uridine derivative. 

+ 3’-ismer 

of 1.0 mL/min. The major peak ( t ~  = 23.2 min) was 
collected and lyophilized, affording 8.0 A m  units of purified 
oligomer 1. 

unit) was 
subjected to  digestion with snake venom phosphodi- 
esterase (0.3 unit/mL) and alkaline phosphatase (100 unit/ 
mL) in 50 pL of Tris-HC1 buffer (pH 7.2) a t  37 “C for 2 
h (20). The reaction mixture was analyzed by reversed- 
phase HPLC; elution with 0.05 M ammonium formate 
containing a 15% CH3CN gradient (20 min) a t  a flow rate 
of 1.5 mL/min gave deoxyribonucleosides in an expected 
molar ratio of dG:dC:dA:T = 3.29:3.15:1.95:1.00, The nu- 
cleoside U(2’AQ) was detected from the mixture with 30% 
CH3CN in the buffer as the eluent. The purified oligo- 
mer 1 exhibits the absorption band a t  around 335 nm 
similar to U(2’AQ), indicating that U(2’AQ) is present in 
this sequence. 

Preparation of Oligonucleotide Solutions for 
Physical Measurements. All solutions were prepared 
by using a buffer containing 0.01 M sodium phosphate and 
0.1 M NaC1, adjusted to pH 7.0. Oligonucleotide con- 
centrations were determined based on the measured ab- 
sorbance a t  260 nm and the following single-strand 
extinction coefficients ( E  X M-’ cm-l at 25 “C): oli- 
gonucleotide-anthraquinone conjugate 1, 1.23; oligonu- 
cleotide 5’XCTAGCTAGG (7), 0.95. Each t value was 
determined by calculations based on a nearest neighbor 
model (22). Since oligomers studied here have a self- 
complementary sequence, the calculations for oligomer 
concentrations were carried out by taking account of the 
hypochromic effect on the absorbance a t  25 “C: for oli- 
gomer 1, 11%; for oligomer 7, 14%. 

Except for thermodynamic studies, all duplex melting 
curves by UV and CD spectra were measured a t  a common 
strand concentration (1.5 X M). Temperature- 
dependent induced CD curves were obtained a t  the same 
concentration. The  thermodynamic data  for duplex 
formation were obtained from UV melting curves by 
plotting inverse melting temperature versus log C, where 
C is the total strand concentration (22). 

RESULTS 

Synthesis of 5’-DMT-U(2’AQ) Phosphorobisdieth- 
ylamidite (6). The synthesis of 5’-DMT-U(2’AQ) phos- 
phorobisdiethylamidite (6) is shown in Figure 2. W -  
Benzoyluridine (2) was converted according to Moffatt’s 

The purified oligonucleotide 1 (ca. 0.1 

procedure (15) to 2’,3’-O-dibutylstannylene derivative 3, 
which was allowed to react directly with 2-(bromometh- 
y1)anthraquinone in the presence of CsF as a catalyst, 
affording a mixture of BzU(2’AQ) (4) and its 3’4somer. 
These nucleosides were treated with DMT chloride 
followed by ammonium hydroxide, giving two products 
which were separated by a silica gel chromatography, 5’- 
DMT-U(2’AQ) (5) and its 3’-isomer. Nucleoside 5 was 
phosphitylated with bis(diethy1amino)phosphorochlo- 
ridite, yielding 5’-DMT-U(2’AQ) phosphorobisdiethyla- 
midite (6). 

Synthesis of Oligonucleotide-Anthraquinone 
Conjugate (1). The oligonucleotide S-CCU(2’AQ)- 
AGCTAGG (1) was synthesized by the manual solid- 
phase phosphoramidite and phosphorobisamidite methcds 
(16-19). Phosphorobisdiethylamidite 6 was used directly 
for introduction of U(2’AQ) into the sequence of 1. DMT 
cation measurements indicated coupling efficiencies of 9 6  
98 % for the phosphoramidites and the phosphorobisa- 
midite, although a slightly lower efficiency (87 %) was 
observed in the coupling of DMT-U(2’AQ) phosphoro- 
bisdiethylamidite (6). The protected oligonucleotide 1 
bound to the support was treated with concentrated 
ammonium hydroxide in a usual manner to give depro- 
tected oligomer 1. Final purification of 1 was effected by 
reversed-phase HPLC. The nucleoside composition of oli- 
gonucleotide 1 was verified by enzymatic digestion analysis. 
The purified oligonucleotide 1 exhibits a UV absorption 
band a t  around 335 nm due to the 2-substituted an- 
thraquinone. 

Oligonucleotide Duplex. Figure 3 shows the UV 
melting curves for the anthraquinone-modified duplex 1 
and the corresponding unmodified oligonucleotide duplex 
5’-CCTAGCTAGG (7). Analyses of the UV melting curves 
provide the melting temperature (tm) values which are 
listed in Table I. Table I also summarizes the thermo- 
dynamic data derived from the analysis of dependency of 
inversed tm values on logarithm of the total oligonucle- 
otide concentrations. Figure 4 indicates the two families 
of temperature-dependent CD spectra for duplex 1 and 
7. The CD melting curves for duplexes 1 and 7 are shown 
in each box in Figure 4. The tm values yielded from the 
CD melting curves were identical with those derived from 
the UV melting profiles. The families of the induced CD 
spectra for duplex 1 between 300 and 400 nm at different 
temperatures are presented in Figure 5. The intensity of 
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Table I. Spectroscopically Measured Tm Values and Thermodynamic Parameters for Duplexes 5’-CCU(2‘-AQ)AGCTAGG (1) 
and 5I-CCTAGCTAGG (7). 

duplex tm Atm AGO AAGO AHo AAHO ASo AASO 
1 57.4 17.4 -15.1 -5.3 -80.9 -31.0 -219.2 -85.5 
7 40.0 -9.8 -49.9 -133.7 

a Tm was measured at a strand concentration of 1.5 X M. The free energy and enthalpy data are in kcal/mol; the entropy data are in 
cal/mol.K. AGO and AAGO are at 27 OC. 

I I 

0 10 20 30 40 50 60 70 80 
T(’C) 

Figure 3. UV melting curves measured at 260 nm for duplexes 
[O, 5’-CCU(P’-AQ)AGCTAGG (1); O ,  5’CCTAGCTAGG (7)] at 
a common strand concentration (1.5 X lW5 M). The buffer used 
contained 0.1 M NaCl and 0.01 M sodium phosphate, adjusted 
to pH 7.0. 

m 
0 
x - 
m 
I 

3.0 

2.0 

1.0 

0 

-2 .0  1 . . . I 
220 250 300 350 

Wavelength(nm) 

Y) 

0 
X 
I 

m 
I 

2.0 . 

1.0 . 

0 .  

-2.0 
220 250 300 350 

Wavelength (nm) 

Figure 4. Temperature-dependent CD spectra and CD melting 
curves at 266 nm for duplexes (upper, 1; lower, 7) at a common 
strand concentration (1.5 X 10+ M). The buffer used contained 
0.1 M NaCl and 0.01 M sodium phosphate, adjusted pH 7.0. 
the ellipticity a t  around 335 nm decreased with increase 
in temperature. For unmodified duplex 7, no induced CD 
can be detected. 
DISCUSSION 

Synthesis of Oligonucleotide-Anthraquinone 
Conjugate (1) .  Our strategy for introduction of an an- 

5000 

I .2o*c I 

300 350 400 
Wavelength(nm) 

Figure 5. Expanded CD spectra for duplex 1 between 300 and 
400 nm as a function of the indicated temperature. The 
measurements were carried out at a strand concentration of 1.5 
X 10” M in a pH 7.0 buffer containing 0.1 M NaCl and 0.01 M 
sodium phosphate. 

Figure 6. Model of the duplex of oligonucleotide-anthraquin- 
one conjugate. Dotted lines indicate hydrogen bondings between 
Watson-Crick base pairs. 

thraquinone group into the specific sugar residue of an oli- 
gonucleotide was based on the preparation of a modified 
ribonucleoside with anthraquinonylmethyl group a t  2’- 
hydroxyl moiety. Benzyl substitution a t  the 2’- or 3’- 
hydroxyl moiety of the ribonucleoside can be achieved by 
reaction of 2’,3’-0-dibutylstannylene ribonucleoside with 
benzyl bromide (15). This reaction has proved to be useful 
for introduction of the anthraquinonylmethyl group into 
the uridine 2‘- or 3’-hydroxyl moieties, yielding 4 and its 
3’4somer. I t  should be noted that use of an N-acyl group 
as a protecting group of uridine and CsF as a catalyst is 
important for obtaining the desired product by the above 
reaction. After 5’-dimethoxytritylation and debenzoyla- 
tion, 5’-DMT-U(2’AQ) (5) can be isolated in a pure form 
by a silica gel chromatography. 

5’-DMT-U(2’AQ) phosphorobisdiethylamidite (6), 
prepared by phosphitylation of 5 with bis(diethy1amino)- 
phosphorochloridite, is a suitable monomer for phospho- 
robisamidite oligonucleotide synthesis procedures that we 
have recently developed (1419). Coupling reactions of 
deoxyribonucleoside phosphorobisdiethylamidites are 
almost equally effective as standard deoxyribonucleo- 
side phosphoramidite reagents, although 6 was found to 
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be slightly less efficient in the coupling probably because 
of the bulky 2’-substituent. 

Duplex Stability. Model-building studies show that 
the duplex formation of oligonucleotide-anthraquinone 
conjugate (1) by Watson-Crick base pairing should allow 
two anthraquinone moieties to intercalate into both the 
base pairs of 

-*.3LA-T-5*’** 
I, I ,  I ,  

I ,  0 ,  0 ,  ..- 5’-U-A-3’.-- 

in the resulting duplex (Figure 6). The UV and CD melting 
behaviors, where the shapes of the melting profiles for 
duplex 1 exhibit sigmoidal curves similar to those for 7, 
indicate the formation of oligonucleotide duplex for 1. The 
temperature-dependent change in the intensity of the 
induced CD at  around 335 nm reflects directly the melting 
behaviors of duplex 1. These observations suggests that 
the intercalation of the anthraquinone moieties occurs in 
a cooperative manner with Watson-Crick base pairing. 

Inspection of the melting profiles in Figure 3 and the 
tm values in Table I reveals that the modification with an- 
thraquinonylmethyl at the 2’-sugar hydroxyl moiety of the 
oligonucleotide double helix increases the duplex melting 
temperature by 17 “C relative to the corresponding un- 
modified duplex. The thermodynamic data in Table I 
show that this modification-induced increase in thermal 
stability translates into a free energy cost (AA GO) of 5.3 
kcal/mol for duplex at 27 “C. The magnitude of AAGO 
per one anthraquinone molecule can be estimated to be 
ca. 2.7 kcal/mol, which is larger than that reported for the 
oligonucleotide duplex with anthraquinone at  the thymi- 
dine c-5 (7). 

Close examination of the thermodynamic data reveals 
that the stabilizing influence (AAGO) results from negative 
reductions in both the transition enthalpy ( A M o )  and the 
transition entropy (AASO). Anthraquinone-modified 
duplex 1 exhibits different CD spectral properties from 
the unmodified duplex 7 in the region between 200 and 
300 nm, indicating that the modification with the an- 
thraquinone at  the sugar alters the global conformation 
of the double helix. This alteration must be considered 
for interpreting the enthalpy and the entropy effects that 
we have obtained for the duplex formation of oligonucle- 
otide-anthraquinone conjugate 1. Nevertheless, the overall 
gain in the transition enthalpy may be derived mainly from 
intercalation between anthraquinone and the adjacent base 
pairs. Similar enthalpy effects have been reported on 
stabilizing complexes of oligonucleotides containing 5’- 
linked anthraquinone with poly(rA) (11). Further studies 
may be necessary to elucidate more detailed effects of the 
anthraquinone intercalation on the duplex stability. 

A general procedure has been developed for incor- 
poration of an anthraquinone to a specific sugar residue 
in oligonucleotide sequences. The  oligonucleotide- 
anthraquinone conjugate has an increased affinity for the 
complementary sequence. The anthraquinone moiety 
should locate in between the base pairs adjacent to the 
designated sugar in the duplex. The present procedure 
would provide a useful method for preparation of oligo- 
nucleotide derivatives to deliver an anthraquinone group 
specifically to a given nucleotide sequence in DNA or RNA 
as well as for enhancement of the affinity of oligonucle- 
otides for their complementary sequences. 
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Antibody-morpholinodoxorubicin conjugates were prepared for targeted immunotherapy of human 
melanoma. Spacer molecules that differ in hydrolytic stability were employed between the C-13 of the 
drug and amino residue of lysine on the monoclonal antibody. Antibody-drug conjugates were made 
with five structurally different morpholinodoxorubicin derivatives including oxime, phenylhydra- 
zone, (sulfonylphenyl)hydrazone, and acylhydrazone moieties. Hydrolytic stability of the antibody 
conjugates directly correlated with their in vitro cytotoxicity against melanoma cells. Derivatives or 
conjugates with the greatest hydrolytic stability showed the least cytotoxicity. 

INTRODUCTION 
Anthracyclines are effective antitumor antibiotics that 

have been used extensively in the treatment of different 
cancers (1-5). Although anthracyclines are among the most 
potent anticancer drugs known, their clinical application 
is limited by their cardiotoxicity. One possibility to 
overcome the toxicity of drugs to normal tissues is to attach 
the drug to a carrier system, such as monoclonal antibodies 
(Mabl), which are capable of targeting tumor cells. In this 
way, the drug concentration will be selectively enhanced 
in tumor tissues, while the systemic concentration is 
reduced, thereby eliminating some of the toxic side effects 
of chemotherapy. To  this end, anthracyclines were 
conjugated to a variety of Mab and these chemoimmu- 
noconjugates were analyzed in several preclinical in vitro 
and in vivo studies (6-13). 

Among the extensive list of anthracycline derivatives 
synthesized, morpholino doxorubicin and its 3-cyano 
analogue were shown to exhibit cytotoxic potencies against 
human tumor cell lines that can be from 2- to 10 000- 
fold higher than those of any other anthracyclines (14- 
16). This increase in potency, however, is not accompanied 
by an increase in cardiotoxicity. An additional advantage 
of these anthracycline analogues is that, due to different 
intracellular mechanisms of action than that of their 
parental drug doxorubicin (DXR), they are able to  
overcome multiple drug resistance (1 7-20). Recently, while 
preparing chemoimmunoconjugates of these compounds 
and Mab, we found that their potency could be varied over 
several orders of magnitude, depending on the nature of 
the spacer molecules employed in the conjugation reactions 
(21). These findings prompted us to investigate the linker 
chemistry of these immunoconjugates in greater detail. We 
describe here conjugates between MRA-HC1 and Mab 
LM609 directed against the vitronectin receptor a& on 
human melanoma cells (22, 23). The human melanoma 
cell line used in this study (M21) has 2.5 X lo5 binding 
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1 Abbreviations: Mab, monoclonal antibody; DXR, doxoru- 
bicin; MRA-HC1,3’-deamino-3’-(4-morpholinyl)doxorubicin, NHS, 
N-hydroxysuccinimide; EcDi, carbodiimide; FBS, fetal bovine 
serum; DMA, dimethylacetamide. 

sites per cell for LM609 and internalizes LM609 with an 
endocytotic rate constant (k,) of 1 X 1W2 (21). This implies 
that at saturation and 37 “C, 2500 antibody molecules are 
internalized into each cell per minute. We describe here 
the synthesis of MRA-HC1-LM609 conjugates with 
different acid-cleavable linkers and report the results of 
a study on the hydrolytic stability and cytotoxicity of these 
conjugates. 

EXPERIMENTAL PROCEDURES 

3’-Deamino-3’-(4-morpholinyl)doxorubicin (MRA- 
HCl). MRA-HC1 was prepared by a method similar to that 
described in the literature (14). DXR was first reacted 
via 2,2’-oxybisacetaldehyde, followed by a reaction with 
sodium cyanoborohydride to form the morpholino- and 
(cyanomorpho1ino)doxorubicin mixtures. These mixtures 
were separated by silica gel column fractionation and after 
purification provided morpholino and cyanomorpholino 
derivatives in 45% and 20% yield, respectively. Homo- 
geneity of these compounds was determined by silica gel 
thin-layer chromatography (TLC) (19:l chloroform/ 
methanol) and the purity was found to be 98% by reverse- 
phase HPLC analysis (20 mM ammonium acetate, pH 4.5/ 
methanol). 
3’-Deamino-3’-(4-morpholinyl)doxorubicin 13-[ 0- 

(Carboxymethy1)oximel (Compound V). A solution of 
6.1 mg (9.7 X 10-5 mol) of MRA-HC1 in 500 pL of 
anhydrous dimethylacetamide (DMA) and 3 pL of tri- 
ethylamine (1.1 molar excess) was stirred in the dark at  
50 “C. A stock solution of 45 pL of carboxymethoxyl- 
amine (4.66 mg; 2.13 X mol in 200 pL of dimethyl- 
acetamide) was then added with stirring. The course of 
the reaction was followed by reverse-phase HPLC and the 
elution time of the MRA-HCl was 20.29 min and that of 
its acid derivative equaled 15.89 min. The reaction was 
complete after 90 min and the product was 95 % pure by 
HPLC analysis. Visible spectrophotometric analysis of the 
product showed peaks at  530, 488, 474, and 382 nm, 
characteristic of the doxorubicin chromophores. 
13- [ (4-Carboxyphenyl) hydrazono]-3’-deamino-3’- 

(4-morpholinyl)doxorubicin (Compound IV). MRA- 
HCl(4.3 mg, 6.6 X 104 mol) in 200 pL of DMA was stirred 
in the dark and 10 pL of a 10 mg/100 pL stock solution 
of 4-hydrazinobenzoic acid was added. The clear reddish 
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solution was heated for 60 min at  43 "C. Then another 
2 pL of reagent was added and the reaction continued for 
60 min. HPLC analysis revealed quantitative conversion 
to the hydrazone derivative. The visible spectrum of this 
compound showed peaks at  530, 495, 478, and 389 nm, 
which are characteristic of doxorubicin, plus an additional 
absorption peak at  324 nm which is due to the phenyl- 
hydrazone moiety. 

13- [ [ (4-Carboxyphenyl)sulfonyl] hydrazonol-3'- 
deamino-3'-( 4-morpholinyl)doxorubicin (Compound 
111). A solution of 7.16 mg (1.12 X mol) of MRA- 
HC1 in 180 pL of dimethylacetamide was stirred in the dark 
and 20 pL or 1.14 X 10-5 mol of a stock solution of 3-(hy- 
drazinosulfony1)benzoic acid (25 mg in 200 pL of DMA) 
was added with stirring for 22 h at ambient temperature. 
After this period, HPLC analysis revealed the complete 
disappearance of free drug and showed a single new 
absorption band of the hydrazone derivative. Analysis of 
the visible spectrum indicated absorption bands at  528, 
489, 474, and 385 nm attributable to doxorubicin and a 
new band at  338 nm due to the (hydrazinosulfony1)- 
phenyl chromophore. 

13-[ (Hydrazinoadipyl) hydrazono]-3'-deamino-3'- 
(4-morpholinyl)doxorubicin (Compound 11). A 
mixture of 6.5 mg (1 X mol) of MRA-HC1 in 300 pL 
of DMA, 15 mg (1.1 X mol) of adipic dihydrazide in 
200 pL of dimethylacetamide, and 3 mg of lithium chloride 
was stirred in the dark. Then, 3 pL of acetic acid was 
added and the clear red solution was stirred for 18 h. After 
this period, TLC (19:l chloroform/methanol) revealed the 
absence of free starting material. 

The slightly turbid solution was passed through a silica 
gel plug using methanol as an eluant. The product was 
purified via preparative silica gel TLC (3:l chloroform/ 
methanol). Reverse-phase HPLC analysis (20 mM 
ammonium acetate, pH 4.5/methanol) of this compound 
showed a purity of 93% and visible spectral analysis 
revealed bands at  531, 486,474, and 385 nm. 

13- [ (3-Carboxy- 1-oxopropyl) hydrazonol-3'-deamino- 
3'-(4-morpholinyl)doxorubicin (Compound I ) .  A 
mixture of 4.9 mg (7.5 X 10-6 mol) of MRA-HCl in 250 pL 
of DMA and 3.2 mg (2.4 x 10-5 mol) of succinic acid mono- 
hydrazide was stirred in the dark a t  45 "C for 18 h. The 
resultant turbid solution was filtered and the product was 
purified by preparative silica gel TLC (3:l chloroform/ 
methanol). The purity of this material by HPLC was 97%. 
The compound showed the characteristic visible spectrum 
with maxima at 534,488,474, and 380 nm. 

Coupling Reactions with Mabs. Mab LM609 used 
in this study is directed against the vitronectin receptor 
expressed on human melanoma cells. LM609 is of IgGl 
isotype and was purified from tissue culture supernatants 
by protein A Sepharose affinity chromatography. The 
doxorubicin derivatives were coupled to the NH3 of the 
lysine side chains of this antibody via the carboxyl 
terminals by N-hydroxysuccinimide (NHS) activation. In 
a typical coupling procedure, the compound was dissolved 
in DMA and reacted with equal molar quantities of car- 
bodiimide (EcDi) and NHS in the dark at 4 "C with stirring 
for 18 h. Conversion rates to the NHS esters were nearly 
quantitative under these reactions conditions, as deter- 
mined by HPLC analysis. 

Solutions of the active esters were then added to Mab 
LM609 dissolved at approximately 10 mg/mL of solution 
in 100 nM phosphate-buffered saline (PBS) in a 30-fold 
molar excess a t  pH 7.8-8.0. After stirring for 3 h, the drug- 
antibody conjugates were purified by Sephadex G-50 
column chromatography, filtered, and stored at 4 "C until 
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Figure 1. UV absorption spectrum of MRA-NNHC&CONH- 
Mab conjugate showing three distinct maxima corresponding to 
Mab (at 280 nm), linker (at 324 nm), and drug (at 488 nm) chro- 
mophores. 

further use. The drug to antibody ratios were determined 
by spectroscopy (see Figure 1) at  280 and 480 nm using 
extinction coefficients of 9.9 and 13 mM-l cm-l, respec- 
tively. 

Stabi l i ty  Experiments. The stability of various 
preparations was tested by incubating samples in PBS 
under controlled conditions of temperature and pH by 
determining the extent of degradation by HPLC analysis 
of aliquots that  were periodically removed from the 
preparation. Typically, 10 pL of such aliquots were diluted 
with 30 pL of methanol prior to injection on a Bondapak 
C18 column (Waters Assoc.). The elution was carried out 
with a gradient of 10 mM potassium phosphate, pH 5.6, 
and 60% methanol. The extent of degradation was 
determined by the ratios of areas under the peaks for the 
derivatized versus the free drug. Degradation studies of 
the antibody-drug conjugates were done by incubating 
samples a t  37 "C, removing 100-pL aliquots, and separating 
free drug from the conjugate by Sephadex G-50 gel 
chromatography. The residually bound drug was then 
determined by fluorescence spectroscopy (Perkin-Elmer 
LS-SR spectrophotometer) a t  an excitation frequency of 
480 nm and drug concentration was measured a t  an 
emission frequency of 585 nm. 

I n  Vitro Cytotoxicity. The human melanoma cell line 
UCLA-SO-M21 was kindly provided by Dr. D. L. Morton 
(UCLA, Loti Angeles, CA) and a subclone (M21) established 
from these cells in our laboratory was used for our studies. 
M21 has 2.5 X lo5 binding sites for Mab LM609 and 
internalizes LM609 with an endocytotic rate constant (k,) 
of 1 X (22). The M21 cells were grown in RPMl tissue- 
culture media supplemented with 10% fetal bovine serum 
(FBS). The adherent growing cell line was detached with 
0.5 mM EDTA, 0.15 M NaC1,0.02 M HEPES and plated 
at lo4 cells in 100 pL of RPMI containing 10% FBS in each 
well of a 96-well tissue-culture plate. These cells were 
allowed to adhere overnight and then dilutions of drug, 
antibody, or conjugate were added in 10-pL volumes and 
incubated with the cells for 2 h. Thereafter, the plates 
were washed three times in tissue-culture media and 
incubated overnight. Each well received 1 pCi of [sH]- 
thymidine and after a 16-h incubation, the cells were 
harvested onto glass-fiber filters with a Skatron cell 
harvester. The filters were placed in Ecolume scintillation 
solution (ICN, Irvine, CA) and were counted in a 
@-scintillation counter. [3H]Thymidine incorporation, as 
percentage of untreated control cells, is used to express 
cytotoxicity. 
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RESULTS 
The (2-13 substituted morpholinoanthracyclines were 

prepared according to Scheme I. Conversions of the parent 
MRA-HC1 to the hydrazones took place in near quanti- 
tative yields (>go% ) under mild reaction conditions and 
the derivatives were readily purified by preparative TLC. 
With the exception of compound 11, all other derivatives 
were conjugated to  Mabs via their N-hydroxysuccin- 
imide esters as shown in Scheme 11. The intermediate 
NHS esters were determined by HPLC by first converting 
small aliquots to stable derivatives with ethanolamine. 
Then the intermediate NHS esters were linked directly 
to Mabs without any further purification. 

Immunoconjugates were prepared by the addition of 
about 30 molar excess of NHS ester to antibody and the 
Sephadex G-50 purified preparations yielded drug to Mab 
ratios of 3 to 6. In these conjugates, the specific binding 
characteristics of the antibody were not significantly 
affected as measured by testing serial dilutions of Mab and 
conjugate in an  ELISA assay with goat antimouse 
horseradish peroxidase as secondary reagent (data not 
shown). 

Compounds I-V were tested for hydrolytic stability a t  
pH 4.5 and 7 a t  37 "C. HPLC analysis of samples taken 
periodically showed retention times corresponding to free 
MRA-HC1 without any secondary hydrolysis products 
being present. The results of these experiments are shown 
in Figures 2 and 3. Except for the oxime derivative 
(Compound V), which was completely stable under these 
conditions, all other derivatives exhibited hydrolysis a t  
rates that depended on the structure of the R group 
incorporated into these compounds. At pH 7, only the 
aliphatic acylhydrazone showed significant hydrolytic 
instability, while the other hydrazone derivatives exhibited 
relatively good resistance to hydrolytic degradation. At  
pH 4.5 both acyl (I and 11) and sulfonylhydrazones (111) 
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Figure 2. Hydrolytic stability of MRA-HCl derivatives expressed 
as percent of nonhydrolyzed derivative after incubation for various 
times at pH 4.5 and 37 "C. 
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Figure 3. Hydrolytic stability of MRA-HC1 derivatives expreased 
as percent of nonhydrolyzed derivative after incubation for various 
times at pH 7.0 and 37 O C .  
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Figure 4. Cytotoxicity of MRA-HCl and its hydrazone 
derivatives on the human melanoma cell line M21. Cells were 
incubated with drugs for 2 h and their ability to incorporate 
[SHIthymidine was measmec! ?4 h later. 

exhibited relative rapid hydrolytic reversal rates to free 
MRA-HC1 and only the oxime derivative remained stable. 

Figure 4 depicts the cytotoxicity of MRA-HC1 and its 
hydrazone and oxime derivatives on the human melanoma 
cell line M21. These substitutions of the C-13 position of 
the original drug result in a loss of cytotoxicity of 1 and 
2 log units, respectively. 

Hydrolysis data for antibody-drug conjugates of I, 111, 
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Figure 5. Hydrolytic stability of LM609-MRA conjugates 
expressed as percent of MRA-HC1 bound to Mab after incubation 
for various times at pH 4.5 and 37 O C .  
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Figure 6. Effect of linker stability on the cytotoxicity of LM609- 
MRA conjugates. M21 cells were incubated with LM609- 
MRA conjugates for 2 h and their ability to incorporate [3H]- 
thymidine was measured 24 h later. 

and V with Mab LM609 are summarized in Figure 5. The 
results obtained are similar to those shown in Figures 2 
and 3. The acylhydrazone I conjugate dissociated about 
90% within the first 8 h of incubation at  pH 4.5 and 37 
"C. However, under these same conditions, the acylsul- 
fonyl-MRA-HC1-antibody (111) conjugate hydrolyzed at 
a rate of 1 order of magnitude slower, while the oxime- 
MRA-HC1-antibody conjugate (V) remained essentially 
unchanged. 

The effect of linker structure on the cytotoxicity of these 
conjugates was also investigated. Plots of [3H]thymi- 
dine incorporation into M21 melanoma cell as a function 
of molar concentration of the free drug MRA-HC1 or molar 
equivalents of drug linked to Mab LM609 are shown in 
Figure 6. The hydrolytically stable oxime V conjugate did 
not exhibit any significant cytotoxicity over the time period 
investigated, while both the hydrazones I11 and I were 
cytotoxic, with the acylhydrazone being significantly more 
so, approaching the cytotoxicity of free MRA-HC1. 

DISCUSSION 
The most significant result from this study has been the 

direct correlation between hydrolytic stability of the 
intermediate drug derivatives and their antibody conjugate 
with the cytotoxicity against human tumor cells. In every 
case, derivatives or conjugates with the greatest hydrolytic 
stability showed the least cytotoxicity. Since the amino 
group of daunosamine, which is commonly used when 
modifying anthracyclines with a linkable group, is 
unavailable in the morpholino derivatives of anthracy- 
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clines, we choose to react these through their C-13 car- 
bonyl group. It has been shown previously (24) that the 
carbonyl group of daunomycin can be reacted with 
hydrazines and semicarbazide, yielding the corresponding 
hydrazones and semicarbazone, respectively. We found 
that morpholinoanthracyclines could be readily modified 
for antibody conjugation through their (2-13 carbonyl 
group. Furthermore, condensation reactions with hydra- 
zines or oximes yielded the corresponding hydrazono and 
hydroxyimino derivatives under mild reaction conditions 
in near quantitative yields. The use of heterobifunc- 
tional linkers of the general formula HzNNHRCOOH or 
HzNORCOOH resulted in derivatives with terminal car- 
boxy functionalitiea as shown in Scheme I. These reactive 
derivatives could readily be activated via carbodiimidel 
N-hydroxysuccimide intermediates and conjugated to 
lysine residues of monoclonal antibodies via the reactions 
of Scheme 11. 

Our initial effort involved the reaction of both mor- 
pholino- and (cyanomorpho1ino)doxorubicin with car- 
boxymethoxylamine and subsequent conjugation to several 
Mabs directed against different tumor-associated antigens 
expressed on human melanoma cells, including the vit- 
ronectin receptor, chondroitin sulfate proteoglycan, gan- 
gliosides, and epidermal growth factor receptor. 

In vitro assays with these chemoimmunoconjugates 
indicated good immunoreactivity and specifcity. However, 
a substantial loss of 2 orders of magnitude in cytotox- 
icity was observed with both intermediate oxime 
derivatives, as well as their final antibody conjugates. These 
findings are similar to those of earlier studies (25) which 
indicated that the cytotoxic properties of daunorubicin are 
lost whenever the drug is attached to carrier proteins in 
an irreversible manner. Thus, we were prompted to 
investigate other hydrazino derivatives and, in particular, 
to study the stability of these new derivatives and their 
respective immunoconjugates. Of particular interest to 
us was the stability observed a t  37 "C under acidic 
conditions, since previous studies of acid-labile linkers (26- 
28) suggested that cleavage in the acidic milieu of the en- 
dosomes of cancer cells could release the toxic agent from 
the conjugate which then could transverse the endosome 
membrane and cause cell death. 

The results of hydrolysis studies of five structurally 
different MRA-HC1 derivatives, summarized in Figure 2, 
indicated that oxime or phenylhydrazone derivatives were 
quite stable while those with either sulfonyl or acyl groups 
in the linker were readily hydrolyzed to regenerate the car- 
bonyl moiety. The general mechanism of hydrolysis of 
carbon-nitrogen double bonds involves initial addition of 
water, followed by elimination of the nitrogen moiety (29, 
30). Thus, the hydrolytic regeneration of MRA-HCl from 
the derivatized conjugates can be viewed as shown in 
Scheme 111. For the acid-catalyzed reaction, the specific 
mechanism shown in Scheme IV would apply. Thus, the 
nature of X should have a significant influence on the above 
mechanism. The relatively good hydrolytic stability of the 
oxime and phenylhydrazone can be attributed to the 
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presence of the neighboring oxygen and NH groups in the 
linker. On the other hand, the relative ease of hydroly- 
sis of the acyl and sulfonyl derivatives can be attributed 
to the delocalization of the lone electron pair of the 
neighboring carbonyl or sulfonyl groups (Scheme V). Of 
the five compounds investigated, the acylhydrazone 
derivative (structure I) was the least stable. In fact, slow 
hydrolysis was evident with this compound even at  neutral 
pH, which could pose a storage problem with immuno- 
conjugates, as well as result in premature drug release of 
these antibody conjugates in in vivo experiments. 

Ideally, the optimal drug-linker-antibody system is one 
which exhibits the greatest stability under physiological 
conditions, followed by rapid cleavage after endocytosis. 
From the data presented here, it appears that the best 
candidate is intermediate HI, which is quite stable a t  pH 
7 and 37 "C (Figure 3) and when conjugated with Mab 
LM609 is reasonably cytotoxic against the M21 human 
melanoma cell line. 
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Immunotoxin Construction with a Ribosome-Inactivating Protein from 
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The aim of this study was to determine the suitability of a ribosome-inactivating protein (RIP) from 
barley endosperm for use as an immunotoxin. This barley RIP is identical with the 30-kDa protein 
first reported by Coleman and Roberts [(1982) Biochim. Biophys. Acta 696, 2391 and sequenced by 
Asano and co-workers [(1986) Carlsberg Res. Commun. 51, 751. Use of the terms barley toxin I, 11, 
and I11 is proposed to describe the three isoforms resolved by cation-exchange chromatography. An 
improved procedure for isolating the protein involving the steps of aqueous extraction, ammonium sulfate 
precipitation, and cation-exchange HPLC is described. Barley toxin I1 retained activity after exposure 
to ca. 40% acetonitrile and 0.1 % trifluoroacetic acid or lyophilization. In a comparative study using 
the rabbit reticulocyte lysate assay, the protein was about 68% and 30% as potent as gelonin and ri- 
cin A-chain (RTA), respectively. Introduction of SH groups with 2-iminothiolane resulted in a substantial 
loss of activity as the number of thiol groups approached four. Therefore, it was necessary to limit 
thiolation to an average of one to two SH groups per toxin molecule. Anti-transferrin receptor-based 
immunotoxins constructed with RTA, gelonin, and barley toxin I1 exhibited comparable cytotoxicity 
against a human colon tumor cell line. We conclude that the availability of raw material, ease of 
purification, and stability of barley toxin I1 to lyophilization and denaturing conditions render it a suitable 
protein for the construction of immunotoxins. 

Type 1 ribosome-inactivating proteins (RIP1) are a class 
of plant-derived polypeptides, possibly involved in disease 
resistance, that lack cell-binding (B-chain) domains and 
function by inactivating eukaryotic ribosomes ( I ) .  A 
translation inhibitor with these characterisitics was first 
isolated from pearled (dehusked) barley (hordeum uul- 
gare) by Coleman and Roberts in 1982 (2) .  Like other 
RIP’S from the family Gramineae, the barley protein 
synthesis inhibitor was found to be a basic (PI> lo), 30- 
kDa protein that was relatively nontoxic to intact cells. 
A subsequent report (3) disclosed that fungal ribosomes 
are approximately 10 times more sensitive than eukary- 
otic ribosomes to the barley RIP. 

Independently, Asano and co-workers isolated and 
characterized three isoforms of a 30-kDa protein synthesis 
inhibitor from barley seeds ( 4 , 5 ) .  They also determined 
the sequence for the most prevalent of these isoforms, 
“barley protein synthesis inhibitor 11” (6). A direct 
comparison of this protein with RTA disclosed a 21% 
homology overall, with an extraordinary conservation of 
residues in the putative activesite region (7). Comparative 
evaluation of RTA and this “barley toxin” demonstrated 
that both proteins inactivate ribosomes via the same 
mechanism: enzymatic hydrolysis of the N-glycosidic bond 
at  A43Z4 of 28s rRNA (8). 

* To whom requests for reprints should be addressed. 
t Portions of this work were submitted to  The American 

University in partial fulfillment of the requirements for the Master 
of Science degree. 

1 Abbreviations: DTNB, 5,5’-dithiobis( 2-nitrobenzoic acid); 
IDw, concentration at which protein synthesis is inhibited by 50%; 
PBS, Dulbecco’s phosphate-buffered saline (pH 7.3): NaZHP04 
(10 mM), KHzPOl(l.8 mM), KCl(3.4 mM), and NaCl(l71 mM); 
RIP, ribosome-inactivating protein; RTA, ricin A-chain; SDS- 
PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophore- 
sis; SPDP, N-succinimidyl 3-(Ppyridyldithio)propionate. 

The available evidence indicates that  the protein 
synthesis inhibitor/30-kDa antifungal protein described 
by Roberts and co-workers (2, 3), the protein synthesis 
inhibitor sequenced by Asano and colleagues ( 4 4 3 ,  and 
the toxin evaluated by Endo et al. (8) represent the same 
enzyme. In this report we shall refer to this protein as 
“barley toxin” and, where appropriate, use the descriptors 
I, 11, and I11 to denote the three isoenzyme peaks eluting 
from cation-exchange columns. 

The aim of the present study was to determine the 
suitability of barley toxin I1 for use as an immunotoxin. 
We describe an improved, three-step purification procedure 
for isolating the protein and an optimized method for 
conjugating i t  to an anti-transferrin receptor mono- 
clonal antibody. A comparison between this immuno- 
toxin and similarly constructed conjugates with RTA and 
gelonin disclosed comparable in vitro cytotoxicity against 
a colon tumor cell line. 

EXPERIMENTAL PROCEDURES 

Materials. RTA was from Vector Laboratories, Bur- 
lingame, CA. Gelonin was kindly provided by Dr. Walter 
Blattler, ImmunoGen, Inc., Cambridge, MA. Ammonium 
sulfate (enzyme grade) was from Bethesda Research 
Laboratories, Gaithersburg, MD. SPDP and 2-iminothi- 
olane were from Pierce Chemical Co., Rockford, IL. DTNB 
(Ellman’s reagent) was from Aldrich Chemical Co., 
Milwaukee, WI. Medium, pearled barley was a product 
of The Quaker Oats Co., Chicago, IL, and was purchased 
at  a local grocery store. Tritiated leucine was purchased 
from Amersham Corp., Arlington Heights, IL. SDS- 
PAGE molecular weight standards were purchased from 
Bio-Rad, Inc., Rockville Centre, NY. 

Isolation of Barley Toxin. Barley RIPS were isolated 
essentially as described by Roberts and Selitrennikoff (3), 
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except that the conventional carboxymethyl-Sepharose 
cation-exchange step was replaced with a high-performance 
cation-exchange procedure. This modification yielded 
homogeneous barley toxin and eliminated the need for size- 
exclusion chromatography. To summarize, 3-5 kg of 
pearled barley was ground into a coarse dry powder in a 
blender and stirred for 1-2 h at 4 "C in 7.5 L of a 10 mM 
sodium phosphate buffer (pH 7.4) containing 130 mM 
NaC1. All remaining procedures were performed at  4 "C, 
and all centrifugation steps were at lO00Og for 10 min. The 
extraction mixture was filtered through cheesecloth and 
clarified by centrifugation. The supernatant was brought 
to 55% (w/v) saturation by slow addition of solid (NH4)- 
2SO4. After stirring for 2 h, the precipitate was removed 
by centrifugation and the supernatant was filtered through 
Whatman # 1 paper. The filtrate was brought to 80% (w/ 
v) saturation with solid (NH&S04, stirred overnight, and 
centrifuged. This 55-80 % (NH4)2S04 precipitate, which 
contains barley toxins I, 11, and 111, was resuspended in 
200-400 mL of 25 mM sodium phosphate (pH 7.0) 
containing 50 mM NaCl (eluent A) and dialyzed against 
4 L of eluent A with four changes at  7-14-h intervals. The 
dialysate was clarified by centrifugation and stored at -70 
"C. Fractions containing approximately 0.8-1.0 g of protein 
were thawed and applied to a 0.94 X 20 cm cation- 
exchange HPLC column (PolyCAT-A, PolyLC Inc., 
Columbia, MD) that had been equilibrated with eluent A. 
After sufficient washing with eluent A to remove nonad- 
sorbed protein, the column was developed with a gradient 
from 50 to 300 mM NaCl (in 25 mM sodium phosphate, 
pH 7.0) over a period of 60 min at 2 mL/min. Between 
runs, the column was regenerated with 2-4 volumes of 0.5 
M NaCl in 25 mM sodium phosphate, pH 7.0. Approx- 
imately four runs were needed to process the 5 5 4 0 %  
(NHJ2S04 precipitate resulting from an extract of 3-5 kg 
of pearled barley. 

Anti-Human Transferrin Receptor Monoclonal 
Antibody. An hybridoma secreting monoclonal antibody 
5E9Cll (anti-human transferrin receptor; ref 9) was 
obtained from the American Type Culture Collection 
(ATCC HB-21), Rockville, MD. The antibody was 
generated in pristane-primed BALB/c mice and purified 
from ascites fluid by protein A affinity chromatography 
or by ion-exchange HPLC on a Bakerbond ABx column 
(0.775 X 10 cm; Baker Chemical Co., Phillipsburg, NJ) 
according to the manufacturer's instructions. The antibody 
preparation used to construct immunotoxins was judged 
to be >95% pure on the basis of SDS-PAGE. 

Thiolation of Barley Toxin and Gelonin. Traut's 
reagent (2-iminothiolane) was used to introduce sulfhy- 
dryl groups into barley toxin and gelonin, both of which 
lack cysteine. The toxins were dialyzed against a 100 mM 
potassium phosphate buffer (pH 8.0) containing 1 mM 
EDTA and adjusted to a final concentration of 2-4 mg/ 
mL. After prewarming to 30 OC, a sufficient amount of 
0.4 M 2-iminothiolane was added to yield a 50-fold molar 
excess over the toxin. After incubation for 10-30 min at  
30 OC, the solutions were dialyzed against a 10 mM 
potassium phosphate buffer (pH 7.0) containing 1 mM 
EDTA (three changes, 8-12 h each) to  remove low 
molecular weight components. This procedure resulted 
in the addition of one or two sulfhydryl groups per toxin 
molecule, as estimated with the Ellman method (IO). 
Higher substitution ratios were obtained by incubating the 
reaction mixture as above for 30-60 min. 

Activation and Conjugation of the Anti-Transfer- 
rin Receptor Monoclonal Antibody. Antibody HB- 
21 (MR 180 000) was dialyzed into a buffer containing 50 
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mM potassium phosphate (pH 7.5) and 200 mM NaCl 
(coupling buffer) and incubated for 30 min a t  room 
temperature with a 3-fold molar excess of SPDP. Excess 
reactants and non-protein products were removed by 
dialysis a t  4 OC against coupling buffer. Under these 
conditions, approximately two pyridinedithiol groups were 
incorporated per monoclonal antibody. The activated 
monoclonal antibody was incubated overnight a t  room 
temperature with thiolated toxin at a concentration 5 times 
higher than that of the antibody-linked 2-pyridinedithiol. 
The immunoconjugate was separated from unreacted toxin 
by gel-permeation HPLC using a Zorbax GF-250 column 
(2.12 X 25 cm, E. I. du Pont de Nemours & Co., Wilming- 
ton, DE) equilibrated with PBS. 

Reticulocyte Lysate Assay. Inhibition of protein 
synthesis in a cell-free system was used to measure toxin 
activity. Reagents provided in a translation kit (Promega 
Biotec, Madison, WI) were employed with a modified assay 
procedure (Note: conjugates were not reduced prior to 
assay, nor were reducing agents present in the reaction 
mixture). A solution of kit reagents consisting of one part 
1 mM amino acid mixture minus leucine, one part 0.5 pg/ 
pL Brome mosaic virus mRNA, one part glass-distilled 
water, and five parts [3H]leucine (5 pCi/mL) was made. 
Each assay tube contained 8 pL of this solution, 35 pL of 
lysate, and 10 pL of sample. All dilutions were made with 
a 40 mM sodium phosphate buffer (pH 7.4) containing 150 
mM NaCl (sample buffer), and molar concentrations of 
the immunotoxins were based on an assumed molecular 
weight of 240 000 (antibody plus two toxin molecules). The 
solutions were mixed and centrifuged in a microfuge 
apparatus for 5 s to ensure that all liquid was at the bottom 
of the tubes. After 1 h at 37 "C, 50 pL of assay mixture 
was transferred to a microtiter plate (Immulon 11, Dynatech 
Laboratories, Chantilly, VA) that had been blocked with 
1% bovine serum albumin in sample buffer. The trans- 
lated protein was transferred to glass-fiber filters by means 
of a cell harvester (PhD, Cambridge Technology, Inc., 
Cambridge, MA). The filters were then dried and 
radioactivity was determined in a liquid-scintillation 
counter. The percent inhibition of protein synthesis was 
calculated relative to a control to which no toxin had been 
added. One unit of toxin activity is defined as the sample 
dilution that inhibits protein synthesis by 50 76. 

Cytotoxicity Assay. A human colon adenocarci- 
noma cell line, HT-29, was obtained from the American 
Type Culture Collection (Rockville, MD) and used to 
evaluate the cytotoxicity of immunoconjugates. Micro- 
titer plates (96 well, Immulon 11, Dynatech Laboratories, 
Chantilly, VA) were inoculated (day 1) with 200 pL/well 
of cells (2.5 X 105/mL) suspended in Eagle's MEM 
(GIBCO, Grand Island, NY) plus 10% fetal calf serum plus 
0.1% gentamicin. All incubations were in a constant 
humidity chamber set a t  37 OC and 94% 02/6% COz. On 
day 2, the medium was replaced (100 pL/well), and test 
samples (50 pL in sterile PBS) were added. All samples 
were assayed in quadruplicate. On day 4 the cells were 
washed with PBS and 100 pL of Eagle's MEM leucine- 
free medium was added to  each well. After a 1-3-h 
incubation at  37 "C, 50 pL of [3H]leucine (0.04 pCi/pL) 
in PBS was added. After 3-4 h at 37 "C, the medium was 
aspirated from the wells; cells were released by addition 
of 0.1 % trypsin (100 pL/well), harvested on glass-fiber 
filters as above, and evaluated for radioactivity by liquid 
scintillation counting. The molar concentrations of the 
immunotoxins were based on an assumed molecular weight 
of 240 000 (antibody plus two toxin molecules). 

Reversed-Phase (RP) HPLC of Barley Toxin. RP- 
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Table I. Purification of Barley Toxin 
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~ ~ 

mg of total units sp act., 5% 
step protein (1OG)o units/pg yield 

~ ~~ 

aqueous extract 10100 140 14 100 
5540% (NH&S04 ppt 3570 318 89 227 
cation-exchange HPLC 174 107 618 76 

0 One unit of toxin activity is defined as the sample dilution that 
inhibits protein synthesis by 50% in a reticulocyte lysate assay system. 
Total units are obtained by multiplying this dilution factor by the 
quotient of the total sample volume (in mL) divided by 0.01 mL (the 
volume of sample in the reticulocyte lysate assay). 

HPLC of purified barley toxin was performed with a Vy- 
dac TP-C4 (butylsilane) HPLC column (1.0 X 25 cm, The 
Separations Group, Hesperia, CA). Eluents A and B were 
water and acetonitrile, respectively, each containing 0.1 % 
trifluoroacetic acid. The column was equilibrated with 
eluent A and the protein was eluted by a gradient (1.5 % / 
min) from 30% to 50% B. Protein was detected by ab- 
sorbance a t  280 nm. Protein-containing peaks were 
collected manually, evaporated to dryness in a SpeedVac 
concentrator (Savant Instrument Co., Farmingdale, NY), 
and redissolved in a 40 mM potassium phosphate buffer 
(pH 7.4) containing 150 mM NaC1. 

Electrophoresis. SDS-PAGE was carried out in the 
buffer system of Laemmli (1 I) using a 5 % stacking gel and 
a gradient of 5-15 % polyacrylamide (0.8 % bisacryla- 
mide) in the separating gel. The gels were stained with 
Coomassie Brilliant Blue R-250. 

Other Asdays. All protein concentrations were 
determined with the method of Lowry et al. (12) using 
bovine serum albumin as the protein standard. 

RESULTS 

Isolation and Characterization of Barley Toxin. 
The three-step purification procedure comprised aqueous 
extraction of triturated barley endosperm, differential 
ammonium sulfate precipitation, and cation-exchange 
HPLC. The results of a representative lot are summarized 
in Table I: an aqueous extract of 3.17 kg of pearled barley 
yielded 10.1 g of crude protein, from which 174 mg of barley 
toxin was isolated. The recovery of toxin activity in the 
55-80 % ammonium sulfate fraction consistently exceeded 
100%. The possibility that this was due to removal of an 
inhibitor was not explored further. 

The introduction of a highly selective cation-exchange 
HPLC step (Figure 1) obviated the need to  remove 
contaminants by gel filtration, as has been required follow- 
ing conventional cation-exchange chromatography (3 ,4 ,  
13). The major peak of RNA N-glycosidase activity (peak 
11) corresponded to a major A280 peak a t  about 43 min 
(Figure 1). Ribosome-inactivating activity also was 
detected in protein eluting at  approximately 25-30 min 
and at approximately 55 min. These were presumed to 
represent barley toxins I and 111, respectively (4). 

The isolated protein migrated as a single 30-kDa protein 
band on SDS-PAGE (Figure 2), from which purity was 
estimated to be >99 % . However, when evaluated by RP- 
HPLC, barley toxin I1 eluted as two protein peaks (Figure 
3). Each protein peak was collected, lyophilized, redis- 
solved in PBS, and compared in the reticulocyte lysate 
assay with cation-exchange-purified material that had not 
been lyophilized. The results (Figure 4) disclosed virtually 
no difference between the two RP-HPLC peaks, nor was 
there any substantial loss of activity upon exposure to the 
reversed-phase solvents (0.1 % TFA and acetonitrile). Thus, 
barley toxin I1 appears to be stable to acid, organic solvent, 
and lyophilization. 

n 
H 

0 
0 1 0 2 0 3 0 4 0 5 0 6 0  

TIME (MIN) 

Figure 1. Cation-exchange HPLC of a 55430% (NH&SOr 
precipitate prepared from an aqueous extract of pearled barley. 
See Experimental Procedures for chromatographic conditions. 
The NaCl gradient is indicated by the dashed line. The bars 
denote regions in which toxin activity was detected in a retic- 
ulocyte lysate (cell-free) protein synthesis assay. 
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Figure 2. Comparative SDS-PAGE of RIP’S. A 5-15% poly- 
acrylamide gradient gel under nonreducing conditions was used 
lane 1, ricin A-chain; lane 2, gelonin; lane 3, barley toxin 11; lane 
4, Pseudomonas exotoxin. 

For the preparation described in Table I, barley toxin 
I1 comprised about 1.3% of the protein in the aqueous 
extract. In general, the toxin represented 1-2% of the 
protein in these extracts. On average (N = 3), 55 mg of 
toxin were obtained per kg of pearled barley. Specific 
activities of the isolated protein ranged from 400 to 1600 
units/pg (mean = 980 units/pg), and the concentration 
at  which cell-free protein synthesis was inhibited by 50% 
ranged from 0.52 to 2.1 nM (mean = 1.1 nM; N = 4). 

In agreement with the observations of Asano and co- 
workers (4), carbohydrate was not detected on the barley 
toxin. Also in agreement with a previous report (6), the 
N-terminus of the toxin was blocked. Sequencing of CNBr- 
derived peptides (not shown) confirmed the identity of 
barley toxin with the protein synthesis inhibitor described 
by Asano et al. (4-6). In a comparative study using the 
rabbit reticulocyte lysate assay, barley toxin (ID50 = 0.47 
nM) was found to be about 75% and 30% as potent as gelo- 
nin (ID50 = 0.32 nM) and RTA (ID50 = 0.14 nM), respec- 
tively (Figure 5). 

Effect of Thiolation on Barley Toxin I1 Activation. 
Prior to conjugation with SPDP-activated antibody, sulf- 
hydryl groups were introduced via 2-iminothiolane. We 
found that as the average number of thiol groups ap- 
proached four, RIP activity was severely inhibited (Figure 
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Figure 3. Reversed-phase (butylsilane) HPLC. Isolated barley 
toxin I1 (200 pg) was applied to a butylsilane column and eluted 
with a gradient of acetonitrile (3040%; 1.5% /min) as described 
in Experimental Procedures. Peaks I and I1 were collected 
manually, lyophilized, and evaluated for activity as described in 
Results. 
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Figure 4. Activity of barley toxin I1 preparations in the retic- 
ulocyte lysate assay: barley toxin I1 purified via cation- 
exchange HPLC (0); isolated barley toxin I1 after reversed- 
phase HPLC (see Figure 3), peak I @), peak I1 (A). 
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Figure 5. Comparison of ribosome-inactivating activity in the 
reticulocyte lysate assay of barley toxin I1 (O), gelonin (A), and 
ricin A-chain (m). Details of the assay are described in Expe- 
rimental Procedures. ID50 values were 0.47,0.32, and 0.14 nM, 
respectively, for barley toxin 11, gelonin, and RTA. 

6). Accordingly, it was necessary to limit thiolation to an 
average of one to two SH groups per toxin molecule. 

Evaluation of Immunotoxins. SDS-PAGE was used 
to determine the approximate number of toxin molecules 
linked to the anti-transferrin receptor monoclonal antibody. 
In this system the unconjugated antibody migrated at  MR 
180 000 (Figure 7, lanes 3 and 6). The results for barley 
toxin I1 and gelonin conjugates (Figure 7, lanes 2 and 5) 
disclosed a minor protein band with the same electro- 
phoretic mobility as unconjugated antibody, major bands 
at  MR 210 000,240 000, and 270 000, and higher molecular 
weight multimers. From this we estimate that these im- 

Figure 6. Effect of thiolation on barley toxin I1 activity in the 
reticulocyte lysate assay: control (unmodified) barley toxin I1 
(e), thiolated barley toxin I1 a t  1.4 (m) and 4.4 (A) SH groups 
per molecule. See Experimental Procedures for additional details. 

200,000 - 

1 16,000 - 
92,000 - 

45.000 - 

30,000 - 
21,000 - 

1 2 3  4 5 6  

Figure 7. SDS-PAGE of immunotoxins constructed with an anti- 
transferrin receptor (aTFR) monoclonal antibody and gelonin 
or barley toxin 11. All samples were run under nonreducing 
conditions: lane 1, barley toxin 11; lane 2, barley toxin II- 
aTFR monoclonal antibody conjugate; lanes 3 and 6, unconju- 
gated (control) aTFR monoclonal antibody; lane 4, gelonin; lane 
5, gelonin-aTFR monoclonal antibody conjugate. 
munotoxin preparations consisted of less than 10% un- 
conjugated antibody, with a major fraction comprised of 
one to three toxin molecules per antibody. Similar results 
were obtained for the RTA conjugate (not shown). 

Anti-transferrin receptor-based immunotoxins con- 
structed with RTA, gelonin, and barley toxin were 
evaluated for ribosome-inactivating activity in the rabbit 
reticulocyte lysate assay. In this cell-free system the barley 
toxin conjugate exhibited comparable activity to the gelo- 
nin conjugate (ID50 values of 4.5 and 3.3 nM, respectively); 
however, it  was only about one-tenth as active as the RTA 
conjugate (ID50 = 0.32 nM). 

When tested in vitro against a colon tumor cell line 
(Figure 8), all three immunotoxins exhibited comparable, 
cytotoxicity, with the RTA conjugate remaining the most 
potent, followed by the gelonin and barley toxin I1 
conjugates. From these data ID50 values of 4.2,7.6, and 
10 nM, respectively, were calculated for the RTA, gelo- 
nin, and barley toxin I1 containing immunotoxins. 

DISCUSS ION 
Our interest in evaluating barley toxin for suitability as 

an immunotoxin stems from several considerations: (i) it 



Immunotoxin Construction with Barley Toxin I I BiOCOtl}Upt8 Chem., VOl. 1, No. 5, 1990 335 

conjugation step. Other factors that may account for these 
discrepancies between the type I and type I1 toxins include 
(i) fundamental differences in substrate specificity and (ii) 
reduction in the activity of the type I RIP’s as a result of 
the covalent modification required to introduce SH groups. 

Interestingly, the major differences between immuno- 
toxins containing type I vs type I1 RIPS were considerably 
attenuated when they were assessed in vitro against a colon 
tumor cell line that expresses the transferrin receptor. In 
this case the immunotoxins constructed with barley toxin 
I1 and gelonin were about equivalent in potency and 42- 
76% as effective as the RTA immunotoxin. We may 
speculate that efficient translocation of the conjugates via 
receptor-mediated endocytosis partially compensated for 
the differences in (cell-free) toxin activity of the immu- 
notoxins. Notwithstanding this effect, the general trend 
in potency [RTA >> gelonin = barley toxin 111 persisted. 

In conclusion, among the type I and type I1 plant RIP’s 
evaluated in this report, RTA remains the toxin of choice, 
due to its potency in both cell-free and intact-cell inhibition 
assays. Gelonin and barley toxin I1 were found to be about 
equivalent in their activity, but the latter apparently is 
more sensitive to covalent modifications through amino 
groups. Nevertheless, we conclude that the availability 
of raw material, ease of purification, and stability of barley 
toxin I1 to denaturing conditions render it a suitable protein 
for the construction of immunotoxins. 
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LOG CONCENTRATION (mol / L) 
Figure 8. In vitro cytotoxicity of conjugates constructed with 
the anti-transferrin receptor monoclonal antibody and barley toxin 
I1 (O) ,  gelonin (A), and ricin A-chain (m). Details of the assay 
are described in Experimental Procedures. IDm values of 10,7.6, 
and 4.2 nM were calculated for barley toxin 11, gelonin, and ri- 
cin A-chain, respectively. 

is an abundant, easily-isolated, and well-characterized RIP; 
(ii) since it is a type 1 RIP, purified barley toxin is free 
of B-chain contamination and therefore will be relatively 
nontoxic to intact cells; (iii) barley toxin is not glycosy- 
lated (4 ) ;  therefore, the plasma half-life of immunotox- 
ins constructed therewith will not be reduced via the asia- 
loglycoprotein receptor pathway; and (iv) since it is now 
recognized that patients undergoing RTA-immunotoxin 
therapy may develop (in addition to  a human anti- 
mouse antibody response) an anti-RTA immune response 
(14-16), immunoconjugates with barley toxin I1 may 
represent an alternative approach for a follow-up course 
of treatment. 

An improved purification procedure for isolating barley 
toxin I1 yielded an electrophoretically homogeneous 
preparation that nevertheless was resolvable into two iso- 
forms by reversed-phase HPLC. The possibility that this 
heterogeneity represents a failure to resolve barley toxin 
I1 from barley toxins I and I11 has not been ruled out, but 
appears to be unlikely because activity corresponding to 
the latter two proteins was detected in two other regions 
of the cation-exchange elution profile (Figure 1). 

Our average recovery of 55 mg of barley toxin I1 per kg 
of seeds is substantially different from the estimate by 
Coleman and Roberts (2) of 1365 mg/kg but is similar to 
the yields of barley toxin I1 reported by Asano et al. (37.5 
mg/kg; 4 ) ,  and Barbieri e t  al. (95 mg/kg; 13). The 
observation that our recoveries of toxin activity in the 55- 
80 70 ammonium sulfate precipitate exceeded 100 % raises 
the intriguing possibility that a specific toxin inhibitor is 
present in the barley endosperm. 

Barley toxin I1 is a remarkably stable protein, unaffected 
by exposure to 0.1 % TFA, 40% acetonitrile, or lyophiliza- 
tion (Figure 4). In our hands, RTA did not tolerate these 
conditions. However, we observed a significant loss of 
barley toxin I1 activity in the thiolation step as the number 
of alkylated amino groups approached four (Figure 6). This 
characteristic is in apparent contrast to the effect of thi- 
olation on the activity of gelonin: Lambert et al. (17) 
observed only a slight loss of activity in 2-iminothiolane- 
treated gelonin preparations containing 2.93 sulfhydryl 
groups per molecule. 

Evaluation of RTA, gelonin, and barley toxin I1 in a cell 
free (reticulocyte) protein synthesizing system disclosed 
that the native type I RIP’s exhibited about one-third the 
potency of RTA (Figure 5). However, when conjugated 
to a monoclonal antibody, the type I RIP’s were only about 
one-tenth as potent as the corresponding RTA conjugate. 
This indicates that the active sites of gelonin and barley 
toxin I1 are less exposed than that of RTA after the 
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A Photoactive Phosphonamide Derivative of GTP for the Identification 
of the GTP-Binding Domain in @-Tubulin1 
Ashok J. Chavan,+ Hyuntae Kim,$ Boyd E. Haley,'J and David S. Watt'*' 
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A GTP photoaffinity probe (I25I-APTG) was developed that incorporated an [ 1251]-N-(4-azidophenyl)- 
2-amino-3-(4-hydroxy-3-iodophenyl)propionamide group a t  the y-position of GTP through a phos- 
phonamide linkage. A combination of saturation and GTP protection studies (90% protection at  25 
pM GTP with an apparent Kd of 5 pM) validated the use of this new probe as a satisfactory GTP mimic. 
This probe offered the advantage of possessing an lz5I radiolabel external to the GTP moiety, in contrast 
to the previously reported [y32P]-8-N3GTP that possessed an internal 32P radiolabel. This novel feature 
accommodated the purification of photolabeled peptides using a combination of ion-exclusion, gel fitration, 
and HPLC techniques. [1251]APTG was used to identify a peptide (@:65-79) in the exchangeable GTP- 
binding domain of the @-subunit of tubulin. 

INTRODUCTION 
Tubulin, a ubiquitous structural protein, possesses a 

guanine base binding region a t  the exchangeable GTP 
binding site that has been localized on the @-subunit with 
[y32P]-8-N3GTP2 (1) or by direct photoaffinity labeling 
using [c$P]GTP (2,3). A problem, however, encountered 
with these probes is the loss of the 32P radiolabel through 
adventitious enzymatic or chemical hydrolysis that occurs 
during purification of the photolabeled peptides. In order 
to avoid this problem, a new photoaffinity probe, [1251]- 
APT@ (54,  shown in Scheme I, was developed that, unlike 
the previous probes, carried the photoactive and radio- 
labeled moieties external to the GTP portion of the probe. 

It was anticipated that this arrangement of photoac- 
tive and radioiodine substituents would offer unique 
advantages in the purification of cross-linked peptides 
following photoinsertion of lZ5I-APTG into a GTP- 
binding domain and trypsin digestion. Specifically, the 
presence of the triphosphate group on the photolabeled 
peptides would permit the separation of these negatively 

* Authors to whom correspondence should be addressed: David 
S. Watt, Department of Chemistry, University of Kentucky, 
Lexington, KY 40506; telephone, (606) 257-5294; FAX, (606) 258- 
1069; or Boyd E. Haley, Department of Biochemistry; telephone, 
(606) 257-4481; FAX, (606) 257-4000. 

+ Department of Chemistry. * Department of Biochemistry. 
1 Part of this work was disclosed at the following meetings: 

American Chemical Society Meeting, Los Angeles, CA, September 
1988 and Meeting of the American Society for Biochemistry and 
Molecular Biology, New Orleans, LA, June 1990, Abstract #849. 

2 The abbreviations used are as follows: l=I-APTG, monoan- 
hydride of guanosine 5'-(trihydrogen diphosphate) tris- 
(triethylammonium) salt and [W]-N-(4-azidophenyl)-2- 
phosphoramido-3-( 4- hydroxy-3-idopheny1)propionamide; buffer 
A, 100 m M  2-(N-morpholino)ethanesulfonic acid (MES), 1 mM 
magnesium chloride, 1 mM EGTA (pH = 6.7); buffer B, 10 mM 
sodium phosphate, 1 mM magnesium chloride, 1 mM EGTA (pH 
6.7); CDI, l-cyclohexyl-3-(2-morpholinoethyl)cbodiimide metho- 
p-toluenesulfonate, DEAE cellulose, [ (Nfl-diethy1amino)ethyll- 
cellulose; EGTA, ethylene glycol bis(8-aminoethyl ether)- 
Nfl,"N'-tetraacetic acid GTP, guanosine 5'-triphosphate; MAP, 
microtubule-associated protein; 8-N3GTP, 8-azidoguanosine 5'- 
triphosphate; THF, tetrahydrofuran. 

Scheme I.* Synthesis of APTG, I-APTG, and IBI-APTG 
0 

NH'BOC 

OH 

NH2 NH2 
1 2 

0 

OH OH 
N3 N3 

4a:X=H 
b : X = I  

3a: = H2 
b : X = I  

NH2 

N3 

HO OH 
58: X = H (APTG) 

b: X = I (I-APTG) 
C: x = '9 (?-APTG) 

Reagents: (a) t-BOCTyr, DCC; (b) NaN02, HCl followed by 
NaN3; (c) HC1 gas, HOAc; (d) NaHC03; (e) GTP and CDI with 
HCl addition commencing after pH exceeded 5.6, followed by the 
addition of amine; (f) NaI, t-BuOC1; (9) [lsI]NaI, t-BuOC1. 

charged photolabeled peptides, as well as other negatively 
charged acidic peptides, from the bulk of the other 
positively charged, nonphotolabeled peptides by anion- 
exclusion chromatography. This initial purification would 
be followed by a deliberate hydrolysis that would remove 
the triphosphate group from the photolabeled peptides 
without disturbing the radiolabel. A second anion- 

@ 1990 American Chemical Society 
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exclusion chromatography would then separate the 
negatively charged, acidic peptides from the desired pho- 
tolabeled peptides. In order to evaluate this approach, we 
performed validation studies that confirmed lZ5I-APTG 
(5c) as a suitable mimic for GTP itself, we examined the 
photoinsertion of 5c into the exchangeable GTP-binding 
domain of P-tubulin that proceeded with limited but 
acceptable efficiency, and we utilized the unique properties 
of this probe that permitted the isolation of a peptide (0: 
65-79) that  was previously identified with [ Y ~ ~ P ] - ~ -  
N3GTP. 

Chavan et al. 

EXPERIMENTAL PROCEDURES 

General Chemical Procedures. Chemicals were 
purchased from Aldrich or Sigma with the exception of 
[lZ5I]NaI, which was purchased from Amersham. Silica 
gel 60 F-254 TLC plates were purchased from Brinkman 
Instruments. Trypsin-TPCK was purchased from Cooper 
Biomedical. Infrared spectra were recorded on a Perkin- 
Elmer Model 357 spectrometer. Nuclear magnetic 
resonance spectra were determined on a Varian 400- 
MHz or Gemini 200-MHz NMR spectrometer. Chemical 
shifts are reported in parts per million relative to tetra- 
methylsilane as an internal standard in the case of lH and 
l3C NMR and relative to 85% phosphoric acid in the case 
of 31P NMR. Mass spectra were determined on a VG ZAB 
spectrometer. Elemental analyses were performed by 
A t l a n t i c  M i c r o l a b s ,  N o r c r o s s ,  GA. C o l u m n  
chromatography using Macherey Nagel silica gel 60 is 
referred to as "chromatography on silica gel", preparative- 
layer chromatography on Macherey Nagel silica gel F254 
is referred to as "chromatography on a silica gel plate", 
and the drying of an organic phase over anhydrous 
magnesium sulfate is simply indicated by the phrase 
"dried". 

N-( 4-Aminopheny1)-2-( tert-butoxycarboxamido)- 
3-(4-hydroxyphenyl)propionamide (2). To 0.52 g (4.8 
mmol, 1.0 equiv) of p-phenylenediamine (1) in 20 mL of 
THF2 under a nitrogen atmosphere was added 1.5 g (5.3 
mmol, 1.1 equiv) of N-(tert-butoxycarbony1)tyrosine and 
1.1 g (5.3 mmol, 1.1 equiv) of N,N'-dicyclohexylcarbodi- 
imide (DCC). The solution was stirred at 25 "C for 4 h, 
diluted with ethyl acetate, and filtered. The urea byprod- 
uct was washed with additional ethyl acetate. The 
combined filtrates were concentrated to obtain 2 that was 
sufficiently pure to use in the next step: mp 95-97 "C; IR 
(KBr) 1690, 1660 cm-l; 'H NMR (acetone-de) 6 1.37 (s,9, 

14, 6 Hz, 1, CH2), 4.39-4.50 (m, 1, CH), 6.60 (d, J = 8.5 
Hz, 2, ArH), 6.74 (d, J = 8.8 Hz, 2, ArH), 7.09 (d, J = 8.5 
Hz, 2, ArH), 7.29 (d, J = 8.8 Hz, 2, ArH), 8.85 (s, 1, OH); 
exact mass calcd for CzoH25N304 371.1846, found 371.1846. 

N- (rl-Azidophenyl)-t-( tert-butoxycarboxamido)-3- 
(4-hydroxypheny1)propionamide (3a). To a solution 
of 1.9 g (5.1 mmol, 1.0 equiv) of 2 in 44 mL of 1:l water- 
THF and 4 mL of concentrated hydrochloric acid was 
added 0.39 g (5.6 mmol, 1.1 equiv) of sodium nitrite in 1.5 
mL of water a t  0-5 "C. The solution was stirred at  0-5 
"C for 45 min. To this solution was added 0.36 g (5.6 mmol, 
1.1 equiv) of sodium azide in 1.5 mL of water. The solution 
was s t i r red  for an  addi t iona l  1 h and  t h e  tem-  
perature of the reaction mixture was allowed to rise to 25 
"C. The mixture was extracted with ethyl acetate. The 
combined extracts were washed with two 15-mL portions 
of saturated sodium bicarbonate solution and brine. The 
ethyl acetate extracts were dried and evaporated to get 
the crude product which was chromatographed on silica 
gel using 1:l hexane-ethyl acetate to afford 1.24 g (61 5%) 

C(CH3)3), 2.92 (dd, J = 14, 8.2 Hz, 1, CHz), 3.07 (dd, J = 

of 3a: mp 85-86 "C; IR (KBr) 2120,1680,1620 cm-'; 'H 
NMR (acetone-d6) 6 1.37 (s, 9, OC(CH&), 2.92 (dd, J = 
14, 8.2 Hz, 1, CHz), 3.07 (dd, J = 14,6 Hz, 1, CHz) 4.40- 
4.54(m,l,CH),6.19(brd,l,CHNH),6.75(d,J=8.5Hz, 
2, ArH), 7.01 (d, J = 8.8 Hz, 2, ArH), 7.11 (d, J = 8.5 Hz, 
2, ArH), 7.66 (d, J = 8.8 Hz, 2, ArH), 8.18 (s, 1, CONH) 
9.32 (s, 1, OH); exact mass calcd for C20Hz3N504 397.1750, 
found 397.1752. 

N- (4-Azidophenyl)-2- ( tert-butoxycarboxamido) -3- 
(4-hydroxy-3-iodopheny1)propionamide (3b). To a 
solution of 500 mg (1.26 mmol, 1.0 equiv) of 3a and 226 
mg (1.51 mmol, 1.2 eq) of sodium iodide (nonradiola- 
beled) in 4.5 mL of acetonitrile and 0.9 mL of water at 0 
"C was added 180 pL (1.51 mmol, 1.2 equiv) of tert-  
butyl hypochlorite dropwise. The solution was stirred for 
30 min at 0 "C and diluted with 50 mL of ethyl acetate. 
The organic solution was washed successively with 5 % 
sodium thiosulfate solution and brine, dried, and con- 
centrated to afford 703 mg of crude product, which was 
chromatographed on a silica gel column using 10:2 dichlo- 
romethane-ethyl acetate to afford 105 mg (16%) of 3b: 
mp 188-189 "C dec; IR (KBr) 2120,2100,1680,1670 cm-l; 
'H NMR (DMs0-d~)  6 1.32 (s, 9, OC(CHs)3), 2.74 (dd, J 
= 14,8 Hz, 1, CHz), 2.88 (dd, J = 14,5.2 Hz, 1, CHz), 4.16- 
4.30 (m, 1, CH), 6.76 (d, J = 8.8 Hz, 1, ArH), 6.96-7.14 (m, 
3, ArH), 7.60-7.70 (m, 3, ArH); 13C NMR (DMSO-ds) 6 

130.45,133.86,136.13,139.10,155.03,155.37,170.64; exact 
mass calcd for CzoHz2IN504 - Nz + HZ 497.0812, found 
497.0785. In addition, 317 mg (39%) of N-(4-azidophenyl)- 
2- (tert-butoxycarboxamido)-3- (4-hydroxy-3,5-diiodophen- 
y1)propionamide was isolated: mp 105-106 "C; IR (KBr) 
2100,1690,1670,1600 cm-'; 'H NMR (acetone-d6) 6 1.37 
(s, 9,OC(CH3)3), 2.90 (dd, J = 14,8 Hz, 1, CHz), 3.13 (dd, 
J = 14, 5.2 Hz, 1, CHZ), 4.42-4.54 (m, 1, CH), 6.29 (br s, 
1, CHNH), 7.05 (d, J = 8.9 Hz, 2, ArH), 7.69 (d, J = 8.7 
Hz, 2, ArH), 7.72 (s, 2, ArH), 7.94 (br s, 1, CONH), 9.41 
(br s, 1, OH); 13C NMR (acetone-d6) 6 28.51,36.10,57.32, 

136.87, 141.24, 156.27, 170.69; exact mass calcd for 
CZOHZIIZN~O~ - N2 + HZ 622.9779, found 622.9753. 

N- (4-A zidop henyl) -2-amino-3- (4- hydroxypheny1)- 
propionamide (4a). To 2.0 g (5 mmol) of 3a was added 
20 mL of glacial acetic acid saturated with hydrogen 
chloride. The solution was allowed to stand for 30 min 
at 25 "C and was diluted with 150 mL of ether to precip- 
itate 726 mg (45%) of the hydrochloride salt of 4a: IR 
(KBr) 2120,1680,1615 cm-l; lH NMR (DMSO-de) 6 2.90- 
3.16 (m, 2, CHz), 4.05-4.20 (m, 1, CH), 6.69 (d, J = 8.4 Hz, 
2, ArH), 7.07 (d, J = 3.6 Hz, 2, ArH), 7.11 (d, J = 4 Hz, 2, 
ArH), 7.62 (d, J = 8.8 Hz, 2, ArH), 8.31, (br s, 3, NH3+), 
9.36 (br s, 1, CONH), 10.80 (s, 1, OH); exact mass calcd 
for C15H16C1N50~ - NZ 305.0931, found 305.0931. 
N-(4-Azidophenyl)-2-amino-3-(4-hydroxy-3-iodo- 

pheny1)propionamide (4b). The procedure described for 
the preparation of 4a was repeated with 30 mg (0.06 mmol, 
1.0 equiv) of 3b and 5 mL of glacial acetic acid saturated 
with hydrogen chloride gas to afford, after stirring for 30 
min, adjusting the pH of the solution to 7 by the addition 
of saturated sodium bicarbonate solution, extraction with 
ethyl acetate, and concentration, 21 mg (87%) of 4b: IR 
(KBr) 3280, 3070, 2100,1675, 1605 cm-l. 

GTP Photoaffinity Probe APTG (5a): Monoanhy- 
dride of Guanosine 5'-(Trihydrogen diphosphate) 
T r i s ( t r ie t h y 1 ammonium ) S a 1 t with N- ( 4 - A z ido - 
phenyl)-2-phosphoramido-3-( 4-hydroxyphenyl)- 
propionamide. The hydrochloride salt of 4a was 
converted to the free base immediately before use by 

28.14,56.69,78.10,84.18 (C-I), 114.44,119.39,120.73,130.36, 

79.55, 84.17 (C-I), 120.10, 121.94, 122.04, 134.72, 135.83, 



GTP Photoaffinity Probe for Tubulin 

dissolution in a saturated sodium bicarbonate solution, 
extraction with ethyl acetate, and concentration. To 1.0 
mL of water was added 10 mg (0.018 mmol, 1.0 equiv) of 
guanosine triphosphate disodium salt a t  10-15 "C and 74.5 
mg (0.18 mmol, 10 equiv) of CDL2 The pH of the mixture 
was maintained at  5.5-6 during the addition of CDI by 
titration with 0.05 M hydrochloric acid. No appreciable 
rise in pH was noted after adding 12 equiv of CDI. To 
this was added 5.2 mg (0.018 mmol, 1.0 equiv) of amine 
4a in 100 pL of pyridine. The mixture was stirred for 4 
h a t  10-15 "C and purified, first on DEAE cellulose2 using 
a linear gradient of 250 mL of 50 mM and 250 mL of 700 
mM triethylammonium bicarbonate buffer a t  the rate of 
3 mL/10 min to afford 5a (fractions 104-106, Rf = 0.55 
on Macherey Nagel F-254 silica gel plate; 7:3 ethanol-1 
M ammonium bicarbonate) and unreacted GTP and 
secondly on a SEP-PAK CIS cartridge (Waters Associates) 
to afford 6.9 mg (35%) of 5a as the tris(triethy1ammo- 
nium) salt: IR (KBr) 3330 (br), 2975, 2491, 2120, 1694, 
1605,1476 cm-1; 3lP NMR (D2O) 6 -3.65 (d, J = 19.8 Hz, 

Hz, 1, @-P). Ion-exchange chromatography of the tris- 
(triethylammonium) salt of 5a using Bio-Rex 70 (Bio- 
Rad) afforded the trisodium salt of 5a: 'H NMR (DzO with 
TSP-dd) 6 2.80 (dd, J = 8 and 13 Hz, 1, CH2), 3.17 (dd, J 
= 4 and 13 Hz, 1, CH2), 4.05-4.14 (m, 1, CH), 5.76 (d, J 
= 5.3 Hz, 1, C-1' H), 6.68 (d, J = 7.8 Hz, 2, ArH), 6.88 (d, 
J = 8 Hz, 2, ArH), 7.02 (d, J = 7.8 Hz, 2, ArH), 7.12 (d, J 
= 8 Hz, 2, ArH), 7.91 (s, 1, C-8 H). 

GTP Photoaffinity Probe I-APTG (5b): Monoan- 
hydride of Guanosine 5'-(Trihydrogen diphos- 
phate) Tris(triethy1ammonium) Salt with N-(4- 
Azidophenyl)-2-phosphoramido-3-( 4-hydroxy-3- 
iodopheny1)propionamide. The procedure described for 
the preparation of 5a was repeated with 10 mg (0.018 mmol, 
1.0 equiv) of guanosine triphosphate disodium salt, 74.5 
mg (0.18 mmol, 10 equiv) of CDI, and 14.0 mg (0.033 mmol, 
1.8 equiv) of 4b to afford 6.8 mg (32%) of 5b: IR (KBr) 
2130,1700,1610 cm-l; 31P NMR (D2O) 6 -3.82 (d, J = 18.5 

@-P). Ion-exchange chromatography of the tris(triethy1- 
ammonium) salt of 5b using Bio-Rex 70 (Bio-Rad) afforded 
the trisodium salt of 5b: 'H NMR (D20 with TSP-d4) 6 
5.94 (d, J = 6.4 Hz, 1, C-1' H), 6.60 (d, J = 8.2 Hz, 1, ArH), 
7.02 (dd, J = 8.2,2 Hz, 1, ArH), 7.11 (d, J = 8.9 Hz, 2, ArH), 
7.29 (d, J = 8.9 Hz, 2, ArH), 7.51 (d, J = 2 Hz, 1, ArH), 

1251-APTG (5c). To 11.3 pL of [1251]NaI (6.1 mCi, 2.8 
nmol, Amersham) in a Reacti-vial was added 10 pL of 
potassium phosphate buffer (pH = 7.5), 5 pL (84 nmol, 
30 equiv) of a solution of the hydrochloride salt of 4a in 
water, and 6.7 pL (11.2 nmol, 4 equiv) of a solution of tert- 
butyl hypochlorite (J. T. Baker) in acetonitrile. The 
mixture was allowed to stand a t  25 OC for 1 h with 
occasional vortex stirring. The reaction was quenched by 
adding 20 FL of 5% aqueous sodium thiosulfate solution. 
Approximately 0.5 pL of the mixture was placed on an 
analytical silica gel TLC plate (Macherey Nagel F254) and 
eluted with 1O:l ethyl acetate-methanol. Autoradiogra- 
phy of the plate confirmed the presence of the desired 
product (Rf  = 0.36). The mixture was extracted with three 
100-pL portions of ethyl acetate. The ethyl acetate was 
evaporated under a stream of nitrogen (in a hood) to afford 
a mixture of mono- and diradioiodinated amines. 

The procedure described for the preparation of 5a was 
repeated with 10 mg (0.016 mmol, 1 equiv) of guanosine 
triphosphate trisodium salt and 68 mg (0.16 mmol, 10 
equiv) of CDI to obtain the trimetaphosphate intermediate 

1, T-P), -10.85 (d, J =  19.5 Hz, 1, a-P), -22.14 (t, J =  19.8 

Hz, 1, T-P), -10.95 (d, J = 18.9 Hz, 1, a-P), -22.31 (t, 1, 

8.15 (s, 1, C-8 H). 
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in 650 pL of water. To the mixture of radioiodinated 
amines in 10 pL of pyridine was added 325 pL of the 
solution of the trimetaphosphate. The mixture was stirred 
at  5-10 "C for 4 h. Approximately 0.5 pL of the mixture 
containing 5c and a small sample of nonradiolabeled 5b 
were placed on an analytical silica gel TLC plate (Mach- 
erey Nagel F254) and eluted with 7:3 ethanol-1 M 
ammonium bicarbonate. Autoradiography of the plate 
confirmed the presence of the desired product 5c (Rf = 
0.56). The crude product was purified on a DEAE cellulose 
column (12 X 1 cm) using a linear gradient of 125 mL of 
water and 125 mL of 400 mM triethylammonium bi- 
carbonate buffer a t  a rate of 1 mL/min during which time 
6-mL fractions were collected. Fractions 22-28 were 
combined and concentrated to 5 mL that was chromato- 
graphed on a CIS SEP-PAK cartridge. The excess GTP 
was eluted with 10 mL of 20 mM triethylammonium 
bicarbonate buffer solution, and the desired probe 5c, 
which is a mixture of mono- and diiodinated materials, was 
eluted with absolute methanol. The specific activity of 
the probe 5c was 10-50 mCi/pmol. 

Tubulin Preparations. Microtubule protein was 
isolated from fresh bovine or ovine brain by two cycles of 
reversible assembly (4).  Microtubules obtained from the 
second cycle of polymerization were stored at  -70 "C until 
needed. Prior to use, pellets were thawed and purified by 
gel filtration on Sephadex G-25 (medium) using either 
buffer A2 for the polymerization assay or buffer B2 for the 
photolabeling experiments. MAPs2 are present in these 
preparations but represent less than 5 % of the total protein 
weight. 

Polymerization Assay. Microtubule formation was 
followed by a light-scattering assay using a Beckman Model 
25 spectrophotometer equipped with a cuvette chamber 
heated to 37 OC (5). Solutions were monitored at  350 nm. 

Photoaffiiity Labeling. Appropriate specific activities 
of 125I-APTG were obtained by diluting it with I-APTG 
(3000-5000 cpm/pmol). Tubulin solutions (5 pg) in buffer 
B containing 1251-APTG in 30-pL final volume were 
incubated for 5-10 min at  0 "C and subsequently irradiated 
with a hand-held UV light with the glass face removed 
(4600 pW/cm2, Model UVS-11, Ultra-violet Products, Inc.) 
a t  a distance of 4 cm for 1 min at  0 "C. Protein mixtures 
were solubilized in a protein solubilizing mixture (6). The 
a- and @-tubulin monomers were separated on 10% SDS- 
PAGE. Protein bands were stained with Coomassie 
Brilliant Blue and cut from the gel, and the radioactivity 
was determined in a Minaxi Gamma Counter 5000 series 
(Packard Instruments Co.). 

RESULTS 

Synthesis of GTP Probes. A new GTP phosphon- 
amide photoaffinity probe, 1251-APTG (5c), as well as its 
noniodinated and nonradioiodinated analogues (5a and 5b) 
were synthesized as shown in Scheme I. N-(4-azidophen- 
y1)tyrosine (4a) and the corresponding iodinated and 
radioiodinated analogues (4b and 4c) were coupled to GTP 
to obtain APTG (5a), I-APTG (5b), and 1251-APTG (5c), 
respectively. The coupling sequence involved the 
activation of GTP as a trimetaphosphate (11-13), as 
confirmed by 3lP NMR (13) at  10-15 "C which displayed 
a multiplet at 6 -23.35 relative to 85% Hap04 in D20, using 
CDI while the pH was maintained in the 5.5-6.0 range (14) 
and the trapping of the trimetaphosphate by the immediate 
addition of an appropriate amine (4) at  temperatures of 
10-15 "C. The direct radioiodination of the tyrosyl residue 
in APTG (5a) was not successful, and consequently, the 
radioiodination was performed on 4a that was subsequently 
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Figure 1. Saturation of labeling of lZ6I-APTG with @-tubulin. 
Tubulin (5 pg) was incubated with increasing concentrations of 
l=I-APTG (2400 cpm/pmol, 5 min, 0 "C), photolyzed (1 min, 0 
"C), and analyzed on 10% SDS-PAGE. The gel was sliced and 
the appropriate protein bands were counted with a Minaxi 
y-counter. 
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Figure 2. Bar graph showing competition of l=I-APTG binding 
to @-tubulin with other nucleotides and nucleotide analogues. 
Tubulin (5 pg) was incubated with various nucleotides or GTP 
analogues (100 pM, 10 min, 0 "C) and then with 'SI-APTG (5000 
cpm/pmol, 5 pM, 10 min, 0 "C), photolyzed (1 min, 0 "C), and 
analyzed on 10% SDS-PAGE. The gel was sliced, and the 
appropriate protein bands were counted with a Minaxi y-counter. 

coupled to GTP. The APTG and I-APTG probes were 
characterized by 'H and 31P NMR, UV photodecompo- 
sition studies, and infrared spectroscopy. 1251-APTG and 
I-APTG possessed identical Rf values on thin-layer silica 
gel chromatography as judged by detection by UV activity 
and autoradiography. 

Validation Studies: Saturation. The development 
of a new GTP photoaffinity probe requires studies that 
confirm that the probe mimics the natural substrate, GTP, 
in terms of saturation, specificity, and competition. The 
tubulin solutions were incubated with increasing con- 
centrations of 1251-APTG and photolyzed (see the Experi- 
mental Procedures) to produce the results shown in Figure 
1. The @-tubulin showed saturation of labeling at  a 25 pM 
concentration of 1251-APTG with an apparent Kd of 5 pM. 
Considerably less photoincorporation was seen in the 
a-subunit and appeared to be nonsaturable (data not 
shown). A t  an 1251-APTG concentration of 25 pM, 0.023 
pmol of 1261-APTG were cross-linked per pmol of 8- 
tubulin. 

Validation Studies: Specificity. The specificity of 
protection of photolabeling by 9 - A P T G  (5 pM) was tested 
with several nucleotides and nucleotide analogues (100 pM). 
The bar graph in Figure 2 showed that  GDP, GTP, 
8-N3GTP, and I-APTG protected (as expected) against 
photolabeling by 1251-APTG whereas GMP, AMP, ADP, 
and ATP did not protect against photolabeling. 

Validation Studies: Competition. Tubulin solutions 
were photolyzed with 1251-APTG (10 pM) in the presence 
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Figure 3. Competition of lZ6I-APTG binding to @-tubulin with 
GTP. Tubulin (5 pg) was incubated with increasing con- 
centrations of GTP (5 min, 0 "C) and then with l%I-APTG (5000 
cpm/pmol, 10 pM, 5 min, 0 "C), photolyzed (1 min, 0 "C), and 
analyzed on 10% SDS-PAGE. The gel was sliced and the ap- 
propriate protein bands were counted with a Minaxi y-counter. 
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Figure 4. Relative dissociation constants of l=I-APTG and GTP. 

of increasing concentrations of GTP as shown in Figure 
3. In &tubulin, approximately 90% of the photoincor- 
poration was competitively removed by GTP con- 
centrations in the 25-50 pM range with half-maximal 
protection observed at  ca. 5 pM GTP concentration. Pho- 
toincorporation in the 8-subunit was 8-fold higher than 
that observed in the a-subunit with no competitor present 
(data not shown). The relative affinities of l=I-APTG and 
GTP were examined with the relationship (Bo/B) - 1 = 
Kr[GTP]/[1251-APTG] (7) as shown in Figure 4, where Bo 
and B represent the degrees of photolabeling in the absence 
and the presence of GTP, respectively. Using this Ofen- 
gand analysis, the relative dissociation constant for 12W 
APTG was determined to be 1.7 times that of GTP. 

Polymerization Studies. APTG alone was incapable 
of sustaining tubulin polymerization, but it was a potent 
inhibitor of GTP-supported tubulin polymerization as 
shown in Figure 5. 

Cross-Linked Peptide Purification. Isolation of the 
cross-linked peptides from the photolabeling experiments 
used a combination of anion-exclusion chromatography and 
gel filtration. A purified tubulin solution in a plastic 
weighing boat (1.5-2 mg/mL, 10-15 mg total) in buffer 
B was incubated with 20 pM 1251-APTG (1500-4500 cpm/ 
pmol) for 30 min at  0 OC and photolyzed (as described in 
the Experimental Procedures) for 5 min a t  0 "C. The 
reaction was quenched by adding 1 mM P-mercaptoeth- 
anol, and the protein was precipitated with ice-cold acetone 
and collected by centrifugation. The pellet was resus- 
pended in 100 mM ammonium bicarbonate and digested 
with trypsin (1% w/w and an additional 1% w/w after 1 
h) for 4 h at 25 OC. The tryptic digest was subjected to 
anion-exclusion chromatography on a 27 X 1.5 cm SP-25 
Sephadex column using 50 mM sodium formate (pH = 3.5) 
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Figure 5. Polymerization of tubulin. Change in absorbance at 
350 nm by incubating tubulin (0.9 mg/mL) in buffer A at 37 O C  

in the presence of (A) 200 pM GTP, (B) 200 pM GTP and 200 
pM APTG, (C) 200 pM GTP and 400 pM APTG, and (D) 200 
pM APTG. 
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Figure 6. Anion-exclusion chromatography for the tryptic digest 
of the photolabeled tubulin: (A) fractions collected of tryptic 
digest purified on 27 X 1.5 cm SP-25 Sephadex, (B) fractions 
collected from 27 X 1.5 cm G-10 Sephadex column of the 
radioactive peaks between the arrows in A after formic acid 
hydrolysis. 

at  a rate of 1 mL/min to separate the photolabeled pep- 
tides from positively charged peptides. The fractions 
containing radioactivity (between the arrows in Figure 6A) 
were pooled and analyzed by HPLC. Sequencing of 
selected peptides established, as expected, that several car- 
boxylic acid rich peptides contaminated the fractions with 
the photolabeled peptides still bearing the negatively 
charged triphosphate group of 1251-APTG. 

Separation of these carboxylic acid rich peptides from 
the desired photolabeled peptides was accomplished as 
follows. The fractions (between the arrows in Figure 6A) 
were reduced to 600 pL with a Speed-vac, and 200 pL of 
88% formic acid was added (pH = 1-2). The solution was 
incubated for 1 h at  25 "C to hydrolyze deliberately the 
phosphonamide (P-N) bond, thereby re leas ing  the 
negatively charged phosphates but retaining the 1251 
radiolabel. Purification on a 27 X 1.5 cm G-10 Sepha- 
dex column using 50 mM sodium formate (pH = 3.5) at 
a rate of 1 mL/min now separated the positively charged, 
radiolabeled peptides from the small, negatively charged, 
carboxylic acid rich peptides as shown in Figure 6B. The 
fractions from the G-10 column that correspond to major 
radioactive peak (between the arrows in Figure 6B) were 
pooled, and the volume was reduced to 800 pL. This 
material was again subjected to anion-exclusion chro- 
matography on a 27 X 1.5 cm SP-25 Sephadex column 
using 50 mM sodium formate (pH = 3.5) at a rate of 1 mL/ 
min. This last step separated the radiolabeled peptides 
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Figure 7. Reversed-phase HPLC purification of the photola- 
beled peptides: (A) HPLC elution profile of control experiment, 
(B) HPLC elution profile of major radioactive peak from the 
second SP-25 Sephadex column (see the Results section). 

from the remaining carboxylic acid rich peptides, and two 
radioactive peaks were obtained. One minor peak migrated 
with a retention time similar to that observed in Figure 
6A, and perhaps representing incomplete hydrolysis of the 
GTP group from the photolabeled peptide. The major 
peak eluted 6 mL later as expected for a photolabeled pep- 
tide now lacking the GTP group. 

The major radioactive peak from the last SP-25 Sepha- 
dex column was pooled and analyzed by HPLC (LKB, 
equipped with diode-array spectral detector) with an Aqua- 
pore RP 300 CS reverse-phase (250 X 4.6 mm) column and 
a gradient of 0.1 % trifluoroacetic acid in water a t  0 min, 
0.1 % trifluoroacetic acid in water at 5 min, and 0.1 % tri- 
fluoroacetic acid in 70% acetonitrile a t  65 min. Figure 7A 
shows a control experiment which lacked the photolabel- 
ing step but otherwise was subjected to the purification 
scheme described above. Figure 7B is the HPLC elu- 
tion profile for the pooled fractions of the major radioactive 
peak that shows the photolabeled peptides (peaks marked 
by arrows) that were absent in the control experiment 
(Figure 7A). The fractions corresponding to the unique 
peaks (marked by arrows) in Figure 7B, but missing in the 
control experiment in Figure 7A, contained 50% of the 
radioactivity. 

The purified peptides were analyzed first on a Beck- 
man 6300 high-performance amino acid analyzer and 
subsequently sequenced with an Applied Biosystems 477A 
pulse liquid protein sequencer with on-line 120A PTH 
identification. The two major peaks (marked by arrows) 
isolated from the photolabeling experiments (Figure 7B) 
were collected in a single fraction and contained a total 
of three peptides having 15, 15, and 18 residues and 
containing 3, 3, and 2 acidic residues, respectively. The 
major peptide isolated by this procedure was determined 
to consist of residues 65-79 of the @-subunit. The percent 
photoincorporation, as deduced from final peptide yields, 
was determined to be 0.4 %. In contrast, two major peaks 
(marked by asterisks) isolated in the control experiments 
(Figure 7A) were, as expected, carboxylic acid rich pep- 
tides (~431-448 and ~431-444). 

DISCUSSION 
A new GTP photoaffinity probe, 126I-APTG, was 

developed to explore the merits of having a radiolabel 
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external to the GTP portion of the probe. Photoaffin- 
ity labeling experiments using the previously reported pho- 
toaffinity probes such as [y32P]-8-N3GTP (I, 8, 9) and 
direct photoaffinity labeling using [ Q ~ ~ P I - G T P  (2, 3) 
suffered from the loss of the 32P radiolabel from photo- 
labeled peptides during peptide purification. In order to 
circumvent this problem, a different radiolabel ( 1251) was 
selected for incorporation in a position that would be 
resistant to loss through adventitious enzymatic or chemical 
hydrolysis. The  retention of biological activity in 
fluorescent analogues of GTP modified at  the y-phosphate 
suggested that  radiolabeled, photoactive phosphon- 
amide derivatives of GTP would be suitable photoaffin- 
ity probes for GTP (IO). Consequently, the desired probe, 
1251-APTG (tic), shown in Scheme I, incorporated both an 
1251 radiolabel of high specific activity and an azide group 
in a photoactive fragment tha t  was attached to the 
y-phosphate of GTP. The probe was synthesized in a 
straightforward fashion, shown in Scheme I, and this route 
provided 1251-APTG (5c) that had high specific activity 
(10-50 mCi/pmol) and could be stored in absolute 
methanol a t  -20 "C for an extended period. 

The studies that validated the use of T -APTG as a pho- 
toaffinity probe for GTP included the following: a 
demonstration of saturation effects and the prevention of 
1251-APTG photoinsertion by GTP at  concentrations that 
agreed with the known & of GTP for tubulin. Specifically, 
with tubulin prepared from bovine or ovine brain (3), it 
was demonstrated that the photoaffinity reagent 1251- 
APTG exhibited saturation of the exchangeable GTP- 
binding site on the @-subunit of tubulin with an apparent 
& of 5 pM, as shown in Figure 1. This value compares 
favorably with that obtained with [y32p]-8-N3GTP, another 
valid GTP photoaffinity probe (9). 

Selectivity was demonstrated for the photoinsertion of 
1251-APTG since it was competitive with GTP, GDP, and 
GTP analogues such as 8-NsGTP and I-APTG, but the 
photoinsertion was not affected by other nucleotides (e.g., 
ATP, ADP, AMP, GMP) as shown in Figure 2. With these 
concentrations of 1251-APTG, little photoinsertion into the 
a-subunit of tubulin was observed. The half-maximal 
prevention of 1251-APTG photoinsertion into @-tubulin was 
obtained with ca. 5 pM GTP as shown in Figure 3. The 
Ofengand treatment of the data for the @-subunit indicated 
that the Kd for lZI-APTG is 1.7 times that for GTP (Figure 
4), indicating that the substantial modification of the 
y-phosphate in 1251-APTG had not altered substantially 
its ability to bind to the GTP-binding domain in @-tubu- 
lin. This value is in close agreement with 1.4 determined 
for 8-NsGTP (9). APTG alone would not support tubu- 
lin polymerization in agreement with observations (IO) that 
other GTP derivatives modified a t  the y-phosphate were 
incompetent polymerization analogues of GTP even though 
they bound at  the GTP site. The results shown in Figure 
5 indicated that APTG could successfully compete with 
the GTP-binding site on tubulin since APTG increased 
the lag time before polymerization started and decreased 
the total amount of polymers formed. 

1251-APTG was designed to provide unique advantages 
in purifying photolabeled peptides. The incubation of %I- 
APTG at  20 pM concentration with purified tubulin for 
30 min at  0 "C and photolysis a t  0 "C effected a specific 
photoinsertion into the @-subunit of tubulin that was 
completely consistent with the ability of the probe to mimic 
GTP. Following the photochemical step, the radiolabel 
exhibited the desired hydrolytic stability. Acetone 
precipitation, resuspension in 100 mM ammonium 
bicarbonate solution, and trypsin digestion of the photo- 

Figure 8. CPK model of 1251-APTG. The arrow denotes the pho- 
toactive azide group. 

labeled tubulin led to a mixture of peptides. A dramatic 
purification of the photolabeled peptides from this mixture 
was achieved by anion-exclusion chromatography on SP- 
25 Sephadex using 50 mM sodium formate (pH = 3.5) as 
the eluting buffer that removed the bulk of the nonpho- 
tolabeled peptides. This produced a void volume con- 
taining a mixture of the desired photolabeled peptides 
bearing the anionic triphosphate group and the acidic pep- 
tides from the C-terminal regions of the a- and @-chains 
(Figure 6A). 

In the next step in this purification process, the addition 
of formic acid reduced the pH to ca. 1 and hydrolyzed the 
labile, negatively charged GTP portion of the photoin- 
serted probe but left the radiolabel attached. Gel filtration 
on a Sephadex G-10 column separated the radiolabeled 
peptides from small, acidic peptides (Figure 6B). In the 
third step in the purification process, a second anion- 
exclusion chromatography on SP-25 Sephadex using 50 
mM sodium formate separated the additional acidic pep- 
tides from the photolabeled peptides that now lacked the 
anionic triphosphate moiety and consequently eluted in 
later fractions. Final HPLC analysis of the photola- 
beled peptides on an Aquapore RP-300 Cs reversed- 
phase column provided two radiolabeled peaks. On HPLC, 
radioactivity was observed in two locations. One (50%) 
was with the void volume where no peptides were found 
and probably represents breakdown of photoinserted label. 
The second (50%) comigrated with the two peaks marked 
by arrows in Figure 7B. Additional evidence that these 
radiolabeled peptides represented true photolabeled pep- 
tide derivatives was obtained by comparing the elution 
profiles by diode-array spectroscopy for the peptides 
recovered from photolabeled tubulin (Figure 7B) and pep- 
tides generated in a control experiment in which the probe 
was not present (Figure 7A). 

The radiolabeled peaks (denoted by arrows in Figure 
7B) were isolated in a single fraction and sequenced to 
reveal a peptide near the N-terminus of the @-subunit: 
AILVDLEPGTMDSV( R) (@:65-79). The isolation of this 
sequence was also noted with [y32P]-8-N3GTP (I), and as 
shown in Figure 8, a CPK model of 1251-APTG indicated 
that conformations were available to l%I-APTG that would 
place the reactive azide (see arrow in Figure 8) in the same 
spacial domain as the azide group in [y32P]-8-N3GTP. 
Although the syn conformation is preferred for bulky C-8 
substituted nucleotides (16), the 8-azidoguanosine in [y3T]- 
8-N3GTP can adopt the anti conformation shown in Figure 
8. We do not, however, represent 1251-APTG as a general 
probe for defining the guanine base binding region but 
again emphasize that 1251-APTG is a probe for defining 
the GTP-binding domain of various proteins. Although 
we lack precise evidence as to the specific amino acids that 
[ y32P]-8-N3GTP and 1251-APTG cross-linked in AILV- 
DLEPGTMDSV(R) (@:65-79), it was assumed, in the case 
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of 1251-APTG, that a reactive dehydroazepine intermediate 
(17, 18), generated on photolysis of the aryl azide, 
intercepted a basic arginine (R) residue to establish the 
putative covalent linkage. Consistent with this observation, 
the terminal R residue in AILVDLEPGTMDSV(R) was 
not detected, as indicated by the parentheses in the above 
sequence. In addition, minor quantities of peptides in the 
same fraction containing AILVDLEPGTMDSV(R) (@: 
65-79) were identified as AVFVDLEPTVIDEV(R) (a: 
65-79) and VGINYEPPTVVPGGDLA(K) (~353-370) 
from the a-chain. The appearance of these minor 
quantities of peptides from the a-subunit raises the 
interesting possibility that another conformation of the 
photoactive subunit in 1251-APTG can reach a domain on 
the a-subunit that lies in proximity to the @-subunit, but 
current data are clearly insufficient to warrant this 
conclusion. 

We have noted that the overall photoincorporation based 
on the purified peptide AILVDLEPGTMDSV(R) (@:65- 
79) was low (0.4%), and yetcwe are confident that this pep- 
tide represents a true photolabeled peptide and not an 
artifact. The usual practice in calculating photoincorpor- 
ation “yields” is to report the percentage of label incor- 
porated prior to the purification of the actual peptide(s). 
If we had followed this convention, the photoincorpora- 
tion yield using 1251-APTG would have been 2.3% since, 
as expected, considerable material is lost physically or 
through chemical deterioration in the course of the 
purification steps. Reporting a yield based on the final 
purified peptide underestimates the true photoincor- 
poration yield. 

In addition to the loss of material during the purification 
process, there is one additional feature that complicated 
the use of 1251-APTG. Although we have indicated that 
the radiolabel was stable after the photolysis step, we 
discovered during the course of related studies that pho- 
todeiodination (15) was a concurrent process in the pho- 
tolysis of aryl azides. We assume, on the basis of the 
observed loss of label, that this process also intervened in 
the course of the photolysis of 1251-APTG and tubulin. I t  
was rather surprising to discover that the photochemical 
cleavage of the carbon-iodine bond was faster than the 
photochemical conversion of the aryl azide to a reactive 
dehydroazepine (15), and of course, this undesired reaction 
further served to underestimate the true value of the pho- 
toincorporation “yield” since the deiodinated product 
APTG would also photoinsert. In the absence of the 
radiolabel, there was no way to estimate the extent of this 
process. Although the photochemical loss of radiolabel 
clearly limits the overall utility of 1251-APTG as a general 
reagent, another experiment suggested that there would 
be merit in exploring this class of GTP probes further. 1251- 
APTG was used to photolabel the proteins in whole homo- 
genates of normal and Alzheimer’s diseased brains (Figure 
9). In normal brain, the photolabeling of @-tubulin, as well 
as four other unidentified proteins, was noted whereas, in 
Alzheimer’s diseased brains, only two proteins were 
significantly photolabeled. I t  was of interest that the 
@-subunit of tubulin in homogenates of Alzheimer’s 
diseased brains was one of the proteins that was not pho- 
tolabeled, in agreement with another report on the aberrant 
properties of tubulin from Alzheimer’s diseased brain (19). 
It was of interest that 1251-APTG exhibited selectivity for 
@-tubulin even in the face of numerous other proteins and 
thereby further testified to its validity as a GTP probe. 
However, in the absence of detailed studies of the other 
labeled proteins, we can say only that this observation 
underscores the merit of developing other phosphon- 
amide GTP photoaffinity probes with photostable radio- 
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Figure 9. Photolabeling of normal and Alzheimer’s diseased brain 
homogenate with 1251-APTG. Normal brain homogenate (lanes 
1,2, and 3) (20%) and Alzheimer’s diseased brain homogenate 
(lanes 4,5, and 6) (20%) were incubated successively with GTP 
(100 pM) or ATP (100 pM) at 0 “C (2 min) and with 1251-APTG 
(10 pM) at 0 “C (2 min), photolyzed at 0 “C (2 min), and analyzed 
on 10 % SDS-PAGE. Autoradiography was performed for 12 h. 
labels. Current efforts are focused on the incorporation 
of a photostable 35S radiolabel. 
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Synthesis and Evaluation of Two New Bifunctional Carboxymethylated 
Tetraazamacrocyclic Chelating Agents for Protein Labeling with 
Indium- 11 1 
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The synthesis of two new N- and C-functionalized tetraazamacrocyclic ligands intended to be co- 
valently linked to biomolecules like monoclonal antibodies and to bind the y-emitting isotope indium- 
111 in a thermodynamically and/or kinetically inert way is described. 12-(p-Nitrobenzyl)-1,4,7,10- 
tetraazacyclotridecane-1,4,7,lO-tetraacetic acid (Ll) was synthesized by means of bimolecular cycliza- 
tion with the appropriate malonic acid diethyl ester and triethylenetetraamine, followed by reduction 
with diborane and alkylation of the cyclic tetraamine with bromoacetic acid. The corresponding triscar- 
boxymethylated ligand L2 was made by statistical alkylation of the tetraamine. Both ligands fulfill 
the criteria for antibody labeling using the bifunctional chelate approach, namely fast chelate formation, 
high radiochemical yield, and high stability under physiological conditions. Surprisingly the hepta- 
dentate ligand L2 confers higher stability to In3+ and exhibits faster complex formation than octa- 
dentate L1. 13C NMR spectra in solution indicate that the difference in stability is not due to incomplete 
coordination of all four carboxylate groups in In-L1. 

The application of radiolabeled monoclonal antibodies 
(MoAb) is a potentially powerful tool in nuclear medicine 
for tumor diagnosis and therapy (1-6). The use of metallic 
radionuclides has the special advantage that the lyo- 
philized antibody-ligand conjugates can be prepared and 
stored in advance. A specific radiopharmaceutical can then 
be prepared by simply adding a buffered solution of the 
radiometal prior to application. This circumvents technical 
and logistical problems associated with the iodine isotopes. 
Many MoAb show optimal tumor localization only after 
few days. For this reason the y-emitting isotope lllIn was 
proposed (7-1 1). Its appropriate nuclear characteristics, 
a 68 h half-life, and y-energies of 173 keV and 247 keV 
make it ideally suited to tumor diagnosis. For a successful 
use of the isotope in antibody labeling it has to be coupled 
to the MoAb by using the bifunctional chelate approach. 
Thereby the following prerequisites have to be fulfilled: 
(i) fast complex formation and high radiochemical yield, 
(ii) high kinetic inertness, to avoid label transfer in vivo 
to  the  competing serum protein t ransferr in  and 
concomitant transferrin-mediated liver uptake, and (iii) 
preserved immunoreactivity of the antibody complex 
conjugate. 

We report here on the achievement of the first two 
aspects with two new bifunctional carboxymethylated tet- 
raazamacrocycles (Ll, L2, Chart I). 
Our earlier work on In3+ chemistry has shown the NazIn- 

(DTPA).SHzO complex to have coordination number eight 
with antiprismatic geometry (12). This geometry also holds 
for NaIn(DOTA).3H20 (13). The complex with the tet- 
racarboxymethylated macrocycle now is more compact and 
very symmetric and the In3+-nitrogen and In3+-oxygen 
bonds are somewhat shorter. This is reflected in increased 
kinetic stability of In(D0TA)- compared to the open chain 
polyaminopolycarboxylato-In3+ complex (14) .  We have 
therefore continued our studies toward the synthesis of 
C-functionalized tetraazamacrocycles and describe the 
approach with C-functionalized carboxymethylated 
derivatives of 1,4,7,10-tetraazatridecane. 

1043-1802/90/2901-0345$02.50/0 

Chart I 

rN "7 
I N I  N) 

HooccH2 / LI \ oq.mon HomHz/  \ c%cooH 

L1: R1= CHzCOOH 
L2: R l = H  
L3: Rz = CHzCOOH 
L4: R z = H  

So far bifunctional derivatives of open chain polyami- 
nopolycarboxylates as EDTA (15) and DTPA (7,11) were 
tested in animal models and patients. These ligands 
certainly confer high thermodynamic stability to the 
corresponding lllIn complexes. Because of the possible 
importance of kinetic inertness, bifunctional macrocy- 
cles may be of additional benefit in antibody labeling with 
T n .  

Bifunctional DOTA has recently been shown to stabilize 
in human serum extremely well (16)  and a 

bifunctional triazamacrocycle was proposed for antibody 
labeling with l111n3+ (17). 

EXPERIMENTAL PROCEDURES 
Material and Methods. All reagents and solvents were 

obtained from commercial sources and were used without 
further purification. 

Infrared spectra were recorded on a Perkin-Elmer 983 
instrument with KBr pellets. Proton and carbon-13 
nuclear magnetic resonance spectra were recorded at  25 
"C on a Bruker spectrometer a t  360 and 91 MHz, 
respectively, and a Varian VXR-400 spectrometer a t  400 
and 101 MHz. Chemical shifts reported are relative either 
to TMS (CDCl3) or sodium 3-(trimethylsily1)tetradeute- 
rioproprionate (TSP, DzO). Mass measurements were 
obtained on a VG 70-SE mass spectrometer, using 8 kV 
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Scheme I 
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in a thioglycerol matrix. Elemental analysis were 
performed a t  CIBA-GEIGY Analytical Services 
Laboratories. l111nC13 was obtained from Mallinckrodt Di- 
agnostics (10 mCi/mL in pH 1 HC1). y-Counting was 
performed on a Packard A 5000 D well counter and a 
homemade continuous flow-through y-detector based on 
a Picker Model 628018 NaJ detector and a Canberra AMP 
ITSCA amplifier. 

Synthesis. The ligands L1 and L2 were synthesized 
according to Scheme I. 

(pNitrobenzy1)malonic Acid Diethyl Ester 2. A 
mixture of 58 g (0.36 mol) of diethyl malonate and 21.4 g 
(0.18 mol) of lithium diisopropylamide in 210 mL of THF 
was cooled to -62 "C and 39.1 g (0.18 mol) of p-nitroben- 
zyl bromide in 30 mL of THF was added slowly. Stirring 
was continued for 1 h. A solid was removed by filtration 
and the remaining solution was evaporated to dryness. 
Warm ethanol was added to the solid and filtered from 
the side products (mp 160 "C, disubstituted malonic acid 
diethyl ester). The pure product was obtained by 
crystallization from the filtrate (yield 7096, mp 58-59 "C). 
IR (KBr): 3110-3080 (ar-C-H), 1735 (C=O), 1600 (ar- 
c-c) ,  1510 and 1345 cm-' (NOz). 'H NMR: 6 1.20 (t, 8 
H), 3.50 (m, 3 H), 4.20 (q,4 H), 7.4 (d, 2 H), 8.10 (d, 2 H). 
Elemental Anal. Calcd for C14H17N106 (295.29): C, 56.9; 
H, 5.8; N, 4.7; 0, 32.5. Found: C, 57.0; H, 5.9; N, 4.7; 0, 
32.5. 

12-(pNitrobenzyl)-l,4,7,lO-tetraazacyclotrid~ane- 
ll,l%-dione (3) was synthesized by aminolysis of 38.69 g 
(0.131 mol) of 2 with 19.7 (0.135 mol) of 1,4,7,10-tetraaza- 
decane. The mixture was heated in 500 mL of ethanol for 
5 days. The product could be crystallized by slow 
evaporation of the solvent (yield 2896, mp 265 "C dec). 
Mass spectrum (FAB): m / e  350 (M + H). IR (KBr): 3310 
(N-H), 3310-3060 (ar-C-H), 1670 (C=O), 1510 and 1345 
cm-l (NOz). lH NMR: 6 2.6-3.6 (m, 15 H), 7.41 (d, 2 H), 
8.13 (d, 2 H). I3C NMR 6 34.92,39.59,46.87,47.79,57.30, 
128.80, 129.80, 146.60, 146.90, 169.30. Elemental Anal. 
Calcd for C16HzsN504 (349.39): C, 55.0; H, 6.6; N, 20.0; 
0, 18.3. Found: C, 54.8; H, 6.7; N, 20.0; 0, 18.1. 

12-(p-Nitrobenzyl)- 1,4,7,10-tetraazacyclotride- 
cane (4) was obtained by reducing 7.06 g (20.2 mmol) of 
3 in 100 mL of THF with a large excess of diborane (220 
mmol) and heating under reflux for 24 h. Repeated 
treatment with methanol and evaporation followed by 3 
h of heating under reflux with concentrated hydrochloric 
acid gave, after evaporation to l / 3  the volume, 71 % of the 
cyclic tetraamine as a tetrahydrochloride salt. The free 
tetraamine was obtained by addition of KOH (pH 12) and 
extraction with CHzClz (yield 95 '% ). Mass spectrum 

Scheme I1 
k + L " ' In  - L ( I )  l l l ~ n J +  

i 
t ransferr in 

' " in  - t rans fer r in  

(FAB): m / e  322 (M + H). IR (KBr): 3400 (NHz+), 1600 
(ar-C-C), 1510 and 1350 cm-' (N02). 'H NMR: 6 2.81 (t, 
1 H), 3.04 (d, 2 H), 3.50 (m, 16 H), 7.57 (d, 2 H), 8.16 (d, 
2 H). 13C NMR 6 37.92,38.52,46.43,47.44,47.74,50.71, 
126.84,133.06,148.26,149.36. Elemental Anal. Calcd for 
C16H~7N502.1.23HzO.4HC1(489.43): C, 39.26; H, 6.89; N, 
14.30; 0,10.55; C1, 28.97, HzO, 4.53. Found: C, 39.55; H, 
6.71; N, 14.48; 0, 10.24; C1, 29.11; HzO, 4.54. 

Tris- and tetracarboxymethylation of the tetraamine was 
afforded in aqueous solution at  a pH of between 9.5 and 
10.5. 
12-CpNitrobenzyl)-1,4,7,1O-tetraazacyclotridecane- 

1,4,7,10-tetraacetic acid (Ll)  was obtained at  70 "C and 
pH 10.5 by the slow addition of 5 equiv of bromoacetic 
acid. The pH was controlled by use of a pH-stat. After 
stirring for 3 h a t  70 "C, the yellow solution was loaded 
onto an anion-exchange column (Dowex 1x4, formiate 
form, 2.6 X 30 cm). The column was washed with water 
and the ligand was eluted with a 0.02-5 M gradient of 
formic acid. A side product (triscarboxymethylated tet- 
raamine) eluted at 0.05 M HCOOH, the product a t  0.5 M 
HCOOH. The solution was evaporated and crystallized 
from HCl/acetone (yield 65%). Mass spectrum (FAB): 
m / e  554 (M + H). IR (KBr): 1725 (C=O), 1510 and 1345 
cm-1 (NO2). 1H NMR: 6 2.70 (4, 1 H), 2.83 (d, 2 H), 3.05- 
4.15 (m, 24 H), 7.54 (d, 2 H), 8.19 (d, 2 H). 13C NMR: 6 
33.018,37.446,51.005,52.004,53.937,54.370,54.659,60.777, 
124.939, 131.156, 147.125, 147.472, 171.946. Elemental 
Anal. Calcd for C~4H35N501~1.85Hz0.3.5HC1(714.2): C, 
40.67; H, 5.97; N, 9.86; C1,17.05. Found C, 40.93; H, 6.04; 
N, 9.94; C1, 17.95. 

12-(pNitrobenzy1)- 1,4,7,1O-tetraazacyclotridecane- 
1,4,7-triacetic acid (L2) was obtained by statistical alky- 
lation of 4 with 3.5 equiv bromoacetic acid at pH 9.5, 70 
"C (3 h), and purification as above (yield 45%). Mass 
spectrum (FAB): m / e  496.6 (M + H). IR (KBr): 1725 
(C=O), 1510 and 1345 cm-l (NOz). lH NMR: 6 2.52 (s, 
1 H), 2.79 (d, 2 H), 2.83-3.93 (m, 22 H), 7.49 (d, 2 H), 8.22 

56.468 (m), 82.194, 125.088, 131.304, 147.808, 147.712, 
169.441, 176.574, 176.449. Elemental Anal. Calcd for 

N, 11.26; 0,24.33; C1, 15.90; HzO, 4.33. Found: C, 42.26; 

Tetraazacyclotetradecane-1,4,8,1l-tetraacetic acid (TETA, 
L3) and 1,4,8,11-tetraazacyclotetradecane-1,4,8-triacetic 
acid (TESA, L4) were synthesized according to published 
procedures (18, 14). 

Rate of Formation of l11In Chelates. The rate of 
1111n3+ complex formation was measured by scavenging of 
free ll1In3+ with transferrin according to Scheme 11. The 
measurements were performed under relevant antibody 
labeling conditions. A carrier-free solution of 150 pL of 
"'InC13 in 0.1 N HC1 (0.5-2 mCi indium-111, depending 
on specific activity) was mixed with 2 mL of 0.05 M sodium 
citrate (pH 6.5). This solution (400 pL) was mixed with 
10 pL of ligand solution in HzO (final ligand concentration 
9-50 pM). The reaction (1) was quenched after appropriate 
time intervals by mixing 10-pL aliquots of this reaction 
mixture with 200 pL of human serum or 200 pL of 2 X 

(d, 2 H). '3C NMR: 6 35.251, 37.579, 46.375, 50.062- 

C2~H33N50gl.25H20-2.8HCl (624.64): C, 42.30; H, 6.26; 

H, 6.38; N, 11.15; 0, 24.57; C1, 16.21; H20,4.26. 1,4,8,11- 
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Figure 1. Rate of formation of 111indium chelates with L1 and 
L2. Ligand concentrations were 10 WM 1 mCi 1111nC13, with hob 
= 8 X lo-' s-l for L1 and 3.1 X 10" s-l for L2. 

M transferrin in 0.1 M carbonate buffer, pH 7.4. This 
causes scavenging of free In3+. The mixture was subject 
to gel filtration (Sephadex G-50,l X 15 cm column). The 
column was eluted with 0.01 M PBS buffer (pH 7.4) a t  a 
flow rate of 37 mL per h. Samples were taken for 30 s after 
a dead volume of 4 min. After a total of 36 samples, >98% 
of the radioactivity was eluted from the column. In later 
experiments radioactive fractions were detected with a 
homemade continuous flow-through y-detector based on 
a Picker Model 628018 sodium iodide detector and a Can- 
berra AMP/TSCA amplifier. Transferrin and other serum 
proteins were detected with a flow-through cell (1 mm) 
and a Beckman UV/VIS spectrophotometer set at 280 nm. 
1111nC13 given to human serum or transferrin both eluted 
off the column between 5 and 9 min whereas "'In che- 
lates eluted between 10 and 25 min. The reaction between 
ll1In3+ and transferrin is complete within 2-3 min. The 
percentage of ll1In3+ scavenged by transferrin was used 
as a measure of free In3+. I t  was calculated from the 
radioactivity of the respective fractions (Figure 1). 

Rate of lllIn3+ Exchange with Transferrin in 
Human Serum. This rate was measured by using similar 
strategies as described above (19,20). After an incubation 
time of 30 min-2 h for L1 and L2 with indium-111 (at least 
30 h for L3 and  L4 and  10 t imes higher ligand 
concentrations are necessary) the complex formation was 
complete. A 200-pL aliquot of this mixture was given to 
2-8 mL of sterile human serum and incubated up to 7 days 
at 37 "C in a chamber maintained at  5% CO2 and 95% 
air. At  appropriate time intervals, 25 pL of this mixture 
was taken and subjected to gel filtration as described above. 
The percentage of 1111n3+ transferred to transferrin as a 
function of time is shown in Figure 2. 

l3C NMR of In-L1 and In-L2. Solutions of the 
complexes for NMR measurements were made up in D2O 
and the pD was adjusted with NaOD. The final pD was 
determined by using the equation pD = pH + 0.4 (21). L1 
(20 mg, 2.84 X mol) of 
In~(S04)3 were dissolved in 750 pL of D20. The pD was 
kept a t  4.2 with NaOD. The incorporation was complete 
within 1 h. TSP was added and the desired pD was 
adjusted with NaOD or DC1, respectively. In-L2 was 
synthesized likewise. 

mol) and 7.35 mg (1.42 X 

RESULTS 

Two new bifunctional macrocyclic ligands (Ll, L2) based 
on 12-(p-nitrobenzyl)-l,4,7,lO-tetraazatridecane have been 
synthesized by extensive or statistical alkylation with bro- 
moacetic acid. The overall yield of the four-step synthesis 
was 9.8% for L1 and 6.9% for L2. The ligands were 

0"""""""""' 
0 20 40 60 80 100 120 140 160 180 

Time (h) 
Figure 2. Dissociation of 111indium chelates in human serum 
a t  37 "C, in air/COz (95/5%). The data points are from at least 
two ligand concentrations between 8 X lo-' and 3 X lo+ M and/ 
or two complex concentrations. The deviations were between 10 
and 20%. 

characterized by the usual analytical procedures: NMR, 
IR, mass spectra, and elemental analysis. The analytical 
data are in accordance with the structures depicted in 
Chart I. L2 appears to be a single compound as can be 
judged from TLC, ion-exchange chromatography, and 
reversed-phase HPLC. This is somewhat surprising as two 
isomers are possible [ lZ(p-nitrobenzyl)-1,4,7,10-tetraaza- 
cyclotridecane-1,4,7-triacetic acid or 12-(p-nitrobenzyl)- 
1,4,7,10-tetraazacyclotridecane-1,4,lO-triacetic acid]. 
Extensive NMR studies (2D, COLOC, HCCORR) did not 
give any conclusion as to the isomeric form. 

The rate of In3+ chelate formation was determined as 
shown in Scheme 11. The data are plotted in Figure 1. The 
experimental data points follow pseudo-first-order kinetics 
with k,bs = 8 X s-l for L2, 
respectively, a t  10 pM ligand concentration. Both 
complexes form at  ligand concentrations >30 pM within 
30 min, giving >98% radiochemical yield. The stability 
of these chelates in human serum is shown in Figure 2. 
Four complexes (In-L1 through In-L4 are compared in 
this plot. L2, the heptadentate bifunctional tetraaza- 
macrocycle, loses In3+ with a pseudo-first-order rate 
constant of k = 1 X 10-8 s-1 (i.e. <0.1% loss of In3+ within 
24 h) whereas octadentate L1 decays with k = 4 X lo* s-l. 
Both rate constants do not change significantly with ligand 
and complex concentration. The monofunctional 14- 
membered tetraazamacrocycles TETA (L3) and TE3A (L4) 
are too unstable for the purpose of in vivo use. They form 
only after prolonged incubation times and much higher 
ligand excess. They decay with rate constants k(L3) = 3 
X lo+ s-l and k(L4) = 9.3 X ~ O - ' S - ~ .  

Structural factors which may be responsible for the 
difference of stability were elucidated by using 13C NMR 
in solution. Earlier work has shown that the relative 
chemical shifts of the 13COO- resonances are useful to 
distinguish between bound and free carboxylate groups 
(12). Especially the question if all carboxylate groups are 
bound to In3+ in In-L1 was of interest in this context. The 
four COO- groups exhibit four signals within 0.8 ppm 
around 180 ppm with an approximate intensity of 4:4: 
1:l (Table I). The spectrum does not change with pD 
between 2.5 and 7.0. For the heptadentate ligand L2 six 
signals around 180 ppm with an intensity of 2:2:2:1:1:1 were 
found. As a comparison the 13COO- chemical shifts of 
octahedral hexacoordinate Ga(DTPA)2- a t  different pD 
values is given in Table I (12). Free, noncoordinated car- 
boxylate groups can clearly be distinguished by their down- 
field shifts and line broadening. Moreover at low pD values 

s-l for L1 and 3.1 X 
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Table I. Carbon-13 NMR Data for the COZ- Group in InS+ Complexes 

Ruser et al. 

compd CNa PD 
chemical shiftsb of 
lSCO2- groups, ppm assign. 

In-L1 8 2.5 180.07, 179.87, 179.63, 179.29 
5.5 181.05, 180.74, 180.55, 180.29 
7.2 181.02, 180.72, 180.52, 180.26 

180.4, 180.37 

178.02, 177.77, 177.18 

178.73, 178.68, 178.62 

In-L2 7(8) 4.0 181.2, 180.87, 180.65, 180.61 

Ga(DTPA)2- 6 3.0 172.92 

8.4 181.25 

a CN = coordination number. * Sodium 3-(trimethylsilyl)tetradeuterioproprionate as internal standard. 

4 COO--I~~+ 

3 COO-- I~~+  

3 C O O - - G ~ ~ +  

intensity: 44:l:l 

intensity: 1:2:2:2:1:1 
2 free COOH 

2 free COO- 
3 COO--GaS+ 

where protonation of these carboxylates is expected, a 
further dramatic upfield shift can be found. 

DISCUSSION 

In-L1 and In-L2 fulfill the criteria of fast chelate 
formation, high radiochemical yield, and high stability 
under physiological conditions and are currently being 
tested for antibody labeling with indium-111. The rate 
of indium transfer to transferrin is clearly complex- and 
ligand-concentration independent and represents the high 
kinetic stability of the two complexes. Surprisingly the 
heptadentate ligand L2 confers higher stability to In3+ and 
exhibits faster complex formation than octadentate L1. 
The reasons for these unexpected results are unclear. This 
trend is certainly ring-size dependent as In(D0TA)- is 
slightly more stable than In(D03A) (14,22), but In(TE3A) 
(heptadentate ligand) again is more stable than In(TETA)- 
(octadentate ligand). The stability difference between the 
octadentate and heptadentate ligand is reversed in the open 
chain polyaminocarboxylates. In(DTPA)2- exhibits higher 
stability than In(DTPA-mono-n-butylamide)- (13,23). The 
results indicate that preformed ligand conformation rather 
than ligand denticity determine complex stability in the 
complexes studied. 

The results of 13C NMR studies of In-L1 are in good 
accordance with the assumption of four bound carboxy- 
late groups in an all-trans configuration and two isomeric 
complexes depending on the axial or equatorial position 
of the p-nitrobenzyl group. An alternative explanation of 
the 13COO- pattern is the assumption of two carboxylate 
groups having faster relaxation times due to a looser 
binding to In3+. The pD independence of the 13COO- 
pattern down to pD 2.5 clearly shows the stability of the 
complex in the pD region studied. More pronounced is 
the splitting of the 13COO- resonances in In-L2. Six signals 
are found and this is most simply explained with the 
assumption of two isomeric species. The splitting of the 
remaining 13 resonances into doublets is again in 
accordance with this explanation. 

It will be of great interest to see the differences of the 
two compounds in living systems. L2 forms a neutral 
complex which is more stable toward acid-catalyzed hy- 
drolysis. Furthermore, a neutral complex may alter the 
proteins’s surface less than a charged species and may 
therefore show more favorable pharmacokinetics. 
Moreover having two almost equally well-suited ligands 
which differ by charge, may be of importance in a future 
clinical application. The coupling of small chelates to large 
biomolecules may render them immunogenic and the 
problem of human antichelate antibody response (HACA) 
may emerge. This problem may be solved by the use of 
different bifunctional chelates if repeated injections of 
labeled antibody are necessary. 
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Development of the antisense oligonucleotide strategy for the regulation of gene expression in vivo poses 
several problems: the stability of oligonucleotides toward intracellular nucleases, labeling of oligonu- 
cleotides with high specific radioactivity, improvements of penetration of oligonucleotides into living 
cells, and enhancement of antisense action by coupling of chemically active groups. In the present paper 
synthesis of highly radioactively labeled [32P]- and [35S]oligonucleotide derivatives is described starting 
from both natural (0) and nuclease-resistant (a) anomers of oligonucleotides. Conditions for preparative 
phosphorylation and thiophosphorylation suitable for oligonucleotides of various lengths, base composition, 
and anomeric forms were established. The stability of the phosphoramide bond under in vivo experimental 
conditions was checked. The methods of terminal phosphate chemical activation and terminal thio- 
phosphate alkylation were applied to synthesize oligonucleotides equipped with hydrophobic, intercalating, 
alkylating, and photoactivatable groups. In the case of porphyrin-oligonucleotide conjugates, a series 
of new monofunctional porphyrin derivatives bearing a free aliphatic amino group was developed. 

INTRODUCTION 
Synthetic oligonucleotides and their chemically reactive 

derivatives are widely used for sequence-specific artificial 
regulation of gene expression (for review see refs 1 and 2). 
The efficiency of antisense oligonucleotides to specifically 
inhibit gene expression has been demonstrated in various 
systems (3-10). However a large part of these studies was 
confined to in vitro experiments. Further extension of the 
antisense strategy to cell cultures or to animals encountered 
several problems which need to be solved before consider- 
ing in vivo applications. These include the poor pene- 
tration of oligonucleotides into living cells (11,12), their 
degradation in biological media (13), and difficulties in 
following their fate inside cells. 

In order to make the oligonucleotides resistant to nu- 
cleases, several modifications of the phosphodiester 
backbone have been described (see ref 2 for a review). All 
these modifications (methylphosphonates, phosphotri- 
esters, phosphorothioates, phosphoramidates, etc.) 
introduce a chirality at the phosphorus atom. To avoid 
this problem, oligonucleotides consisting of a-anomers of 
nucleotides instead of the natural P-anomers were 
synthesized (14, 15). However, all modified oligonucle- 
otides developed until now, except oligophosphorothio- 
ates, do not exhibit efficient antisense activity because the 
complexes formed by the modified oligonucleotides with 
messenger RNAs are no longer substrates for ribonu- 
clease H, which selectively cleaves RNA in the complexes 
and thereby blocks translation. 

To solve these problems different chemical groups were 
attached to the oligonucleotide termini. Blocking of the 

* To whom correspondence should be addressed. 
+ Museum National d'Histoire Naturelle. 
t Siberian Division of the USSR Academy of Sciences. 
8 CNRS URA400 Universit6 Rene Descartes. 

oligonucleotide ends improves their resistance to exonu- 
clease attack. Double labeling of the oligonucleotides by 
attaching a highly radioactive phosphate or thiophos- 
phate group at  the 3'- or 5'-end followed by linkage of 
different chemical moieties yields highly radioactive 
materials that  possess a better ability to  cross cell 
membranes and are no longer sensitive to dephosphoryl- 
ation by intracellular phosphatases (12, 13, 16, 17). 
Introduction of chemically reactive moieties into the oli- 
gonucleotides can help to increase the antisense effect of 
these molecules especially in the absence of RNase H 
activity. Oligonucleotide derivatives that exhibit such 
characteristics are particularly useful for cell uptake and 
intracellular compartmentation studies but also for bio- 
distribution experiments in animals. 

Several synthetic methods have been devised in the past 
to perform chemical modification of protected (12,18) and 
nonprotected (1 6,1+22) oligonucleotides. A very efficient 
method of derivatization in organic media was described 
for the synthesis of nonprotected oligonucleotides with 
attached liposoluble group (20). Another approach is based 
on reaction of thiophosphorylated oligonucleotides with 
bromoalkyl or iodoalkyl derivatives of chemically active 
molecules (23), thiophosphate group being introduced into 
oligonucleotides by chemical (18, 23) or enzymatic (24) 
means. Exchange reactions between thiols and disul- 
fides can also be used for coupling of thiol- or disulfide- 
containing molecules. 

In the present paper we have optimized conditions for 
the enzymatic preparation of radioactively labeled olig- 
onucleotides including nuclease-resistant a-oligomers. We 
also investigated the conditions for the chemical synthesis 
of different derivatives starting from nonprotected olig- 
onucleotides and checked the stability of the phosphora- 
mide bond under physiological conditions. On the basis 
of these studies we propose an easy-to-handle and versatile 
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method of derivatization of oligonucleotides which could 
be applied to conventional but also to modified oligonu- 
cleotides, especially the nuclease-resistant a-oligomers. 
Covalent linkage of various chemical groups to  the olig- 
onucleotides was performed including hydrophobic 
(cholesterol), intercalating (acridine derivatives), alkyl- 
ating, and photoactivable compounds such as porphy- 
rins and azido derivatives. 
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EXPERIMENTAL PROCEDURES 

Chemicals. Chemicals used in the present work were 
from Aldrich, Sigma, or Fluka; T4-polynucleotide kinase 
was from Ozyme, [Y-~~PIATP (110 TBq/mmol) and [35S]- 
ATP-+ (22 TBq/mmol) were from Amersham, and cys- 
tamine chloride was from Merck. Dimethylformamide 
(DMF) and dimethyl sulfoxide (DMSO) were distilled 
under reduced pressure. Propionic acid, pyrrole, benz- 
aldehyde, 4-~arboxybenzaldehyde, 4-pyridine- or 3- 
pyridinecarboxyaldehyde, 1,6-diaminohexane, 1,8- 
diaminooctane, di-tert-butyl dicarbonate ( [ B o c ] ~ ~ ) ,  and 
1 ,l'-carbonyldiimidazole were commercially available and 
used without further purification. Mono-Boc-l,6-diamino- 
hexane and -l,%diaminooctane were prepared aa previously 
described (25-28). (pT)16 and T(pT)15 were purchased 
from Pharmacia and the oligodeoxynucleotide HO- 
CACACCGACGGC was from Institut Pasteur. a- and 
B-anomers of octathymidylate T(pT)7, the a-anomer of 
T(pT)'g, 8-CACCAACTTCTTCCACA (p-17-mer), and 
a-ACACCTTCTTCAACCAC (a-17-mer) were gifts of Dr. 
N. T. Thuong (Orlhans, France). 4-[N-(2-chloroethyl)- 
N-methylamino] benzylmethylamine was obtained from 
Novosibirsk Ins t i t u t e  of Bioorganic Chemistry 
(Novosibirsk, USSR). Azidoproflavine synthesis was 
described in ref 23. 

Physical  Measurements. UV-visible absorption 
spectra of porphyrins in CHzC12-CH30H (96/4, v/v) 
solution and oligonucleotide-porphyrin conjugates in water 
were recorded in the 360-800-nm range on a Uvikon 820 
(Kontron) spectrophotometer; A,,, are given in nano- 
meters and e (in parentheses) are in mM-1 cm-1. 1H NMR 
spectra for porphyrins were run at  20 "C, on a Bruker WM 
250 spectrometer operating at  250 MHz; chemical shifts 
are reported in ppm downfield from Mersi with J values 
in hertz. Mass spectrometry were recorded on a VG 70- 
250 double-focusing instrument equipped with a fast- 
bombardment gun operating at  7.5 kV and 1.2 mA. 

Synthes is  of Monofunct ional  Porphyr in .  The 
starting porphyrins, (PhCOOH)(4-Py)3PHz (Pl) and 
(PhCOOH)Ph3PHZ (P4), were prepared according to the 
mixed-aldehyde method (28-30). A scheme of the por- 
phyrin derivatives synthesis is presented in Figure 1. 

5-[4-[[ [8-(Boc-amino)octyl]amino]carbonyl]phen- 
yl]- 10,15,2O-tris( 4-pyridyl)porphyrin, (PhCONH- 
(CH2)8NHC02- t-C4H9)(4-Py)@Hz (P2). (a) Activation 
of the Carboxylic Acid. A 50/50 (v/v) DMF-DMSO 
solution was used as the solvent. At 0 "C and under argon, 
a solution of 130 mg (0.2 mmol) of porphyrin P1 in 60 mL 
of solvent was added dropwise to 100 mg (0.6 mmol) of 
1,l'-carbonyldiimidaole in 25 mL of solvent. The reaction 
mixture was stirred for 6 h, a t  this temperature. 

( b )  Coupling with N-Boc-1 ,8-diaminooctane. To this 
solution was added 250 mg (1 mmol) of N-Boc-1,8- 
diaminooctane dissolved in 60 mL of solvent, a t  0 "C in 
30 min. The solution was stirred overnight a t  room 
temperature. The solvent was removed and porphyrin P2 
was purified on a Si02 chromatography column (CHzC12- 
CHsOH, 96/4, v/v). The solvent was removed and the 
crude product was dissolved in CHzCl2 and precipitated 

3 

R=OH 

1) 140", CH,CH,COOH 

2) SI0,column 

3) BOC-NH-(CH2),-NH2 

X = N  X = C H  

P1 P4 
n.8 n.6 

R=NH-(CH?),-NH-BOC P2 P5 

RE N H-( C H ,)"- N H, P3 P6 

Figure 1. Scheme for the synthesis of porphyrin derivatives 
bearing free aliphatic amino groups. 

by addition of an excess of diethyl ether. After filtration, 
the violet powder was dried in the oven at  70 "C (88 mg, 
50% yield). MS: m/e = 888 (M+ + l ) ,  813 (M+ - O-t- 
C4H9 - 1). UV-vis: 418 (370), 514 (18), 540 (61, 589 (6), 
624 (3). lH NMR (DCC13): 9.03 (3,5-Py, 6 H, m), 8.83 
(Pyrr, 8 H, m), 8.26 (0-Ph, 2 H, d, J = 7.5), 8.16 (m-Ph, 2 
H, d, J = 7.5), 8.13 (2,6-Py, 6 H, m), 6.48 (CONH, 1 H, t, 
J = 5.5), 4.52 (NHCO, (1 H, m), 3.62 ((CHP)~, 2 H, m), 3.12 
((CH&, 2 H, m), 1.8-1.5 ( ( C H h ,  12 H, br m), 1.44 (t- 
C4H9, 9 H, s), -2.90 (NHpyrr, 2 H, s). Anal. Calcd for 
CsH53N90~3H20: C, 70.12; H, 6.31; N, 13.38. Found C, 
70.69; H, 6.49; N, 13.32. 

5-[ 4-[ [ (8-Aminooctyl)amino]carbonyl]phenyl]- 
10,15,20-tris(4-pyridyl)porphyrin, (PhCONH-  
(CH2)8NH2)(4-Py)#H2 (P3). To 85 mg (0.096 mmol) of 
porphyrin P2 in 5 mL of CHzC12 and 10 mL of CH30H 
was added 5 mL of concentrated HC1. After 2 h of stirring, 
the solution was neutralized by a CHzClz-CH30H- 
concentrated NH40H (60/30/ 10, v/v/v) solution and the 
ammonium salt was filtered. The solvents were removed, 
and the resulting powder was dissolved in a solution of 
CH2C12-CH30H (90/10, v/v), from which the crude por- 
phyrin was obtained by addition of diethyl ether. Purifi- 
cation on a Si02 chromatography column (CH2Clz- 
CH3OH-concentrated NHdOH, 75/25/5, v/v/v), evapor- 
ation of solvents, and precipitation from CHzC12- 
CH30H solution by addition of diethyl ether gave a violet 
powder which was dried under high vacuum (66 mg, 86% 
yield). MS: m/e = 788 (M+ + 1,95), 661 (M+ for PI, 100). 
UV-vis: 418 (350), 514 (16), 545 (5), 588 (5), 642 (3). 'H 
NMR (DCCl3): 8.94 (3,5-Py, 6 H, m), 8.78 (Pyrr, 8 H, m), 
8.20 (o-Ph, 2 H, d, J = 7.5), 8.13 (m-Ph + 2,6-Py, 8 H, br 
m), 7.36 (CONH, 1 H, t, J = 5), 3.53 ((CH2),, 2 H, m), 2.89 
(CH2),, 2 H, m), 1.71 ((CH2)2,4 H, m), 1.38 ((CH2)4, 8 H, 
br m), -2.99 (NH,,, 2 H, s). 

5-[4-[ [ [6-(Bo~-amino)hexyl]amino]carbonyl]- 
phenyl]-10,15,20-triphenylporphyrin, (PhCONH- 
(CH2)8HC02- t-C4H9)Ph#H2 (P5). A procedure similar 
to the one used for porphyrin P2, starting with 216 mg (0.33 
mmol) of porphyrin P4 and 165 mg (0.98 mmol) of 1,l'- 
carbonyldiimidazole and then 560 mg (2.6 mmol) of N-Boc- 
1,6-diaminohexane, gave 203 mg (72% yield) of porphy- 
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rin P5. MS: m / e  = 857 (M+ + 1). UV-vis: 417 (420), 
516 (18), 550 (6), 590 (6), 645 (4). 'H NMR (CD2C12- 
CD30D): 8.83 and 8.79 (Pyrr, 8 H, m), 8.27 (0-Ph-C, 2 H, 

H, m), 7.75 (m- and p-Ph, (9 H, m), 6.70 (CONH, 1 H, s), 
4.58 (NH-Boc, 1 H, s), 3.61 (CHZ),, 2 H, m), 3.19 ((CH&, 
2 H, m), 1.76 ((CH2)2 4 H, m), 1.56 ((CH2)2,4 H, m), 1.45 
(t-CdH,, 9 H, s), -2.79 (NH,,,, 2 H, s). Anal. Calcd for 
C56H52N603: C, 78.48; H, 6.12; N, 9.81. Found: C, 77.89; 
H, 6.26; N, 9.34. 

5 4  4 4  [ (6-Aminohexyl)amino]carbonyl]phenyl]- 
10,15,2O-triphenylporphyrin, (PhCONH(CH&NH2)- 
PhgH2 (P6). A procedure similar to the one used for por- 
phyrin P3, starting from 85 mg (0.1 mmol) of porphyrin 
P5, gave 40 mg (51 % yield) of porphyrin P6. UV-vis: 417 
(400), 514 (16), 549 (7), 589 (5), 644 (3.5). IH NMR 
(CD~C~Z-CD~OD): 8.74 (Pyrr, 8 H, m), 8.18 (0-Ph-C, 2 H, 
m), 8.14 (0-Ph and m-Ph-C, 8 H, br m), 7.70 (m-Ph and 
p-Ph, 9 H, br m), 6.74 (CONH, 1 H, s), 3.51 ((CH&, 2 H, 
m), 3.2 (P3-Wu, 2 H, m), 1.73 ((CH2)2,4 H, m), 1.48 ((CH2)2, 
4 H, br m), -2.8 (NHpyr, s). 
5-[ N- (8-Bromooctyl)-3-pyridinio]- 15- (N-methyl-3- 

pyridinio)-l0,20-diphenylporphyrin Dichloride, [ (N- 
(CH2)8r-3-Py)(N-Me4-3-Py)Ph2PH2l2+ C1-2 (P7). This 
porphyrin derivative was prepared from 5,15-bis(3-pyridyl)- 
10,20-diphenylporphyrin (31) by successive alkylations with 
dibromooctane and methyl tosylate. The resulting di- 
alkylated porphyrin was passed through an ion-exchange 
column (amberlite IRA 400, C1-) to obtain chloride as a 
counterion (32). 

Phosphorylation and Thiophosphorylation of Oli- 
gonucleotides. In analytical experiments the conditions 
of Maniatis et al. (33) were used except for an excess of 
[T -~~PIATP (50 pmol per 6 pmol of oligonucleotide). The 
yield of labeling was determined by analysis of a known 
quantity of labeled oligonucleotide by electrophoresis on 
denaturing 20 % polyacrylamide gels followed by excision 
of the radioactive bands and liquid-scintillation counting 
in a LKB scintillation counter by Cherenkov effect (for 
32P) or liquid scintillation (for 35S). 

For preparative phosphorylation of 5'-nonphosphoryl- 
ated oligonucleotides with simultaneous radioactive 
labeling, 30-500 pCi of [y32P]ATP was dried and dissolved 
in 100 pL of a mixture containing 100-600 pg of 5'-OH- 
oligonucleotide and 30-40 units of T4-polynucleotide ki- 
nase in kinase buffer (0.01 M MgC12,5 mM DTT, 0.1 mM 
spermidine, 0.1 mM EDTA, 0.05 M Tris HC1, pH 7.6). 
After 30 min of incubation at  37 "C, 4 p L  of 0.1 M ATP 
and 40 units of T-4 polynucleotide kinase in 50 pL of ki- 
nase buffer were added, and the mixture was incubated 
at  37 O C  for 1 h. The inactivation of kinase was achieved 
by adding EDTA (10 mM) and heating 3 min at  90 OC. 
Purification of the labeled oligomer was carried out by gel 
filtration on Sephadex G;25 in 0.01 M Tris HC1, pH 7.5- 
0.1 mM EDTA buffer, lyophilization, and precipitation by 
ethanol. For radioactive labeling of phosphorylated oli- 
gonucleotides, 30-500 pCi of [T -~~P]ATP were dried and 
dissolved in 60 pL of a mixture containing 15-20 pg of 5'- 
P-oligonucleotide and 40 units of T4-polynucleotide ki- 
nase in exchange kinase buffer (0.01 M MgCl2,5 mM D'M', 
0.1 mM spermidine, 0.1 mM EDTA, 0.05 M imidazole 
hydrochloride, pH 6.6) in the presence of 0.08 mM ADP. 
The mixture was incubated for 40 min at  37 "C, and then 
the same isolation procedure as described above was used. 

Thiophosphorylation of 5'-OH-oligonucleotides was 
performed under the same conditions as phosphoryla- 
tion except for the time of incubation. A mixture of 50- 
150 pmol of [35S]ATP-7-S, 10-40 nmol of oligonucle- 

d, J = 7.5), 8.15 (m-Ph-C, 2 H, d, J = 7.5), 8.10 (0-Ph, 6 
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otide, and 40 units of T4-polynucleotide kinase was 
incubated in the kinase buffer a t  37 OC during 3 h. 
Nonradioactive ATP-7-S (4 pmol) and 40 units of poly- 
nucleotide kinase in kinase buffer were added, and the 
mixture was incubated for 8 h a t  37 OC. The isolation 
procedure was as described above. 

Chemical Derivatization of Oligonucleotides. 
Coupling of amino-containing compounds to the activated 
5'-phosphate of oligonucleotides was performed by the 
method of Godovikova et al. (20). A 50-200-pg portion 
of oligonucleotide was dissolved in 25 pL of water and 
precipitated by 2-5 pL of 8 % cetyltrimethylammonium 
bromide. The precipitate was dried in vacuo and redis- 
solved in dry dimethyl sulfoxide with 0.3 M dipyridyl di- 
sulfide, 0.3 M triphenylphosphine, and 0.5 M N-meth- 
ylimidazole (total volume 100 pL). After 15 min of 
incubation, 3-5 mg of amine compound in the form of free 
amine was added and the mixture was incubated at  room 
temperature for 20 min. The product was precipitated by 
3% LiC104. For coupling of porphyrins the method was 
modified. After conversion of phosphate into a N-meth- 
ylimidazole derivative, 2 pL of triethylamine and 0.5-1 mg 
of porphyrin derivative were added, and the mixture was 
heated at  60 OC during 2 h. Then a mixture of chloroform- 
0.1% SDS in water was added and the oligonucleotide 
derivative was isolated by successive extractions with water, 
0.3 M LiC104-0.1% Triton X-100 (1:l v/v), and 0.05% 
tetraphenylboron. The water phase was recovered; the oli- 
gonucleotide-porphyrin conjugate was precipitated with 
acetone and purified by electrophoresis in 20 % denaturing 
acrylamide gel, followed by excision of the colored band 
and extraction or electroelution of the derivative. 

Cystamine derivatives of oligonucleotides were reduced 
by 0.7 M DTT, which was then removed by several eth- 
anol precipitations. Synthesis of radioactive 3-amino-6- 
[ (w-bromoalkyl)amino]proflavine derivatives and coupling 
of bromoalkyl derivatives to SH-containing or thiophos- 
phorylated oligonucleotides was carried out as described 
earlier (23). 

For synthesis of the cholesterol derivative, 3-thiocho- 
lesterol was used. It was reacted during 1 h at  37 "C in 
pyridine solution with excess of dipyridyl disulfide; the 
product was precipitated by DMSO, dissolved in pyri- 
dine, and left overnight to react with the cetyltrimeth- 
ylammonium salt of the oligonucleotide-cysteamine 
derivative. All the products were purified by HPLC on 
a L5C-18-25R column (Interchim, France) in an acetoni- 
trile gradient. Proflavine, azidophenacyl, and 4-[ [N-(2- 
chloroethy1)-N-methylamino] benzyl] phosphamido deriv- 
atives were eluted by 12-15% CH3CN; cholesterol and por- 
phyrin derivatives were eluted by 80% and 60% CHaCN, 
respectively. 

Coupling by direct alkylation of the terminal SH group 
of a modified oligonucleotide by 3-iodocholesterol was also 
used following previously published procedures (24). 

RESULTS AND DISCUSSION 

Methods for coupling reagents to the oligonucleotide 
ends are mainly based on the activation of the 5'- 
terminal phosphate. So, the first problem to solve was 
preparative phosphorylation of oligonucleotides with 
simultaneous radioactive labeling. Solid-phase automatic 
synthesis of oligonucleotides yields 5'-nonphosphoryl- 
ated molecules. Methods for introducing radioactive [32P]- 
phosphate or [35S]thiophosphate with T4 polynucle- 
otide kinase catalyzed reaction has been described (24,33). 
In the present work we studied the kinetics and the yield 
of the phosphorylation and thiophosphorylation reactions 
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Figure 2. Kinetics of thiophosphorylation of oligonucleotides 
[(l) P-T(pT)15, (2) P-17-mer, (3) a-17-merI in standard conditions 
in 20 pL of solution. Concentrations are as follows: 0.25 X lo* 
M [35S]-ATP-r-S, 0.20 X lo* M oligonucleotide, 0.75 units/pL 
kinase. 

Table I. Yield of Phosphorylation and 
Thiophosphorylation of Oligonucleotides under Standard 
Conditions at the Reaction Plateaua 

76 phosphoryl- 
oligonucleotide label ation at plateau 

32P 
32P 
32P 
32P 
32P 
32P 
35s 
35s 
35s 
35s 

69 
50 
100 
57 
100 
60 
30 
5.8 
100 
0.9 

a Concentrations were as follows: 0.75 units/mL kinase, 0.2 X lo* 
M oligonucleotides, 0.5 X 104 M ATP. 

as a function of the length, base composition, and a- or 
0-anomeric configuration under the standard conditions 
described by Maniatis et al. (33). Results are presented 
in Figure 2 and Table I. It is seen that (i) longer oligo- 
nucleotides are phosphorylated better, (ii) the yield of phos- 
phorylation and thiophosphorylation is not identical for 
oligonucleotides with different base composition, (iii) thio- 
phosphorylation of oligonucleotides proceeds much more 
slowly than phosphorylation, and (iv) reactions are not 
always quantitative under standard conditions. The most 
dramatic difference was between a- and 0-anomers. The 
nonnatural a-oligonucleotides were phosphorylated not 
more than 60 % and their thiophosphorylation was too low 
to be considered as a preparative method. 

We have studied the effect of changing the concentra- 
tions of the reaction components on the kinetics and yield 
of the reaction and found that it is possible to increase the 
plateau level of reactions by raising the concentration of 
oligonucleotides, ATP, and kinase. The most pronounced 
effect of kinase concentration on thiophosphorylation of 
0-17-mer is shown in Figure 3. At high excess of ATP (50 
times) and high concentration of substrates ( 10-4-10-3 M) 
complete phosphorylation of a-oligonucleotides can be 
achieved. 

We elaborated a two-step method for preparative phos- 
phorylation of both a- and 0-oligonucleotides (see the 
Experimental Procedures). During the first step the effect 
of high oligonucleotide and polynucleotide kinase 
concentration was used to introduce radioactive phosphate, 
specific radioactivity depending only on the quantity and 
activity of [Y-~~PIATP. Gel filtration of the sample on 
Sephadex G50 (Figure 4) showed that almost 90% of 

Bioconjugate Chem., Vol. 1, No. 5, 1990 353 

3 80 t 

0 1 2 3 4 5 

time, hours 
Figure 3. Effect of kinase concentration on thiophosphoryla- 
tion of P-17-mer in 20 pL of buffer. Concentrations are as follows: 
0.25 X lo* M [35S]ATP-~-S; 0.20 X lo* M oligonucleotide; (1) 
0.75 units/pL, (2) 1.25 units/pL, (3) 1.75 units/pL kinase. 
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Figure 4. Gel filtration of phosphorylated P-T(pT)15 on Sepha- 
dex G-50 in 0.01 M Tris HCl, pH 7.6-0.1 mM EDTA on a 0.6 X 
10 cm column. 

radioactive phosphate was incorporated into the oligo- 
nucleotide. During the second step a high excess of "cold" 
ATP and additional kinase were added to phosphoryl- 
ate all the remaining 5'-OH groups. Complete phospho- 
rylation of oligonucleotide was checked by HPLC and gel 
electrophoresis (data not shown). 

We performed similar kinetic studies of phosphate 
exchange reaction catalyzed by T4-polynucleotide ki- 
nase (33) and found that by using concentrations of oli- 
gonucleotides 80-100 times higher and concentrations of 
ADP 3-4 times lower than under standard conditions more 
than 80% radioactive phosphate could be incorporated into 
the oligonucleotide (see the Experimental Procedures). 

Similar results were obtained in the preparative thio- 
phosphorylation of 0-oligonucleotides by ATP-?- S. The 
ony difference was the time of incubation (3 h for the first 
step and 8 h for the second). Enzymatic incorporation of 
thiophosphate into a-oligonucleotides gave a very poor 
yield, even with high concentrations of the reactants and 
addition of successive amounts of kinase. For these reasons 
we used an alternative method to introduce SH groups into 
a-oligomers (see below). 

In the following experiments we used preparations of 
32P- and 3%-labeled oligonucleotides with a specific activity 
of up to several TBq/mmol, but this specific radioactivity 
was not an upper limit because its value depends on the 
ratio of oligonucleotide and radioactive ATP put into the 
reaction mixture. 

The next step was to elaborate a simple and easy method 
for coupling of chemical reagents to the nonprotected oli- 
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gonucleotides. Thiophosphorylation of oligonucleotides 
opened a way to couple bromoalkyl or iodoalkyl derivatives 
of chemically active substances according to ref 23. For 
coupling of nucleophilic (e.g. amino group containing) 
compounds, we have chosen a method based on the 
activation of terminal phosphate in organic solutions (20). 
This method allowed us to work both with water-soluble 
and organic-soluble substances. In addition, coupling of 
a chemical moiety to a terminal phosphate protected the 
oligonucleotide against the action of intracellular phos- 
phatases. 

Table I1 represents a set of radioactive oligonucle- 
otide conjugates synthesized from nonprotected a- and 
p-anomers of oligonucleotides, listed in the Experimental 
Procedures. Among them we would like to draw attention 
to the porphyrin derivatives of oligonucleotides. These 
derivatives have been shown to be efficient reagents for 
nucleic acid modification by either chemical or photo- 
chemical activation (34-36). Moreover their lipophilic 
character makes them good candidates for cell-penetration 
studies. To apply the method of 5'-phosphate activation 
for coupling of a porphyrin moiety, a series of new 
monofunctional porphyrin derivatives bearing a free 
aliphatic amino group was developed. Porphyrins P3 and 
P6 were prepared via coupling reaction between N-mono- 
Boc-a,@-diaminoalkane and the corresponding porphy- 
rins P1 and P3, followed by the cleavage of the protecting 
group. Porphyrins P1 and P3 were obtained according to 
the mixed-aldehyde method (28-30) (see Figure 1). All 
the spectral data (especially 'H NMR) of porphyrins P1- 
P6 (which all gave only one spot in TLC) were in good 
agreement with the structures assigned. 

Extrapolation of the technique to amino-containing por- 
phyrin derivatives faced the problems of yield and product 
isolation (the conjugate was coprecipitated by water with 
free porphyrin in attempts to isolate it). Longer time and 
higher temperatures of incubation helped to increase the 
yield, and an isolation procedure based on successive 
extractions by a mixture of chloroform and a water-SDS 
solution allowed 80-90% extraction of the derivative in 
the water phase. We used preparative gel electrophore- 
sis for final purification followed by extraction of the 
product from the gel or electroelution. The conjugate was 
characterized by retardation of the band compared to the 
original oligonucleotide in gel electrophoresis, the yellow 
color of the product, the characteristic red fluorescence 
of the band under UV-light irradiation, the solubility of 
the product in water, and the UV-visible spectra of the 
derivatives (Figure 5). The stoichiometry of the oligo- 
nucleotide-porphyrin conjugate was estimated to be 1/ 1 
(molar ratio) from absorption bands of the porphyrin at  
420 nm and of the oligonucleotide part a t  260 nm. 

The coupling of cystamine to 5'-phosphate of oligonu- 
cleotides followed by reduction of the S-S bond by DTT 
represented an alternative method for the introduction of 
SH groups into oligonucleotides radioactively labeled with 
32P. This method also allowed us to  synthesize SH 
derivatives of nonprotected a-oligonucleotides which could 
not be directly thiophosphorylated by polynucleotide ki- 
nase, as mentioned above. In such a way we could also 
perform alkylation by bromo- or iodoalkyl derivatives or 
use the SS-SH exchange to attach proflavin, photoac- 
tive aromatic azido compounds, cholesterol, and alkylat- 
ing reagents. Reaction of cysteamide oligonucleotide 
derivative with 5-[N-(8-bromooctyl)-3-pyridinio]-15-(N- 
methyl-3-pyridinio)-lO,20-diphenylporphyrin yielded 
another radioactive porphyrin derivative of an oligonu- 
cleotide that could be easily synthesized from nonpro- 
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Table 11. List of Oligonucleotide Derivatives Synthesized 
for in Vitro and in Vivo Applications 

2 

8 N3-PROF-N H( CH2)3 P 0;O 1 
Nu(pNu), 30% 

NU(pNU)n 58% 
9 CHOL-SS(CH2)2 N H ~ O ~ O L  

0-= 

13: A1 A2 A3 <N , A4 = a C O N H ( C H , ) , -  

14: Al = A2 = A3 =a , A4 = C)CONH(CH,),. 

PROF = , CHOL= 

Derivatives 1-5, 7, and 9-14 were synthesized starting from a- 
and &oligonucleotides, products 6 and 8 only were from b-oligo- 
mers. The yield of product is indicated; q = quantitative yield (no 
initial material was found by electrophoresls). Derivatives 1-3 could 
be used as phosphatase-protected oligonucleotide analogues and for 
further synthesis. Derivative 4 was used for coupling alkylating and 
thiol-containing molecules. Derivatives 5-8 and 12-14 could be used 
for photochemical modification, 11 could be used for chemical 
modifcation and 12-14 could be used for metal-catalyzed modifcation 
of biopolymers in vivo and in vitro. All of them could be suitable 
for cell-penetration studies. The radioactive label is boxed. 

tected oligonucleotides. All the derivatives were charac- 
terized by HPLC, gel electrophoresis, and W spectroscopy. 
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Figure 5. UV-visible spectrum of oligonucleotide-porphyrin 
conjugate PH2Ph3PhCONH (CH2)6NH-pT(pT) 15 (Table 11, 14) 
in aqueous solution. 
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Figure 6. Kinetics of phosphamide bond hydrolysis in acidic 
solutions at  37 "C. Curves 1-4 correspond to pH values 1-4. 

Working with a large majority of the reagents described 
above requires some cautions. For example, cysteamide 
derivative 4 (Table 11) exhibited a tendency to dimerize 
due to oxidation by air. All the experiments should be done 
in degassed or helium-saturated solutions. The high 
reactivity of photoactive reagents 5-8 and 12-14 necessi- 
tates working in the dark. The absorption band at  X = 
427 nm of reagent 12 was considerably diminished when 
the reagent was manipulated under daylight or luminescent 
light. Alkylating reagent 11 had to be used quickly or kept 
at  very low temperature because even in the precipitated 
state at  -20 "C it showed a pronounced tendency toward 
self-alkylation (13). 

Finally we have studied the stability of phosphamide 
bond in the conditions used for in vivo and in vitro 
experiments including incubation in the culture medium, 
phenol extraction, heating up to 100 "C, and pH shift. No 
cleavage of phosphamide bonds was observed under these 
conditions except at  low pH, but as it is seen from Figure 
6, only very acidic pH led to significant hydrolysis of this 
bond. This pH never exists in living cells, but the acid 
hydrolysis of the bond could be useful to regenerate oli- 
gonucleotides, to remove the oligonucleotide in vitro from 

the modified site, and to provide evidence for chemical 
modification and not metabolism of the reagent. 
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Conjugates of monoclonal antibodies with drugs, toxins, radionuclides, and other agents are in widespread 
use in therapeutic trials and as clinical research tools. The characterization of these immunoconju- 
gates generally does not include determining the individual sites a t  which such agents are attached. 
We have begun to explore the attachment of the bifunctional chelating agent isothiocyanatobenzyl- 
EDTA (CITC') to the N-termini of the light chains of the Lym-1 monoclonal antibody. The similarity 
between this bifunctional chelating agent and Edman's reagent, phenyl isothiocyanate, led us to develop 
methods to distinguish between chelate-conjugated a-amino groups and t-amino groups by Edman 
degradation. Practically all the N-terminal Asp a-NH2 groups of Lym-1 can be modified at  neutral 
pH, while attachment a t  lysine side chains predominates a t  pH 9. Comparison of the immunoreac- 
tivities of Lym-1-CITC conjugates with and without N-terminal conjugation shows that both are almost 
fully active. This implies that modification of light-chain N-termini has little or no effect on immu- 
noreactivity, despite the fact that these residues lie near the antigen-binding sites. 

Monoclonal antibody technology allows the specificity 
of an antibody for its antigen to be used in targeting cancer 
cells. Radiolabeled monoclonal antibodies (mAbs) have 
shown considerable promise for the early detection and 
therapy of cancer (1-3). As the clinical use of radiola- 
beled monoclonal antibodies proceeds, relatively few 
antibodies have been found to be useful in vivo for both 
diagnosis and therapy of human patients. In order to make 
these work better, we need improved understanding of the 
conjugation chemistry of immunoglobulin molecules. 

With the notable exception of Rodwell and co-workers 
(4 ) ,  most researchers in this area have used reagents that 
react principally with lysine residues on antibodies. In fact, 
vey little data is available exploring the relationship 
between sites of conjugation and biological activity of 
antibodies (other than iodination of tyrosine (5)). Since 
antibodies and their conjugates with drugs, toxins, radi- 
onuclides, and other useful agents are in widespread use 
as clinical research tools and in therapeutic trials, many 
of these approaches might benefit from experimenters 
knowing which sites on the peptide chains of the antibody 
can be modified successfully. 

The antibodies of primary interest to us are mouse im- 
munoglobulin G (IgG) molecules, which have two pairs of 
polypeptide chains (light and heavy), with a total molecular 
weight of approximately 150K. The overall shape of an 
IgG molecule resembles a T or a Y (6), with the N-termini 
of the four polypeptide chains located near the antigen- 
binding sites. While the particular amino acids in the six 
hypervariable loops comprising the antigen-binding sites 
vary with antigen specificity, most of the residues in the 
light and heavy chains do not change from one antibody 
to another. Thus, the chemical properties of one IgG 
should provide a useful guide to others. 

The reactive groups we consider here are NH2 groups 

1 Abbreviations: t-Boc, tert-butoxycarbonyl; CAPS, 3-(cyclo- 
hexy1amino)-l-propanesulfonic acid; CITC, isothiocyanatobenzyl- 
EDTA; DNFB, 2,4-dinitrofluorobenzene; DNP, dinitrophenyl; 
mAb, monoclonal antibody; MCA, 7-amino-4-methylcoumarin; 
PTH, phenylthiohydantoin. 

1043-1802/90/ 2907-0357$02.50/0 

located at  lysine side chains and at  the polypeptide chain 
termini (the a-amino groups of polypeptide chains react 
with the same reagents as lysine c-amino groups). Mouse 
IgG2a mAb Lym-1 contains 30 lysines in each of ita y2a 
heavy chains and 13 lysines in each of its KV light chains, 
for a total of 86 lysines in the molecule (7). The lysines 
are distributed throughout the light and heavy chains of 
the antibody. In mouse immunoglobulins 95% of the 
expressed light chains are of the K type, and 80% of these 
contain Asp as the N-terminal residue (8, 9). The vaat 
majority of subgroup KV light chains (95% ) have Asp aa 
their N-terminal residue (9). Light chains of Lym-1 also 
showed Asp as their N-terminal residue during sequence 
analysis (Table 11). 

Heavy chains of Lym-1 have Gln as the N-terminal 
residue and showed no sequence during automated Ed- 
man sequence analyses. The primary structural analyses 
of many naturally occurring proteins and peptides 
including gastrin, fibrinopeptides, collagen, and immu- 
noglobulins have been hindered by the presence of pyr- 
rolidonecarboxylic acid (pyroglutamic acid) as an amino 
terminal residue (10, and references therein). I t  is believed 
that cyclization of terminal glutaminyl or glutamyl reaidues 
leads to the formation of pyroglutamic acid. Sanger and 
Thompson (11) observed the spontaneous formation of py- 
roglutamyl peptides during the isolation and proteolysis 
of peptides containing glutamine as N-terminal residues. 
Since the automated Edman sequence analysis depends 
on the availability of an a-amino group, the proteins 
beginning with pyroglutamic acid pose problems in their 
direct sequencing. 

Because the NH2 termini of the Lym-1 heavy chains are 
blocked, the only a-amino groups available for conjugation 
are on the light chains. 

The usual strategy with monoclonal antibodies is to seek 
labeling conditions that  will not block the antigen- 
binding sites. Because an IgG antibody molecule contains 
so many lysine residues, and because the great majority 
of these are not found in the antigen-binding sites (82/ 
86 for Lym-1), lysine t-amino groups are usually considered 
good targets. 

0 1990 American Chemical Society 
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Scheme I 

Rana and Meares 

I 

Coupling I 

Cleavage J 
1. PTH-amino acids (R = H) 
2. CITC-Gly (R CHzEDTA, R1 H) 
3. CITC-ASP (R = CHzEDTA, R1 = CH$OOH) 

To a first approximation, it might be expected that 
chemistry directed toward a particular residue such as 
lysine would produce a statistical mixture of products (12). 
For example, if all lysines were equally reactive, then 
modifying one of the 86 lysines in Lym-1 would involve 
a lysine in an antigen-binding site with a probability of 
only 4/86, or 4.6%. Assuming that any hit in an antigen- 
binding site inactivates the antibody, but any other hit has 
no effect, this would produce a conjugate with about 95 % 
of its original immunoreactivity. 

We have frequently observed results contrary to that 
simple expectation. Conjugation yields and immunore- 
activity of conjugates vary with reaction conditions in 
complex ways that depend strongly on the pH of the 
reaction, among other factors (13, 14). Since the PKa of 
a-amino groups is 7.6-8, while the pKa of €-amino groups 
is 9.3-9.5, and since it is the unprotonated RNH2 groups 
that react with electrophilic reagents (15), one possibility 
to be investigated is whether conjugation of the a-amino 
groups with bifunctional chelating agents affects antigen 
binding. This is particularly interesting, since these 
a-amino groups lie within - 10 A of the antigen-binding 
sites (16). 

Typical conjugation reactions in our laboratory involve 
addition of isothiocyanatobenzyl-EDTA (CITC) to an 
antibody (1 7). The similarity between this bifunctional 
chelating agent and Edman’s reagent, phenyl isothiocy- 
anate (Scheme I), suggested to us that we could distinguish 
between chelate-conjugated a-amino groups and e-amino 
groups by Edman degradation. The literature contains 
numerous examples of the use of analogues of phenyl 
isothiocyanate bearing fluorescent tags for protein mi- 
crosequencing (e.g. 18-22). Here, we report experiments 
demonstrating how a chelate isothiocyanate can reveal 
N-terminal conjugation and some of the properties of such 
conjugates. 

EXPERIMENTAL PROCEDURES 
Chemicals. Diglycine, triglycine, and Asp-Ala pep- 

tides were purchased from Sigma Chemical Co. The pep- 
tide t-Boc-Gly-Lys-Arg-MCA was purchased from Pep- 
tides International. Bromophenol blue and 2,4-dinitro- 
fluorobenzene (DNFB) were purchased from Aldrich. Lym- 
1, an anti B cell lymphoma IgGza mAb (23), was obtained 
from Damon Biotech (Needham Heights, MA; Encapcel 
murine mAb, lot # 3-171-860813). I t  was further purified 
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Figure 1. HPLC profile of the products of Edman degradation 
of CITC-triglycine, after treatment with DNFB. Retention times 
of authentic compounds are indicated: DNP-diglycine, 12 min; 
DNFB, 18 min. The peak at 17 min is presumably the CITC- 
Gly Edman product. The shape of the solvent gradient is 
indicated by the dashed line; see Experimental Procedures for 
details. 

by protein A affinity column chromatography prior to use. 
Protein A on Sepharose-CL-4B, NaDodSOd, Tris, CAPS, 
and Coomassie Blue R-250 were obtained from Sigma 
Chemical Co. PVDF membranes (Immobilon transfer), 
0.45 pm pore size, were obtained from Millipore. Cobalt- 
57 chloride was purchased from ICN (specific activity 7000 
Ci/g). Pure water (resistance 18 Ma, NANOpure 11, Barn- 
stead, MA) was used throughout the experiments. All glass 
labware was washed with a mixed acid solution and 
thoroughly rinsed with pure water (24). All plastic lab- 
ware was washed with 3 M HC1 and thoroughly rinsed. All 
other chemicals were the purest grade available. 

Thin-Layer  Chromatography. TLC was run on 
plastic-backed silica gel plates (EM Science) using a 
solution composed of equal volumes of 10% (w/v) aqueous 
ammonium acetate and methanol as the eluent. In this 
system, protein conjugates remain at  the origin while free 
chelates and smaller peptide-chelate conjugates migrate 
to Rf  0.4-0.8. 

H i g h - P e r f o r m a n c e  L i q u i d  Chromatography .  
Reversed-phase HPLC for analyses of CITC-peptide 
conjugates, DNP-diglycine, DNP-triglycine, and reaction 
mixtures after Edman degradation was performed at room 
temperature with a 10 X 250 mm column (Alltech). 
A 20-min linear gradient, from 0.1 M ammonium acetate, 
pH 7.0 (containing 1 mM EDTA), to 100% methanol, was 
used for analyses of CITC conjugates. A gradient system 
shown in Figure 1, from 0.1 M ammonium acetate, pH 7.0 
(0.1 mM EDTA), to 90% acetonitrile, was used to isolate 
DNP derivatives, at a flow rate of 3.0 mL/min. The UV- 
absorbing fractions were detected at  254 nm. 

Purification of peptide-CITC conjugates, DNP- 
diglycine, and DNP-triglycine was done by reversed- 
phase HPLC using a 21.4 X 250 mm c18 column (Dyna- 
max). Gradients and solvent systems were the same as 
described above, with a flow rate of 12.5 mL/min. 

Radiation Counting. y-Counting was done in a Beck- 
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man Model 310 counter with the energy window set for 
57C0. TLC plates containing radiolabeled materials were 
visualized with an AMBIS radioanalytical imaging system. 

Spectroscopy. Proton NMR spectra were recorded on 
a QE 300 spectrometer a t  300 MHz. IR spectra were 
recorded on an IBM IR/32 spectrometer. Exact mass 
measurements were obtained by running low- and high- 
resolution mass spectra on a ZAB-HS-2F mass spectrom- 
eter (VG Analytical, Wythenshawe, UK). During mass 
spectroscopic measurements, either 3-nitrobenzyl alcohol 
or dithiothreito1:dithioerythritol (3:l w/w) was used as a 
matrix along with small amounts of p-toluenesulfonic acid. 
High-resolution FAB spectra contained polyethylene glycol 
or polyethylene glycol methyl ether as reference compound. 

Preparation of the Peptide-Conjugates. DNP- 
diglycine and DNP-triglycine were prepared according to 
Sanger's method (25). Each peptide (0.4 g) and 0.8 g of 
NaHC03 were dissolved in 10 mL of water, and a solution 
of 0.8 g of DNFB in 10 mL of ethanol was added to this 
mixture. The  mixture was shaken for 3 h a t  room 
temperature, concentrated under reduced pressure to 
remove the ethanol, dissolved in water, and extracted with 
ether to remove the excess DNFB. The aqueous solution 
was acidified, causing the separation of an oil that  
immediately solidified in amorphous form. DNP- 
peptides were purified by HPLC, and characterization was 
done by proton NMR and TLC. 

Isothiocyanatobenzyl-EDTA (CITC) was prepared as 
described by Meares et al. (17). Triglycine (0.5 mmol) was 
dissolved in 0.1 M sodium phosphate, pH 8.0, to give a 0.1 
M triglycine solution; 0.5 mmol of CITC was dissolved in 
the same buffer to the same final concentration. Conjuga- 
tion was started by mixing both solutions and adjusting 
the final pH to 9.0. The reaction was carried out with 
constant stirring at  40 "C for 18 h. The course of the 
reaction was monitored by fluorescamine test (26) for the 
free amine terminus of triglycine. The reaction product 
gave one spot on TLC with Rf  0.6. The product was 
purified by HPLC, and characterized by proton NMR, 
FTIR (absence of SCN stretch at  2100 cm-l), and FAB- 
MS ( m / e  629, M + 1). 

t-BOC-Gly-Lys-Arg-MCA peptide (8.5 pmol) was 
dissolved in 0.1 M sodium phosphate, pH 8.0, to give a 20 
mM peptide solution; CITC was dissolved in the same 
buffer to the same final concentration. CITC was attached 
to the e-amino group of the single lysine residue in the pep- 
tide by mixing the two solutions and adjusting the final 
pH to 9.0. The reaction was carried out with constant 
stirring at  pH 9.0 and 40 OC for 5 h. The course of the 
reaction was monitored by fluorescamine test. The product 
was purified by HPLC and confirmed by FAB-MS ( m / e  
1056, M + 1). 

Asp-Ala peptide (24.5 pmol) was dissolved in 0.1 M 
sodium phosphate, pH 8.0, to give a 20 mM peptide 
solution; CITC was dissolved in the same buffer to the same 
final concentration. The conjugate of CITC and Asp- 
Ala was prepared by mixing the two solutions and adjusting 
the final pH to 9.0 with saturated Na3P04 (aqueous). The 
reaction was carried out with constant stirring at  pH 9.0 
and 40 "C for 10 h. The course of the reaction was 
monitored by fluorescamine test for the free amino 
terminus of aspartate. The product was purified by HPLC 
and confirmed by FAB-MS ( m / e  644, M + 1). 

Edman Degradation of Peptide-CITC Conjugates. 
This was carried out by the method of Chang (27) with 
the following modifications. CITC-triglycine conjugate 
was dried under reduced pressure and 1-5 pmol was 
dissolved in 500 pL of anhydrous trifluoroacetic acid in 

Bloconjugate Chem., Vol. 1, No. 5, 1990 359 

Table I. Lym-1-CITC Conjugation Reactionsa 
reaction p H  chelates/Lym-1 % immunoreactivitvb 

7.0 2.6 
9.0 2.9 

91.6 * 3.6 
96.3 * 4.8 

(I Reaction conditions described in Experimental Procedures. * Av- 
erage values * SD from triplicate immunoreactivity assays. 

an Eppendorf tube; the tube was flushed with Nz, capped, 
and heated at  54 "C for 15 min. The trifluoroacetic acid 
was evaporated, 200 pL of water was added, and the pH 
was adjusted to 9.0. After the cleavage reaction, digly- 
cine was converted to DNP-diglycine by adding an excess 
of DNFB to the reaction mixture. This conversion was 
carried out by stirring the reaction mixture a t  room 
temperature and pH 9.0 for 3 h. Excess DNFB was 
extracted with ether, and the aqueous layer was analyzed 
by HPLC. 

Edman degradation of the t-Boc-Gly-Lys(C1TC)-Arg- 
MCA conjugate was done as described above. The 
products were analyzed by FAB-MS. 

Edman degradation of the CITC-Asp-Ala conjugate was 
performed as described above. After the cleavage reaction, 
cleaved CITC-Asp was converted to PTH-like derivative 
3 (shown in Scheme I) by adding 25 % aqueous TFA and 
heating at  54 "C for 5 min, evaporated to dryness, and 
analyzed by FAB-MS and Applied Biosystems 470A gas- 
phase sequencer. 

Preparation of Lym-1-CITC Conjugates. Lym-l- 
CITC conjugates were prepared at different pH conditions. 
The number of chelates per antibody was determined by 
57C0 assay (17). The Lym-1 antibody solution (15-20 mg/ 
mL) was prepared for conjugation with a centrifuged gel- 
filtration column (28) with 0.1 M sodium phosphate, pH 
8.0 or 6.0, as the column buffer. The conjugation reactions 
were carried out as described below. Excess CITC was 
removed, and conjugates were transferred to  0.1 M 
ammonium citrate, pH 6.0, by centrifuged gel-filtration 
column chromatography. The course of the conjugation 
reactions was followed by subjecting aliquots of the reaction 
mixtures to 57C0 assay. 

pH 9.0 Conjugate. CITC was dissolved in 0.1 M sodium 
phosphate buffer, pH 8.0, and added to Lym-1 antibody 
solution in the same buffer (final concentrations: Lym- 
1 , O . l  mM; CITC, 0.6 mM). The pH of the solution was 
adjusted to 9.0 and the reaction mixture was incubated 
at  37 OC for 3 h. 

pH 7.0 Conjugate. CITC solution in 0.1 M sodium 
phosphate buffer, pH 8.0, and Lym-1 antibody solution 
in the same buffer were mixed together (final concen- 
trations: Lym-1,O.l mM; CITC, 25 mM), and the final pH 
was adjusted to 7.0. The reaction mixture was incubated 
at 37 "C for 2 h. 

Immunoreactivity Assay. Solid-phase radioimmu- 
noassays for immunoreactivity of either lllIn- or 57C0- 
labeled conjugates were done in triplicate as reported 
previously (29) with 1251-labeled antibody as the standard. 
Immunoreactivity values given in Table I are relative to 
1251-labeled antibody. 

NaDodS04-Polyacrylamide Gel Electrophoresis. 
The protein gels used in these experiments employed the 
NaDodSO4 system of Laemmli (30). The running gel was 
20% acrylamide with a thickness of 0.5 mm and a length 
of 7 cm. Gels were run in a Bio-Rad Mini-PROTEAN I1 
system for 1 h at 80 V and then at 200 V until the bro- 
mophenol blue tracking dye had run off the bottom of the 
gel (ca. 1 h). After electrophoresis was complete, the gels 
were rinsed in electroblotting transfer buffer (see below). 
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Table 11. Comparison of N-Terminal Sequences of Two Lym-1-CITC Conjugates 

Rana and Meares 

pH 9.P pH 7.0 
cycle AA pmol AA pmol AA pmol 

1 ASD 150 "TrD" "30" Ile 16 
2 Ile- 120 Ile 
3 Gln 100 Gln 
4 Met 70 Met 
5 Thr 120 Thr 
6 Gln 90 Gln 
I Ser 50 
8 Pro 70 

The pH 9.0 conjugate shows the normal sequence. 

Electroblotting. Transfer of proteins from polyacryl- 
amide gels to PVDF membranes was carried out according 
to the procedure of Matsudaira (31). The membrane was 
cut to the same size as the gel, wetted with a brief rinse 
in 100% methanol, and then equilibrated by soaking in 
transfer buffer for 10-15 min. The transfer buffer 
employed was 10 mM CAPS, 10% methanol, pH 11.0, to 
reduce the level of Tris and glycine in the medium. The 
gel, sandwiched between a sheet of PVDF membrane and 
several sheets of blotting paper, was assembled into a Bio- 
Rad Trans Blot apparatus and electroeluted for 30 min 
at  10 "C and 0.5 A in transfer buffer. A backing sheet of 
nitrocellulose was included to catch any protein that passed 
through the first membrane. The PVDF membrane was 
washed in deionized water for 5 min, stained with 0.1 % 
Coomassie Blue R-250 in 50% methanol for 5 min, and 
then destained in 50% methanol, 10% acetic acid for 10 
min at  room temperature. The membrane was finally 
rinsed in deionized water for 10 min, air-dried, and stored 
at  -20 "C. 

Edman Degradation of Lym-1-CITC Conjugates, 
Sequencing of Lym-1 and Lym-1-CITC conjugates was 
performed by automated Edman degradation with 
subsequent identification of the PTH-amino acids by 
chromatographic methods. This was done on an Applied 
Biosystems 470A gas-phase sequencer. Data reduction was 
achieved with Nelson Analytical software on an IBM AT 
computer. 

RESULTS AND DISCUSSION 

Isothiocyanatobenzyl-EDTA (CITC) can cleave 
N-terminal amino acids in the same way as phenyl isothio- 
cyanate, the Edman degradation reagent. This was 
confirmed by labeling the N-terminus of triglycine with 
CITC. The N-terminal labeled triglycine-CITC conjugate 
was subjected to Edman degradation conditions in 
anhydrous trifluoroacetic acid at  54 "C for different time 
periods, and the cleavage products were analyzed by TLC. 

The N-terminal labeled triglycine-CITC conjugate gave 
one UV-quenching spot on TLC with Rf  0.6 which was 
radioactive (when CITC was labeled with 57C0), but flu- 
orescamine negative, which shows the absence of free amino 
groups. After 5 min of trifluoroacetic acid treatment two 
spots appeared on the TLC, one UV-quenching, and flu- 
orescamine-negative spot with the same Rf (0.8) as CITC 
(which was radioactive when Wo-CITC was used) and the 
other a nonquenching, nonradioactive, fluorescamine- 
positive spot a t  the Rf (0.5) of diglycine. In this TLC 
system, triglycine gave one fluorescamine-positive spot at 
RfO.4. After trifluoroacetic acid treatment for 10 min, the 
cleavage was complete. Extended treatment with triflu- 
oroacetic acid for 15 min did not affect the intensity of 
the two product spots. 

The experimental outline for Edman chemistry on the 
peptide-CITC conjugates and the structures of the 

42 Gln 10 
31 Met 13 
30 Thr 22 
37 Gln 18 
33 Ser 40 

Scheme I1 

CFsCOOH 1 
products are shown in Scheme I. After cleavage of 
N-terminal glycine, diglycine was converted into DNP- 
diglycine as described in Experimental Procedures. DNP 
derivatives of triglycine and diglycine were synthesized, 
and their retention times on Cla reversed-phase HPLC were 
identified. HPLC analysis showed that one of the cleavage 
products had the same retention time as DNP-diglycine 
(Figure 1). These results indicate that the N-terminal gly- 
cine residue was removed from CITC-triglycine during tri- 
fluoroacetic acid treatment. 

The chelate CITC does not cleave amino acids from pep- 
tides when attached to the t-amino group of lysine. This 
was confirmed by a control experiment performed by 
conjugation of the CITC to a lysine-containing peptide with 
a blocked N-terminus. The experimental steps are outlined 
in Scheme 11. A conjugate of CITC and t-Boc-Gly-Lys- 
Arg-MCA was synthesized and treated with trifluoroace- 
tic acid under anhydrous conditions at  54 "C for 15 min. 
The reaction products were dried and analyzed by FAB- 
MS ( m / e  957, M + 1). The results showed that the t-Boc 
group was lost from the peptide (as expected), but CITC 
was still attached. 

Lym-1-CITC conjugates were prepared at  pH 7 and 9 
as described in Experimental Procedures. Heavy and light 
chains of Lym-1 were isolated by NaDodSOr gel electro- 
phoresis and electroblotted onto Immobilon membranes 
for sequencing. The heavy chain of unmodified Lym-1 has 
a blocked N-terminus, therefore sequencing of Lym-l- 
CITC conjugates was carried out for the light chain only. 
The light chain of the Lym-1-CITC conjugate prepared 
at  pH 9, which had 2.9 chelates/mAb, showed the normal 
sequence of the light chain through eight Edman cycles: 
Asp-Ile-Gln-Met-Thr-Gln-Ser-Pro (Table 11). 

On the other hand, the light chain of the Lym-l- 
CITC conjugate prepared at pH 7 ,  with a chelate/mAb 
ratio of 2.6, showed no Asp at all in the first Edman cycle. 
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As shown in Table 11, a mixture of two amino acids was 
observed: one eluted near Trp and the other was Ile (a 
“preview” of the actual second residue in the chain). The 
second Edman cycle showed a mixture of the expected Ile 
and a preview of the next residue Gln, and so on. These 
data indicate that practically all the N-terminal Asp a-NH2 
groups were modified during the pH 7 conjugation. 
Further, they indicate tha t  the  resulting adduct is 
somewhat unstable, since a significant number of the light 
chains analyzed had lost their original N-terminal residue. 
Finally, they show that the CITC-Asp Edman product 
elutes near Trp  during sequence analysis. 

Further identification and characterization of the CITC- 
Asp Edman degradation product was done by synthesizing 
a CITC-Asp-Ala conjugate. After HPLC purification, the 
CITC-Asp- Ala conjugate was subjected to  Edman 
degradation and the UV-absorbing product was isolated 
and analyzed by FAB-MS ( m / e  555, M + 1). These results 
confirm that CITC-Asp was cleaved from the CITC-Asp- 
Ala conjugate during trifluoroacetic acid treatment and 
cyclized to a PTH-like derivative 3 (shown in Scheme I). 
The CITC-Asp Edman product eluted near Trp  on the 
protein sequencer, as did the first Edman degradation cycle 
product of the Lym-1-CITC conjugate prepared at  pH 7.0. 

The instability of the N-terminal CITC-Asp adduct is 
worthy of comment. The pH 7 conjugate was not exposed 
to strongly acidic conditions prior to  Edman analysis. 
However, Asp residues in peptides are well-known to 
promote hydrolysis of adjacent peptide bonds under mildly 
acidic conditions (32-35), presumably through the  
interaction of the un-ionized side chain COOH of Asp with 
the amide carbonyl oxygen. This internal acid might 
promote Edman degradation of the N-terminal CITC- 
Asp adduct under very mild conditions, providing a 
possible explanation. As shown in Table 11, N-terminal 
analysis of the immunoconjugate readily reveals the 
presence or absence of the CITC-Asp adduct. 

To the extent that it would lead to loss of radiolabel from 
a target-bound antibody, such instability is not desirable 
for most in vivo applications. However, separation of che- 
late from antibody might be advantageously accelerated 
in the (pH 5) intracellular compartments of the liver. 
Further investigation is required to determine which effect 
is more important. 

Comparison of the immunoreactivities of the pH 7 and 
9 Lym-1-CITC conjugates is also instructive. Respectively, 
they were 91 % and 96% of control 1251-Lym-1 (Table I). 
Since practically all of the light-chain N-termini were 
modified in the pH 7 conjugate, but practically none in 
the pH 9 conjugate, this implies that modification of light- 
chain N-termini has little or no effect on immunoreac- 
tivity, despite the fact that  these residues lie near the 
antigen-binding sites. Further experiments with the 
preferential labeling of these N-termini with other reagents 
could lead to stable immunoconjugates retaining all the 
antibody effector functions found in the constant regions 
that lie far away from the N-termini. 
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TECHNICAL NOTES 
4-Azid0[3,5-~H]phenacyl Bromide, a Versatile Bifunctional Reagent for 
Photoaffinity Radiolabeling. Synthesis of Prostaglandin 
4-Azido[ 3,5-3H]phenacyl Esters 
Bradley D. Smith,+ Koji Nakanishi,'*f Kikuko Watanabe,t and Seiji It01 

Department of Chemistry, Columbia University, New York, New York, 10027, and Osaka Bioscience Institute, 
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4-Azido[3,5-3H]phenacyl bromide was synthesized in three steps from 4-amino-3,5-diiodoacetophe- 
none and coupled to  the prostaglandins PGEz and PGDz to provide potential photoaffinity compounds. 

Since its introduction in 1973 (1,2), 4-azidophenacyl 
bromide (PAPB) has become a useful bifunctional reagent 
for the modification of both large and small molecules for 
photolabeling experiments (3). A current literature survey 
includes more than 25 photoaffinity studies using this 
compound. Generally, PAPB has been used to  selectively 
alkylate reactive thiol residues in proteins, which have 
subsequently been used in photo-cross-linking experiments 
(4 ,5 ) .  In analogous studies, it  has been incorporated into 
polynucleotides via thiophosphate (6) and thiopyrimi- 
dine (7) linkages. Smaller molecules have been modified 
via attachment to  thiol (8), carboxyl (9) and amino (9,10) 
moieties t o  provide photolabile derivatives useful for 
labeling enzyme and receptor binding sites. In many cases, 
detection of the photolabeled compounds was achieved by 
using immunoassay techniques that  were specific for each 
respective system. 

We were interested in PAPB as a reagent to  modify pros- 
taglandin (PG) compounds for use in photoaffinity 
experiments (11). We reasoned that  a suitable radioactive 
form of PAPB would provide an efficient way of intro- 
ducing both the radio- and photolabile groups into the P G  
molecule. Radiolabeled PAPB has previously been reported 
Scheme I T3 3H2, Pd/C 
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as its l'-14C (2) and 2'-3H (12) labeled forms. However, 
both derivatives were considered unsuitable for our 
purposes; the specific activity of the 14C compound was 
too low, while synthesis of the  3H compound required 
specialized handling. Also considered as unsuitable were 
any potential derivatives labeled with l=I, since it has been 
noted that  arylazido compounds substituted with iodine 
sometime result in low incorporation of the photoprobe 
(13). 

We therefore decided to  synthesize [~,EI-~H]PAPB (3), 
which was achieved by the sequence described in Scheme 
I. The tritium was introduced by catalytic dehalogena- 
tion of 4-amino-3,5-diiodoacetophenone (1; obtained by 
reaction of 4-aminoacetophenone with 2 equiv of iodine 
monochloride) using tritium gas and P d / C  catalyst in 
methanol/KOH.'  Under these conditions t h e  incor- 
poration of tritium was high (specific activity of 50 Ci/ 
mmol) and no concomitant reduction of the aryl ketone 
function was observed. Without purification, the triti- 
ated 4-aminoacetophenone (2) was converted to  [3,5-3H]- 
PAPB (3) in a simple, high-yielding, two-step process.2 As 

'The following was carried out by Amersham Corp., tritium 
labeling service (TR3 method): 4-amino-3,5-diiodoacetophe- 
none (40 mg), 10% Pd/C (4 mg), methanol (8 mL), and 1 N KOH 
aqueous methanol solution (0.50 mL) were hydrogenated at room 
temperature under 1 atm of tritium gas for 3 h. The catalyst and 
solvent were removed, and the tritiated product 2 (14 mg, 5 Ci, 
50 Ci/mmol) was taken up in ethanol (30 mL). 

2To a 2.5-mL aliquot of the stock ethanol solution of triti- 
ated 2 (500 mCi, 1.2 mg) was added unlabeled 4-aminoacetophe- 
none (10.0 mg) and 5% aqueous HzS04 (5 mL). The solution 
was cooled in ice, treated with aqueous NaN02 solution (18 mg 
in 200 pL), and stirred for 20 min before a chilled solution of NaNa 
(24 mg in 200 pL) was added. After stirring for a further 10 min, 
ether (10 mL) was added, and the phases separated. The organic 
layer was washed (2 X 3 mL water), dried (MgSOd), and 
evaporated to give crude 4-azid0[3,5-~H]acetophenone. This 
residue was taken up in ether (1 mL) and treated with acetic acid 
(1 drop) and bromine solution (60 pL, 1 N C C 4  solution). After 
40 min, TLC indicated the bromination was complete [Rf. for 
4-azidoacetophenone and monobromo and dibromo products 
(eluent, CH2C12) were 0.56, 0.74, 0.82; product ratios were 0.05, 
0.90, 0.05, respectively]. Ether (15 mL) and water (3 mL) were 
added, and the organic layer separated and was dried. Removing 
of the solvent and purification by flash chromatography (1.5 X 
30 cm column packed with 12 cm of silica; eluent, 1:l CH&12/ 
hexane) gave [3,5-3H]PAPB (3) [8.0 mg (38%), 160 mCi, 4.8 Ci/ 
mmol; UV MeOH, A,, 292 nm, t = 2.08 X lo4 ( 2 ) ] ,  which was 
taken up in toluene (5 mL) and stored at -78 O C .  

1043-1802/90/2901-0363$02.50/0 @ 1990 American Chemical Society 



364 Bioconjugate Chem., Vol. 1, No. 5, 1990 

a bifunctional reagent, [3,Ek3H]PAPB has the following 
advantages:  (i) Its synthesis is straightforward a n d  
inexpensive, producing large amounts of labeled material 
of high specific activity. (ii) [3,5-3H]PAPB is stable to long- 
term storage at low temperature temperature and therefore, 
in principle, one sample can be utilized for a variety of 
labeling targets. Even unreactive amino and  alcohol 
groups can be attached via linker groups (5).(iii) The  
presence of the radio- and photolabels on the same ring 
eliminates the possibility of them becoming separated in 
any postlabeling digestive workup. 

We have used [3,5-3H]PAPB to esterify the carboxyl 
functions of PGE2 and PGDp to produce potential PG pho- 
toaffinity compounds 4 and 5, re~pec t ive ly .~  These PG 
compounds are currently being used in photolabeling 
experiments designed to  characterize the structural aspects 
of PG synthase enzymes (14) and PG receptors (15). 
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Note Added in Proof: The procedures described in 
footnotes 2 and 3 have been successfully repeated on a 10- 
fold smaller scale to  allow the carrier-free synthesis of [3,5- 
3H]PAPB and prostaglandin ester 4 at a specific activity 
of 50 Ci/mmol. 
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3[3,5-3H]PAPB (3; 4 mg, 16 mmol, 80 mCi) was treated with 
a solution of PGDz (10 mg, 28 mmol) in THF (0.50 mL) and di- 
isopropylethylamine (5 pL, 29 mmol). The solution was stirred 
overnight at room temperature, the solvent was evaporated and 
the residue was purified by flash chromatography (1 X 20 cm 
column packed with 6 cm of silica; eluent, 1:l ethyl acetate/ 
hexane) to give PGDz 4-azido[3,5-3H]phenacyl ester 5 [4.8 mg, 
45 mCi, 4.8 Ci/mmol]. PGEz 4-azido[3,5-3H]phenacyl ester 4 was 
synthesized by using the same procedure except the chrom- 
atography eluent was 4:l ethyl acetatelhexane. 
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The synthesis and characterization of polysaccharides esterified with gadolinium diethylenetriamine- 
pentaacetic acid (GdDTPA) are described. The results of several synthetic methods are presented for 
esterification of dextrans and inulin with DTPA. One method results in highly conjugated products 
labeled with an average of 0.4 mol of GdDTPA/mol of glucopyranose unit in dextrans of up to 70 800 
average molecular weight and 0.5 mol of GdDTPA/mol of fructofuranose unit in inulin. Chromatographic 
and potentiometric evidence supporting the absence of significant chelate cross-linking of the conjugated 
polysaccharides is presented. The thermodynamic stability constant, log K (Gd3+ + L4- - GdL-), of 
the complexes was 18.0 f 0.2 based on an independent chelate model. In vitro ester hydrolysis of the 
GdDTPA-dextran 70 800 (at 37 "C, pH = 7.4 phosphate buffer) occurs with a half-life of 21 h. The 
agents exhibit TI relaxivities ranging from 1.5 to 2.3 times that of GdDTPA at 100 MHz, and decreasing 
in vitro relaxivity with increasing molecular weight of the dextran carrier was observed. Phantom MRI 
studies indicate that the T I  and T2 effects of the complexes differ from those of GdDTPA, with the 
polysaccharide-bound complexes exhibiting a considerably faster drop in relative signal intensity with 
increased concentration in T I  and T2 weighted pulse sequences. 

Magnetic resonance imaging (MRI) has rapidly become 
the method of choice for the initial screening of patients 
suspected of a variety of physiological disorders including 
certain types of cancer (1-3). The gadolinium(II1) complex 
of diethylenetriaminepentaacetic acid (GdDTPA) (4-8) and 
other paramagnetic compounds (9-11) have been used 
successfully to enhance the imaging of several types of 
carcinomas, particularly those of the brain. GdDTPA 
undergoes rapid renal excretion following extracellular bio- 
distribution with a blood-concentration half-life of 20 min 
(12). The short persistence and rapid extravascular 
distribution of GdDTPA make the  contrast  agent 
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ineffective for situations where a lengthy blood-pool 
persistence of the agent may be required. 

Several alternatives to GdDTPA have been proposed, 
including agents that contain different paramagnetic metals 
and chelating ligands (11, 13-15). GdDTPA exhibits a 
large spin-lattice relaxation effect (16,17), and the DTPA 
chelate affords the complex great ( K  = 1022.5) thermo- 
dynamic stability (18). One approach to overcome the 
limitations of monomeric GdDTPA described above 
involves the covalent attachment of the clinically evaluated 
GdDTPA to macromolecular carriers, for example, bovine 
serum albumin (19). The use of macromolecular carriers 
can result in compounds that have a greater effect on T I  
relaxation of surrounding water molecules (20) as well as 
enhanced blood-pool persistence and possible tissue 
specificity relative to GdDTPA. 

Although using macromolecular carriers with contrast 
agents can provide advantages, the biological effect and 
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fate of the carrier and carrier-complex must also be 
considered. Proteins as carrier molecules (19,21,22) are 
often antigenic, and the level of loading of the paramagnetic 
agent on the protein may be too low to make the agent 
clinically useful. Polysaccharides are possible alternatives 
to protein carriers, and reports concerning the synthesis 
and imaging properties of polysaccharide-conjugated 
DTPA have appeared (23-26). As carrier macromolecules, 
dextrans have the desirable qualities of low expense, hy- 
drophilicity, pH stability, precedence in drug delivery, and 
increased plasma persistence of the conjugated moiety. The 
reported preparations of GdDTPA-dextrans (23-25) yield 
products with variable chelate loading levels and, in at least 
one case (23 ) ,  significant amounts of chelate cross- 
linking of the polysaccharide chains. In two reports (24, 
25) ,  synthetic details and chemical properties of the 
conjugates are not provided. 

In contrast  to protein carriers, dextrans are not 
homogeneous in molecular weight. However, different 
average molecular weight preparations are available that 
could in principle be used to control the biodistribution 
of conjugated MRI contrast agents (e.g., by altering blood- 
pool persistence and renal-clearance rates). Cross- 
linking of the dextran carrier broadens the molecular 
weight distribution and reduces the potential for selecting 
desired molecular weight ranges in the polymeric contrast 
agents (although cross-linked products can be prepared 
to produce different average molecular weight products 
(23 ) ) .  In the  synthetic method of Gibby et  al. (23 ) ,  
increasing the degree of chelate loading on dextran results 
in increased cross-linking. The thermodynamic stability 
constants for the various published DTPA-dextran 
conjugates (23-25) have not been reported, and cross- 
linking may reduce the stability of Gd3+ binding by removal 
of two carboxylate binding sites. 

The goal of the present study was the synthesis of non- 
cross-linked dextrans ranging in average molecular weight 
from 9400 to 487 000 that have been extensively labeled 
with GdDTPA by a single ester linkage. An improved 
method for esterification of polysaccharides that yields 
conjugates with a higher loading of chelating agent than 
reported previously (23-25) is described. The binding 
constant for Gd3+ has been determined by potentiomet- 
ric titration for one of the products. Spectroscopic, 
chemical, and physical characterization of the esters 
provides evidence for macromolecular products that are 
not significantly cross-linked by the chelate, and solvent 
T I  and TZ relaxation effects by the conjugated gadolin- 
ium complexes are investigated. 

Armitage et al. 

precipitation of solid triethylamine hydrochloride, the cold 
mixture was filtered and solid washed by cold filtering with 
acetonitrile. The washings were added to the filtrate, and 
the solution was rotary-evaporated to form a white paste. 
Repeated washing and decantation with anhydrous ethyl 
ether resulted in a white powder following vacuum drying 
in a desiccator. 

The dicyclic anhydride of DTPA was prepared and 
isolated by the method of Eckelman (29). Acetic anhydride 
(Fisher) was allowed to react in a 4:l mole ratio with 
HsDTPA in ACS-grade pyridine (Aldrich). It was found 
that heating at 65 "C for 24 h resulted in significant product 
discoloration. Heating a t  45 OC did not result in the 
formation of the dark brown solid/solution and this 
temperature was used in all subsequent cyclic anhydride 
preparations. 

Modifications of Eckelman's method (29) were used to 
produce the mixtures of mono- and dicyclic anhydrides 
of DTPA. HsDTPA (Aldrich) was allowed to react with 
acetic anhydride (Fisher Scientific) in anhydrous pyri- 
dine (Aldrich) a t  45 "C for 24 h. Reaction mixtures 
containing mole ratios of DTPA to acetic anhydride of 1.0 
1.0, 1.0:2.0, or 1.0:3.2 were used. In a typical preparation 
of 1.0:3.2 DTPA to acetic anhydride ratio, 10.0 g (25.4 
mmol) of HsDTPA and 8.3 g (81.4 mmol) of acetic 
anhydride were dissolved in 800 mL of pyridine and heated 
at  45 "C for 24 h. After cooling to room temperature, the 
heterogeneous mixture was filtered, and the collected light 
beige solid washed with acetic anhydride, followed by 
anhydrous ethyl ether, and vacuum dried in a desiccator. 

Halpern's method (30) of synthesis and isolation was also 
used to produce the reported monocyclic anhydride. Thio- 
nyl chloride (Fisher) was allowed to react with HaDTPA 
in the presence of excess trifluoroacetic anhydride (Fisher). 

P repa ra t ion  of Polysaccharide-DTPA Esters. 
General Procedures. All glassware was oven-dried prior 
to the preparation of acid esters of the polysaccharides. 
All reactions were conducted in flasks equipped with a 
condensing or vigreaux column topped with a calcium 
chloride drying tube. All preparations which required the 
use of trifluoroacetic anhydride or acetic anhydride were, 
following the reaction heating time, heated sufficiently to 
distill off their respective acids. All polysaccharides, in- 
ulin, dextran 9400, 40 200, 70 800, or 487 000 (average 
molecular weights, Sigma Chemical Co.), were lyo- 
philized for 3 h prior t o  use. Acetone was used to  
precipitate products and hydrated cyclic anhydrides in all 
preparations involving the reaction of mono- or dicyclic 
anhydrides of DTPA. Methanol or ethanol was used to 
precipitate products and DTPA in all preparations in which 
the mixed anhydrides were used. In all reaction conditions 
tried, a ratio of 1 mol of mixed or cyclic anhydride/mol 
of repeating glucopyranose or fructofuranose unit of the 
polysaccharide was used. 

Several methods for esterifying polysaccharides with 
DTPA were investigated. The reaction conditions are 
summarized in Tables I and 11. 

P repa ra t ion  of Polysaccharide-DTPA Esters. 
Optimized Procedure. Highly loaded polysaccharide 
DTPA esters were prepared by placing the polysaccha- 
ride in 1:l volume mixture of formamide (Kodak, previous- 
ly dried over molecular sieves) and anhydrous pyridine. 
Glucopyranose repeating unit concentrations in all 
preparations were 0.1 M, and the g1ucopyranose:DTPA 
anhydride molar ratio was 1:l. In a typical procedure, 4.7 
g (0.50 mmol of polysaccharide, 26 mmol of glucopyra- 
nose) of dextran 9400 was placed in a flask with 250 mL 
of a 1:1 volume mixture of formamide and pyridine (28).  

EXPERIMENTAL PROCEDURES 

General Considerations. Water was purified by using 
a Barnstead Nanopure apparatus. All glassware was 
washed with 1 M EDTA and repeatedly rinsed with 
purified water before use. All chemicals used were reagent 
grade unless otherwise noted. The gadolinium complexes 
of EDTA (HGdEDTA) and DTPA (H2GdDTPA) were 
prepared by the method outlined for HzGdDTPA by Wen- 
zel et al. (27). The hexahydrate of GdCl3 (Aldrich, 99.9%) 
was used instead of Gdz03 in the preparations and acetone 
was used to precipitate the solids. 

Preparation of Anhydrides. The isobutyl formate and 
ethyl formate mixed anhydrides of DTPA were prepared 
by the method of Krejcarek and Tucker (28).  A 1:5 mole 
ratio of HsDTPA (Aldrich) to triethylamine (Kodak) in 
anhydrous acetonitrile (Aldrich) was used. Isobutyl chloro- 
formate (Aldrich) or ethyl chloroformate (Kodak) was 
allowed to react with the triethylamine salt. Following 
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Table I. Mixed Anhydride Reactions with Polysaccharides 
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reactant anhydride polysap solventb temp/ time catalyst added % reactedc 
isobutyl D pyr/DMSO reflux12 h none 0 
isobutyl I pyr/DMSO reflux12 h none 7 
ethyl I PYr reflux/ 1 h none 7 

ethyl Dt,' benzene RT/12 h none 0 

ethyl D 1:l pyr/form. RT/60 h none C1 

isobutyl D 1:l pyr/form. 60 OC/17 h ZnClz 22 

isobutyl Dt DMSO 5 OC/15 min none 5-25 

ethyl It,' benzene RT/12 h none 1-5 

ethyl D 1:l pyr/form. 60 OC/3 h ZnClz 24 

D = dextran 9400, I = inulin, +polysaccharide activated by n-butyllithium; *heterogeneous reaction conditions, all other reactions were 
homogeneous. * Pyr = pyridine; DMSO = dimethyl sulfoxide; form. = formamide; unless a ratio is given, all solvent mixtures were prepared 
such that the more polar solvent was added to the mixture of polysaccharide in the less polar solvent until the polysaccharide dissolved. c Ob- 
tained from HPLC elution profiles, all values 12 .  

Table 11. Cyclic Anhydride Reactions with Polysaccharides 
reactant" anhydride polysacb solvent temp/ time catalvtstc added % reactedd 

d-dicy D* toluene reflux13 h TFAA 0 
d-dicy D 1:l pyr/form 60 OC/24 h none 0 
d-dicy D 1:l pyr/form 60 OCl3.5 h, RT/2 h ZnClz [881 
d-dicy I 1:l pyr/form 60 OCl3.5 h, RT/2 h ZnClz [671 
d-1:3.2 D 1:l pyr/form 65 OC/24 h TFAA 16 [81 
d-mocy D 1:1 pyr/form 65 OC/4 h, RT/24 h ZnClz 42 [71 
d-1:l.O D 1:l pyr/form 60 "C/3 h, RT/12 h ZnClz 23 
d-1:2.0 D 1:l pyr/form 60 OC/3.5 h, RT/12 h none 0 
d-1~2.0 D 1:l pyr/form 60 OC/l h, RT/12 h ZnClz 34 
d-1~3.2 D 1:l pyr/form 50 OC/4 h, RT/2 h ZnClz 59 
d-1~3.2 D (402) 1:l pyr/form 50 OC/4 h, RT/2 h ZnClz 60 
d-1~3.2 I 1:l pyr/form 50 OC/4 h, RT/2 h ZnClz 72 

a d-dicy = DTPA dicyclic anhydride (Aldrich); d-mocy = DTPA monocyclic anhydride prepared as outlined by Halpern et al. (30); ratios 
indicate moles of DTPA to moles of acetic anhydride used to prepare the cyclic anhydride. * D = dextran 9400, D(402) = dextran 40 200; I = inulin; 
* = heterogeneous reaction conditions, all other reactions homogeneous. TFAA = trifluoroacetic anhydride; ZnClz added as either solid ZnC12 
or a mixture with anhydrous pyridine. Obtained from HPLC elution profiles, bracketed numbers represent percent reacted anhydride which 
formed cross-linked Droduct (if two Dercentam are reDorted) or the percent reacted anhydride which formed products with very broad elu- 
tion profiles. ~ 1 1  vaiues are f 2  5" .  * 

The flask contents were stirred while being heated a t  40 
"C for l / z  h to dissolve the polysaccharide. After addition 
of 0.5 mg of anhydrous zinc chloride (Aldrich), heating was 
continued for '/z h. The prepared cyclic anhydride (10.2 
g, 26 mmol) was added to the solution. The flask contents 
were stirred while being heated at 50 "C for 4 h under 
anhydrous conditions. After cooling to room temperature 
over a period of 3 h, the homogeneous solution was rotary- 
evaporated to approximately half the original volume. The 
solution was cooled in an ice bath and acetone was added 
to precipitate the solid. The solid was filtered, washed with 
cold acetone followed by anhydrous ethyl ether, and dried 
under vacuum in a desiccator. The crude solids were 
dissolved in deionized water and exhaustively dialyzed 
against water to remove unreacted DTPA. The solid es- 
terified polysaccharides were then obtained by lyophiliza- 
tion of the dialysis bag contents following rotary evapor- 
ation to reduce volume. 

The above method was used to esterify dextrans (9400, 
40 200, and 70 800 average molecular weight) and inulin 
with DTPA. Elemental analyses of the unmodified dex- 
trans were conducted independently so the effect of 
polysaccharide branching on the average repeating glu- 
copyranose analysis could be incorporated. The following 
calculated and observed elemental analysis results were 
obtained for conjugates from typical preparations, and the 
analyses are calculated for (attached DTPA unit),- 
(average esterified glucopyranose unit)l. The amount of 
DTPA in a given sample of DTPA-esterified polysaccha- 
ride is uniquely determined by the nitrogen analysis, and 
this allows for the direct determination of the number of 
moles of DTPA per mole of repeating saccharide unit. 
DTPA-dextran conjugates are identified in the text by the 
average molecular weight of the unmodified dextran. 
DTPA-dextran 9400: Anal. Calcd for (C14H22N309)0.42- 

., 

(C6H1o.g506.04): C, 42.24; H, 6.02; N, 5.22. Found: C, 42.93; 
H, 6.22; N, 5.28. DTPA-dextran 40 200: Anal. Calcd for 
(Ci4HzzN309)0.3a(CsH~i.0405.a5): C, 41.01; H, 6.27; N, 5.12. 
Found: C, 41.92; H, 6.04; N, 4.92. DTPA-dextran 70 800: 
Anal. Calcd for (C14HzzN309)0.36(CsH10.8305.75): C, 42.71; 
H, 6.09; N, 4.87. Found: C, 42.64; H, 6.20; N, 4.86. The 
following calculated and observed elemental analysis results 
were obtained for the conjugate from a typical preparation 
of DTPA-inulin and the analysis is calculated for (attached 
DTPA unit),(average esterified fructofuranose unit)l. 
DTPA-inulin: Anal. Calcd for (C14H22N309)0.=,3- 
(c5.5Hg.&5.11): C, 43.54; H, 5.86; N, 6.25. Found: C, 43.82; 
H, 6.05; N, 6.07. 

An example of the conjugate of dextran 487 000 as 
synthesized by the general method above resulted in the 
following calculated and observed elemental analysis. 
DTPA-dextran 487 000 Anal. Calcd for (C14H~N30g)o.~- 
(C6H11.2306.05): C, 40.52; H, 6.24; N, 1.24. Found: C, 41.12; 
H, 6.57; N, 1.25. For the product prepared as above except 
that the reaction solution was allowed to stir a t  room 
temperature for 30 h prior to precipitation and isolation 
of product, the analysis was as follows. Anal. Calcd for 
(Ci4HzzN309)0.az(CsHio.a3~6.05): c, 43-02; H, 5.98; N, 7.06. 
Found: C, 42.94; H, 6.05; N, 7.08. 

Preparation of Gadolinium Conjugates. Metala- 
tion of the esterified polysaccharides was achieved by 
dissolving the DTPA-dextran conjugates in water to 
produce solutions of approximately 0.1 M glucopyranose 
followed by the addition of a 20% stoichiometric excess 
of the hexahydrate of GdC13 (Aldrich, 99 .9%) .  The 
solutions were stirred at  room temperature for 1 h, placed 
in dialysis tubing, and exhaustively dialyzed against water 
until the wash solutions tested negative for free Gd3+ with 
xylenol orange indicator. After the products were isolated 
by rotary evaporation and lyophilization, the compounds 
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were analyzed by inductively coupled plasma emission 
spectroscopy (ICP) and elemental analysis. The solids were 
then dissolved in water and dialyzed for 48 h against 0.1 
M EDTA at room temperature followed by dialysis against 
water. The final product was isolated by rotary evapor- 
ation of the dialysis bag contents followed by lyophiliza- 
tion. 

For typical preparations of the metal complexes, 
elemental analysis and ICP analysis results were obtained, 
and the results were compared with those calculated for 
Gd,(attached DTPA unit),(average esterified glycopyr- 
anose unit)l or GdJattached DTPA unit),(average esteri- 
fied fructofuranose unit)l. These formulae were derived 
by fit of the elemental analysis data. GdDTPA-dex- 
tran 9400: Anal. Calcd for Gd0.36(C14H17N309)0.36- 
(CsHii,2i06,04).0.3H20: Gd, 15.06; C, 35.28; H, 4.81; N, 4.02. 
Found: Gd, 15.4 f 0.4; C, 35.16; H,  5.18; N, 3.92. Gd- 
D T P A - d e x t r a n  40 200: Anal. Calcd for Gdo.31- 

H, 4.95; N, 4.13. Found: Gd, 13.7 f 0.6; C, 36.52; H, 5.44; 
N, 4.03. GdDTPA-dextran 70 800: Anal. Calcd for 
Gdo.3s(Ci4Hi7N~09)o.36(C6Hio,a3~5.75)~~.~~2~~ Gd, 14.91; c ,  
34.92; H, 4.92; N, 3.98. Found: Gd, 14.6 f 0.5; C, 35.11; 
H, 5.43; N, 4.00. GdDTPA-inulin: Anal. Calcd for Gd0.52- 
(Ci4Hi7N30s)o.57(Cs.5Hs,oz~~,i~~~2.0H20: Gd, 17.24; C, 31.60; 
H, 4.82; N, 5.05. Found: Gd, 17.16 f 1.43; C, 31.77; H, 4.77; 
N, 4.90. 

For a typical preparation of the metalated dextran 
487 000 conjugate the elemental and ICP analysis results 
for GdDTPA-dextran 487 000 were as follows. Calcd for 
G ~ O . O ~ ( C ~ ~ H ~ ~ N ~ O ~ ) O . ~ ~ ( C ~ H ~ ~ . Z ~ O ~ . O ~ ) ~ ~ . ~ ~ ~ ~ ~  Gd, 2.99; C, 
39.02; H, 5.96; N, 1.20. Found: Gd, 2.6 f 0.3; C, 39.02; H, 
6.17; N, 1.02. For the conjugate product in which the highly 
loaded DTPA-dextran 487 000 was used (prepared by 
modification of the general method) the analyses was as 
follows. Anal. Calcd for G ~ ~ . ~ ~ ( C ~ ~ H ~ ~ N ~ O ~ ) O . ~ S ( C ~ H ~ O . ~ O -  
06.05).1.5H20: C, 32.92; H, 4.36; N, 5.33. Found: C, 32.40; 
H, 4.59; N, 5.34. The product could not be evaluated by 
ICP analysis as it was too insoluble in deionized water for 
solution preparation. 

Charac t e r i za t ion  of C o n t r a s t  Media. All high- 
performance liquid chromatography (HPLC) experiments 
were conducted with pH = 7.0 phosphate buffer of 0.1 M 
ionic strength as the eluting solvent. A Waters Model 
6000A solvent delivery system was used with a Waters 
Protein-Pac 125 column. Detection was a t  230 nm and a 
flow rate of 0.5 mL/min was used for all elutions. One- 
milliliter fractions of eluting solution were obtained for 
pooling and carbohydrate analysis. 

A series of blanks were prepared for HPLC analysis for 
comparison with the esterified polysaccharides. The un- 
modified polysaccharides were heated under identical 
reaction conditions but without the presence of the cyclic 
anhydride or zinc chloride. The polysaccharides were 
isolated, dissolved in buffer with free DTPA present (to 
provide a reference elution peak), and analyzed by HPLC. 

A carbohydrate assay of the fractions was used to 
produce polysaccharide elution profiles by the reaction of 
l-mL aliquots of the eluent with 1 mL concentrated sulfuric 
acid in the presence of 20 pL of 80% phenol (31). Solution 
absorbances at  490 nm (IBM Model 9430 spectrophotom- 
eter) were recorded within 1 h of preparation and results 
were superimposed on the HPLC elution-absorbance 
profiles for each sample. 

The mass percent gadolinium in aqueous samples was 
determined with ICP (Perkin-Elmer Plasma11 emission 
spectrometer) with solutions that contained approximately 
200 ppm Gd3+ from each of the polysaccharide complexes 

(Ci4Hi~N30s)0.36(C6H1~.~05.85)'0.4H20: Gd, 13.30; C, 36.19; 
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in deionized water. Infrared spectroscopy (Nicolet 5DXB 
FTIR) of the esters and their respective Gd3+ complexes 
were obtained as Nujol mulls. 

Potentiometric titrations were conducted a t  25.0 "C with 
a pH meter (Orion Research Digital pH/Millivolt Meter 
611) and a calibrated semimicro combined pH electrode 
(Orion Research gel filled). All solutions were purged with 
argon for l / 2  h prior to use. Solutions (100 mL) containing 
from 0.12 to 0.17 mmol of DTPA or esterified DTPA were 
prepared in 0.1 M KN03. Titration of the esters with a 
standard solution of 18.8 mM Gd3+ in 0.01 M HN03 was 
used to prepare the metalated complexes in solution for 
subsequent potentiometric titration. The mole ratio of 
Gd3+ added per DTPA moiety was 1:l. The titration was 
conducted with 0.100 M KOH and constant ionic strength 
was maintained with KN03. Approximate log K ,  values 
for the ligands were obtained by using the computer 
program PKAS (32), and refinement of these values and the 
approximated thermodynamic stability constants for the 
metal complexes was achieved with the computer program 
BEST (32). 

Kinetic decomposition studies to determine ester hy- 
drolysis stability for each of the GdDTPA esters were 
conducted a t  37.0 f 0.1 "C. Solutions containing 30 mM 
GdDTPA in the dextran complexes were prepared in pH 
= 7.4 phosphate buffer of 0.15 M ionic strength and placed 
in a water bath maintained at  37.0 "C for 4 days. Portions 
of each solution were removed a t  regular intervals and 
analyzed by HPLC using pH = 7.4 phosphate buffer a t  
0.15 M ionic strength to  elute the samples. HPLC 
detection was a t  235 nm. The relative areas under the 
curves in each elution profile for the intact (elution peak 
for GdDTPA-dextran) and hydrolyzed esters (elution peak 
for GdDTPA) were used to calculate the percent decom- 
position. 

NMR Relaxat ion S tud ie s .  2'1 relaxivities were 
assessed by the inversion recovery technique at  25 "C using 
a 100-MHz JOEL Fourier transform NMR. Solutions of 
a range of gadolinium concentrations in pH = 7.4 phos- 
phate buffer, ionic strength of 0.15 M, were prepared, and 
the gadolinium content was determined by ICP analysis. 
A t  internal coaxial reference tube containing D2O and 
methanol was used. The pulse sequence used was 180" 
followed by variable time T then 90". A minimum of 10 
T values were used per sample and the longer T value (1 
s) was a minimum of 7 times the 2'1 of the sample. The 
samples were scanned four times over a 500-MHz range 
with 4096 data points collected per scan (4.09 s/scan), and 
an average plot was obtained for each T value. Solutions 
of GdDTPA, GdEDTA, buffer alone, and buffer with un- 
modified polysaccharides at  concentrations comparable 
with that present in the GdDTPA-polysaccharide solutions 
were prepared and evaluated. Solutions containing the 
gadolinium complexes with concentrations of unmodi- 
fied dextran comparable with the esterified-dextran 
complex solutions were similarly prepared and evaluated. 
The raw data (water proton signal intensity and T values) 
were analyzed as described by Brown and Johnson (33) 
and relaxivity plots of 1/ 2'1 vs gadolinium concentration 
were obtained. Relaxivities (R1 in mM-l s-l) were obtained 
from linear least squares determination of the slopes of 
1/ TI vs gadolinium concentration plots. 

In Vitro Phantom Studies. Phantom solutions were 
prepared in deionized water. Solution concentrations of 
GdDTPA-polysaccharides and GdDTPA (Magnevist, Ber- 
lex Imaging) ranging from 0.33 to 33.3 mM were studied. 
A tube containing deionized water alone was used as a 
standard. A General Electric Sigma (Milwaukee, WI) 1.5 
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T (63.91-MHz proton Larmor frequency) clinical MR 
imager with a standard knee coil was used. To use the 
gray scale as fully as possible without data truncation, the 
receiver attenuation was adjusted manually before each 
scan acquisition (manual prescan) to maximize signal 
intensity at 70-755'1 of the dynamic range. Signal intensity 
values for various pulse sequences were therefore in 
arbitrary units and could not be compared directly with 
each other. The raw data  (ROI (region of interest) 
intensities and their standard deviations) were normalized 
by the calculation of relative intensity for each sample. 
The relative intensity = ROIsample/ROIstandard, where the 
standard was the water phantom. The pulse sequences 
evaluated were T1 and T2 weighted spin echo (TRITE = 
300120 and 2500/80, respectively). 
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RESULTS AND DISCUSSION 

Syntheses. The synthesis of GdDTPA-polysaccha- 
rides involved three steps: preparation of a reactive 
anhydride of DTPA, reaction of the anhydride with the 
polysaccharide in a suitable anhydrous mixed-solvent 
system under conditions that did not result in polysac- 
charide degradation, and metalation of the DTPA- 
esterified polysaccharide with gadolinium(II1). 

HPLC was used following all esterification reactions to 
evaluate the extent of esterification of the polysaccha- 
ride, evaluate the product purity following dialysis, and 
evaluate the integrity of the polysaccharide following 
reaction. The extent of esterification was determined from 
the relative areas of the HPLC elution profiles for the es- 
terified product relative to the unreacted DTPA acid. This 
procedure is convenient for polysaccharides since they do 
not absorb at the detection wavelength. 

The percentages of ethyl and isobutyl mixed anhydrides 
of DTPA that react under various reactions conditions are 
shown in Table I. The results strongly suggest tha t  
homogeneous reaction conditions are required for high 
reactivity of the anhydrides with the polysaccharides. The 
following additional observations were made: (1) solvents 
tha t  provided homogeneous reaction conditions for 
reactions involving inulin did not necessarily provide the 
same for dextran preparations; (2) the activation of the 
polysaccharides with n-butyllithium did not provide 
reproducible results; (3) inulin, with a much greater number 
of primary alcohol functions available for esterification 
relative to glucopyranose based polysaccharides, reacted 
to a significantly greater extent than dextran 9400 under 
the same reaction conditions. The moderate heating of 
either the isobutyl or ethyl mixed anhydride with dex- 
tran in a 1:l volume ratio of pyridine and formamide in 
the presence of ZnClz resulted in significant esterifica- 
tion as shown in Table I. The zinc(I1)-catalyzed reaction 
provided a calculated degree of loading of approximately 
0.2 mol of DTPA/mol of repeating unit of the polysac- 
charide. 

The use of a mixture of anhydrous pyridine and form- 
amide results in homogeneous reaction conditions for the 
esterification of dextrans (34) and inhibits the competitive 
hydration of the cyclic anhydrides encountered in aqueous 
media. The  degree of DTPA conjugation was also 
significantly affected by the presence of ZnClz in the 
reaction mixture. When added to the solvated polysac- 
charide before the addition of the reactant anhydride, 
ZnClz resulted in a 30-fold increase in the level of DTPA 
loading relative to when no zinc was present. Based on 
the yield of ester product formed, the calculated turnover 
number for the ZnClz catalyst is on the order of lo3. The 
mechanism by which the ZnClz accelerates the esterifi- 
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Figure 1. HPLC elution profiles for dextran 9400 from sugar 
assay (solid line, D), dextran 9400 after reaction with prepared 
cyclic anhydride in the presence of trace quantities of trifluo- 
roacetic anhydride (dashed line, B), and dextran 9400 after 
reaction with dicyclic anhydride (dashed line, A) and as prepared 
by optimized method developed in this work (dashed line, C). 

cation may involve Lewis acid catalysis or some other 
unknown mechanism. 

As indicated in Table 11, the highest level of DTPA 
conjugation to polysaccharides without chromatographic 
evidence for cross-linking was observed for products 
obtained from the reaction of an anhydride prepared by 
using a 1:3.2 mol ratio of DTPA to acetic anhydride in 1:l 
volume ratio of pyridine and formamide with ZnClz 
present. These reaction conditions were used subsequently 
for all large-scale preparations of DTPA-esterified polysac- 
charides. The DTPA cyclic anhydride prepared in this 
fashion was a mixture containing both dicyclic and mono- 
cyclic anhydride as supported by infrared carbonyl 
stretching frequencies of 1821,1772, 1758, and 1640 cm-l. 
The two higher frequencies are attributed to characteristic 
anhydride carbonyl stretching frequencies (-C(0)-0-C- 
(0)-) and the lowest wavenumber represents the central 
carboxyl group carbonyl stretch (-C(O)OH) (35). The band 
a t  1758 cm-I is assigned as a terminal carboxyl group 
stretch (35) (-C(0)OH) that has been shifted in energy 
relative to that of DTPA a t  1738 cm-l. 

As shown in Table 11, a high percentage of the anhydride 
also reacted when the commercially available dicyclic 
anhydride was used to esterify dextran and inulin in 1:l 
volume ratio of pyridine and formamide in the presence 
of ZnCl2; however, HPLC elution band broadness indicated 
that significant cross-linking had occurred (chromato- 
gram A in Figure 1). This result is consistent with the work 
of Gibby et al. (23), where the use of the dicyclic anhydride 
to prepare highly cross-linked products resulted in 
considerable elution-band broadness on a Sephacryl400 
column. A similar result, shown as B in Figure 1, was 
observed when the prepared mixture of cyclic anhydrides 
was allowed to react with the polysaccharides in the 
presence of trace quantities of trifluoroacetic anhydride 
(36). In contrast, no chelate cross-linking of the esteri- 
fied polysaccharides prepared by the "optimized procedure" 
was detected by HPLC chromatograms (C in Figure l), 
which showed neither band broadness nor distinctly 
separate peaks a t  lower elution volumes relative to the un- 
modified polysaccharides. 

The DTPA-esterified dextrans of 9400, 40 200, and 
70 800 average molecular weight are water soluble, and 
several preparations by the optimized procedure resulted 
in levels of loading averaging 0.38 f 0.05 mol of DTPA/ 
mol of repeating glucopyranose unit. The optimized es- 
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Table 111. Infrared Carbonyl Frequencies for DTPA, 
DTPA-Polysaccharide Conjugates, and Gadolinium 
Complexes 

wavelength,a cm-l compound 
DTPA 1630 1696 1737 
DTPA-inulin 1626 1734 
DTPA-dextran 9400 1639 1737 
DTPA-dextran 40 200 1631 1737 
DTPA-dextran 70 800 1628 1736 
DTPA-dextran 487 000 1628 1738 
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HzGdDTPA 1581 1704 
GdDTPA-inulin 1596 1700 1738 
GdDTPA-dextran 9400 1606 1696 sh 
GdDTPA-dextran 40 200 1598 sh 1737 
GdDTPA-dextran 70 800 1594 1702 1723 
GdDTPA-dextran 487 000 1602 sh sh 

a Sh = shoulder of lower wavenumber absorption band. 

terification method produced DTPA- dextran 487 000 with 
an average of 0.10 f 0.02 mol of DTPA/mol of repeating 
glucopyranose unit. A modification in the method was 
applied to subsequent preparations involving dextran 
487 000, wherein the heated reactants were cooled to room 
temperature and allowed to stir for 30 h prior to product 
isolation. This procedure resulted in the reproducible 
production of substantially higher levels of loading (0.80 
f 0.06 mol of DTPA/mol of glucopyranose repeating unit). 
The resulting product was, however, considerably less water 
soluble than the product prepared by the optimized 
method. 

On the basis of elemental analysis combined with ICP 
analysis, the metalated dextran esters contain an average 
of 0.38 f 0.06 mol of GdDTPA attached/mol of glucopy- 
ranose unit in dextrans of 9400,402 000, and 70 800 average 
molecular weight and 0.52 f 0.08 mol of DTPA/mol of 
fructofuranose repeating unit in the inulin conjugate. The 
conjugates contain an average of 1.00 f 0.04 mol of Gd3+/ 
mol of DTPA. Following dialysis against 0.1 M EDTA, 
the mass percent gadolinium in the GdDTPA-dextran 9400 
and 40 200 complexes was not altered more than 0.5 % . 

The level of loading of GdDTPA on dextrans of up to 
70 800 average molecular weight is roughly 10 times that 
obtained by Ranney (24),  who prepared the conjugate by 
the reaction of the bisanhydride of DTPA with dextran 
70 000 in aqueous media. The level of loading is also more 
than twice that reported for Gibby's (23) preparations, 
which involved the synthesis of a mixture of cross- 
linked products from the bisanhydride reaction with dex- 
tran 17 000,77 000, or 150 000 in anhydrous media. High 
loading is a desirable goal for macromolecule-bound 
contrast agents as plasma expansion is minimized (37). For 
the present conjugates, the average molecular weight per 
gadolinium is only 13% greater than that of monomeric 
G d D T P A. 

Infrared Spectroscopy. The infrared carbonyl 
stretching frequencies of the complexes and the nonmet- 
alated DTPA-polysaccharide esters in the present work 
were compared with that of GdDTPA and DTPA. As 
shown in Table 111, the stretching frequencies of the 
DTPA-polysaccharide esters are nearly identical with those 
of DTPA. Similarities of carbonyl stretching frequencies 
for GdDTPA and the  GdDTPA-polysaccharides is 
consistent with chelation of Gd3+ by the DTPA-esteri- 
fied polysaccharides. 

Potentiometric Titrations. Further evidence to  
support the lack of significant cross-linking in the DTPA- 
esterified dextrans as synthesized by the optimized method 
was obtained through potentiometric titration studies. As 
shown in Figure 2, DTPA exhibits a sharp inflection a t  3 

0 1 - 2  3 4 5 6 
Moles OH added per mole DTPA 

Figure 2. Potentiometric titration a t  25.0 "C with 0.1 M KOH 
of DTPA-esterified dextran (A), DTPA (B), 1:l Gd:DTPA- 
dextran (C). 

Table IV. Acid Dissociation Constants for 
DTPA-Dextrans. and Propyl Esters of DTPA* 

DTPA-dextran' DTPA-PElb DTPA-PEz* 
PK1 10.0 9.8 9.6 
PK2 6.7 6.6 4.8 
PK3 4.8 3.8 3.6 
PK4 1.7 1.8 

a Obtained by potentiometric titration (0.1 M KN03, 25.0 "C) in 
this work. All values are f0.1. Obtained by A. D. Sherry, et al. (1988) 
Mag. Reson. Med.  8, 180. All values are fO.l, determined potenti- 
ometrically (0.1 M NaCl, 25 "C). Monopropyl and dipropyl esters 
of DTPA are DTPA-PE1 and DTPA-PE2, respectively. 

mol of OH- added/mol of acid function and a less definite 
inflection between 3 and 5 mol of OH-/mol of acid function 
(38). The potentiometric behavior of the free acid has been 
explained on the basis of the assumed trizwitterionic nature 
of the ligand in solution as shown in I (R = H in DTPA 
or saccharide ester in DTPA-dextran). 

I 

In the mole ratio (mol of OH-/mol of acid function) 
interval from 0 to  3, two carboxyl protons and one 
ammonium proton are removed, and the  remaining 
ammonium protons are removed in the interval between 
3 and 5 equiv (35). In the presence of a 1:l mole ratio of 
Gd3+ to DTPA, the single sharp inflection at 5 mol of 
OH-/mol of acid function represents the neutralization of 
5 mol of hydronium ion displaced by ligand chelation with 
1 mol of Gd3+ (18). 

All of the dextran-modified ligands in this work exhibited 
inflections a t  2 mol of OH-/mol of acid function (Figure 
2 ) .  Computer fitting of the potentiometric data yields 
values for pK, (n = 1-4, Table IV). In the presence of 1:l 
molar ratio of Gd3+ to dextran-conjugated DTPA, 4 mol 
of hydronium ions are neutralized in the titration and this 
represents the displacement of 4 mol of hydronium ions/ 
mol of Gd3+ chelated. This result strongly suggests that 
the DTPA-esterified dextrans produced in this work are 
not significantly cross-linked since a sharp potentiomet- 
ric inflection at  3 equiv of base would be expected for 1:l 
Gd3+:DTPA-dextran, in cross-linked products (assuming 
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diester cross-link). However, a relatively small amount of 
cross-linking would not be detected in this type of 
experiment. 

The observed absence of significant metal transfer to 
EDTA in dialysis with the prepared polymeric complexes 
suggests that the level of loading by DTPA on the polysac- 
charides is preventing significant nonspecific metal binding 
to the polysaccharides (39, 40). The thermodynamic 
stability constant for the GdDTPA-dextrans, as obtained 
from the potentiometric titrations and assuming independ- 
ent metal binding by the chelating groups, was 18.0 f 0.2 
(log K for Gd3+ + L4- - GdL-). Neither Gibby et  al. (23) 
nor Ranney et al. (24) reported stability constants for their 
products; however, recent work by Sherry et  al. (41)  
involving the assessment of thermodynamic stabilities for 
mono- and dipropyl esters of DTPA resulted in log K values 
of 18.91 and 16.30, respectively. The higher stability 
constant for the DTPA-dextran complexes compared to 
t h a t  of t he  dipropyl ester of DTPA ( 4 1 )  and t h e  
comparisons for the free ligands in Table IV suggest that 
DTPA is monoesterified in the conjugates; however, the 
observed K value for DTPA-dextran is somewhat less than 
that observed for the monopropyl ester of DTPA, so no 
firm conclusions can be drawn. Further comparison studies 
are needed for cross-linked products prepared by the 
method of Gibby et  al. (23) and non-cross-linked products 
obtained by the mixed-anhydride method to assess the 
trends in stability constants for polysaccharide conjugates. 

Ester Hydrolysis. The nature of the bond between 
metal chelate and carrier is an important issue in the 
development of macromolecule-bound contrast agents since 
the rate of bond cleavage in vivo will to a large extent 
determine the biological fate of the agent. The covalent 
attachment of GdDTPA to proteins such as bovine serum 
albumin (BSA) has been via the formation of stable pep- 
tide bonds between the carrier and metal chelate (42). The 
dextrans of the complexes reported here are covalently 
attached to the metal chelate by a less hydrolytically stable 
ester linkage. Lewis acid assisted ester hydrolysis has been 
studied (43),  and the effect of different lanthanide ions, 
including Gd3+, has been evaluated for amino acid esters 
of diacetic acids (44).  The assumed mechanism for these 
metal-promoted hydrolysis reactions involves OH- attack 
a t  the ester carbonyl group with carbonyl activation by 
metal binding to the ester carbonyl oxygen. Alternatively, 
metal-bound hydroxide may act as the nucleophile (43).  

The half-lives for the ester bonds in the dextran 
conjugates were obtained from slopes of logarithmic 
decomposition plots (first order in conjugate concentration). 
The half-life of GdDTPA-dextran 70 800 (21 h) was 
significantly shorter than the non-metalated DTPA- 
dextran 70 800 ester (85 h). The presence of free Gd- 
DTPA in solutions containing the GdDTPA-dextran 
complexes did not decrease the half-life of the complexes, 
and these results suggest that gadolinium chelated by the 
conjugated DTPA is necessary for metal-assisted ester hy- 
drolysis to occur. In studies of propyl ester models of 
DTPA, Geraldes et  al. (45) presented nuclear magnetic 
resonance dispersion (NMRD) evidence for the metal 
coordination of the ester carbonyl oxygen in gadolinium 
complexes, and such an interaction is consistent with 
acceleration of ester hydrolysis by metal-carbonyl 
interaction (44 ) .  No evidence for ester carbonyl-metal 
coordination in the present work was obtained, as an 
expected stretching mode shift to lower frequencies of the 
metal-bound ester carbonyl relative to the free ester car- 
bonyl (32) could not be ascertained from the broad infrared 
peaks. 
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Table V. !Z'j Relaxivities at 100 MHza 
compound 

GdDTPA 
GdDTPA-inulin 
GdDTPA-dextran 9400 
GdDTPA-dextran 40 200 
GdDTPA-dextran 70 800 
GdDTPA-dextran 487 000 

1-5 mM Gd solutions. 

relaxivity, (mM s)-l 
3.8 f 0.1 
8.3 f 1.0 
8.7 f 0.6 
8.1 f 0.3 
7.1 f 0.7 
5.8 f 0.5 

U 
L o '  , I I I  0 100 200 3dO 400 500 

Carrier Molecular Weight x103 
Figure 3. Plot of dextran carrier average molecular weight versus 
TI relaxivity a t  100 MHz for the GdDTPA-dextran complexes. 

Relaxivities of the New Complexes. As shown in 
Table V, the 2'1 relaxivities of the GdDTPA-polysaccha- 
rides ranged from 1.5 to 2.3 times that of GdDTPA at 100 
MHz (25 "C), a lower increase than found for relaxivi- 
ties reported for other covalently attached GdDTPA- 
macromolecules (19) .  Possible explanations for the 
observed increased relaxivities, relative to  GdDTPA, 
include (i) an increase in rotational correlation time 
(possibly due to microviscosity) (20)  by virtue of the 
attachment of the metal chelate to the polymer, (ii) an 
increase in the number of inner sphere coordinated water 
molecules and/or their rate of exchange with bulk water 
molecules (46) as a result of reduction in the denticity of 
the chelate upon esterification, (iii) an increase in the 
number of outer sphere coordinated water molecules and/ 
or their rate of exchange ( 4 7 )  via entrapment by the 
polysaccharide, or (iv) some combination of all these effects. 
Additionally, the mechanism of inner sphere water ligand 
exchange with bulk water molecules may be significantly 
altered relative to GdDTPA by the presence of hydrogen 
bonding between the coordinated water molecules and the 
macromolecular carrier (48). 

The observed relaxivities decreased with increasing dex- 
tran carrier molecular weight (Figure 3). As shown in 
Figure 4, the polysaccharide alone made no significant 
contribution to the solvent relaxation over the concen- 
tration range (less than 200 mM glucopyranose) used in 
the 2'1 studies and increased solvent relaxation to >1 
only at  high concentrations. I t  was therefore concluded 
that overall solution viscosity did not contribute to this 
apparent trend nor could the observed increased relax- 
ivities, relative to GdDTPA, be attributed to solution 
viscosity effects. 

The GdDTPA-dextran complexes exhibited significant 
reductions in relaxivity in the presence of equimolar 
concentrations of unmodified dextran (Table VI). This 
reduction was not observed for GdDTPA but was observed 
for GdEDTA solutions in the presence of free dextran at  
concentrations equal to bound-dextran concentrations in 
the GdDTPA-dextran solutions (Table VI). The results 
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9 31 

compound T1 relaxivity, (mM s)-l 
GdDTPA-dextran 40 200 8.1 f 0.3 
GdDTPA-dextran 40 200 with 5.2 f 0.1 

GdDTPA 3.8 f 0.1 
GdDTPA with free dextran 4.4 f 0.5 
GdEDTA 4.6 f 0.1 
GdEDTA with free dextran 3.3 f 0.1 

free dextran 

suggest that  the GdDTPA-dextran complexes may be 
better emulated with respect to metal-polysaccharide 
interactions by GdEDTA, which has two inner sphere 
coordinated water molecules (49). The GdEDTA complex 
readily exchanges coordinated water molecules for other 
available ligands (15),  and it is possible that the observed 
effect free dextran has on GdEDTA and GdDTPA- 
dextran solutions may be due to coordinative displacement 
of water molecules by the hydroxyl groups of the polysac- 
charide. The observations can also be explained by 
hydrogen bonding between the coordinated water molecule- 
(s) and the polysaccharide. The rate of exchange between 
ligand and bulk water molecules can be significantly 
reduced by hydrogen-bonding interaction of this nature 
(48). 

In Vitro Imaging Results (Phantom Studies). The 
phantom studies were undertaken to provide a comparison 
to the NMR T1 relaxivity measurements and ascertain the 
concentration dependence of signal intensity for the new 
complexes compared with GdDTPA (Magnevist, Berlex 
Imaging) using various pulse sequences. In selecting a 
concentration range for study, the following considerations 
were applied. The average blood volume of a 2-kg rabbit 
is 60 mL/kg and a dosage of 0.2 mmol of Gd3+/kg (twice 
the recommended dosage of GdDTPA) results in an in- 
travascular concentration of 3.3 mM, assuming that the 
contrast agent is distributed only in the intravascular space. 
Therefore, gadolinium concentrations in the range 0.33- 
33.0 mM were used to provide data with potential relevance 
to in vivo applications. 

In T1 weighted images, the GdDTPA-dextran complexes 
all exhibited suppression in relative signal intensity (sample 
signal intensity/solvent signal intensity) at  concentrations 
greater than 3.33 mM relative to GdDTPA (Figure 5). This 
type of effect has been attributed (50) to the counteracting 
effects by macromolecular complexes on solvent T2. In 
spin echo experiments there is a direct proportionality 
between signal intensity and T1 and an inverse propor- 
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Figure 5. Plot of relative signal intensity versus gadolinium 
concentration for phantom solutions of GdDTPA-dextran 9400 
(A), GdDTPAdextran 70 800 (B), GdDTPA-dextran 487 OOO (C), 
and GdDTPA (D) using 2'1 weighted (SE, 300/20) pulse sequence. 
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Figure 6. Plot of relative signal intensity versus concentration 
for phantom solutions containing GdDTPA (A), GdDTPA- 
dextran 487 000 (B), GdDTPA-dextran 70 000 (C), GdDTPA- 
dextran 40 200 (D), and GdDTPA-dextran 9400 (E) using T2 
weighted (SE, 2500/80) pulse sequence. 

tionality between signal intensity and T2 (51). The results 
indicate that at  concentrations sufficiently greater than 
3.33 mM, the contribution to signal intensity by para- 
magnetic effect on the solvent T2 outweighs the T1 
contribution. 

A trend in T1 relaxivity for the samples was obtained 
from the relative signal intensities (sample signal intensity/ 
solvent signal intensity) for each of the T1 weighted 
phantoms at  concentrations up to 3.33 mM, assuming that 
the T2 of these solutions was equal to pure solvent T2. At 
low concentrations (less than or equal to 3.33 mM) the TI  
weighted phantoms (at 63 MHz) exhibited the same trend 
in 7'1 relaxivity as observed in the 100-MHz TI  relaxiv- 
ity studies (i.e. reduction in TI  relaxivity with increased 
carrier molecular weight). 

The T2 weighted phantom study resulted in the rapid 
increase of relative signal intensity up to concentrations 
of 3.33 mM for the GdDTPA-dextran compounds and 
Magnevist (Figure 6). This trend was followed by a more 
rapid decrease in signal intensity for the complexes relative 
to Magnevist with increasing concentration. With T1 
values approximated from the TI weighted images, the 
calculated solvent T2 decreased less rapidly with increasing 
concentration of the higher molecular weight dextran- 
conjugated gadolinium complexes than the lower molecular 
weight complexes. The apparent inverse relationship 
between dextran carrier average molecular weight and T1 
relaxivity by the complexes was not observed for the cross- 
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linked products reported in the work of Gibby et  al. (23). 
Since there is generally increased branching of the polysac- 
charide as the molecular weight increases (52 ) ,  i t  is 
speculated that the observed trend of decreased TI  with 
increased dextran molecular weight observed here is related 
to the structural differences between various molecular 
weights of the dextrans. 
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CONCLUSIONS 

The synthetic method developed in this work for the 
production of polysaccharide conjugates of GdDTPA 
results in reproducibly higher levels of conjugation via ester 
linkage of the paramagnetic chelate on the carrier than 
previously reported methods (23-25). The method resulted 
in no apparent degradation of the polysaccharide, and no 
evidence for significant chelate-based polysaccharide cross- 
linking was observed. The conjugates are water soluble, 
exhibit carbonyl stretching frequencies indicative of 
gadolinium(II1) chelation, and, along with their respective 
nonmetalated chelates, exhibit potentiometric behavior 
consistent with products in which only one of the car- 
boxyl functions of DTPA has been modified for the 
majority of conjugated chelates. 

The thermodynamic stability of the new complexes is 
somewhat lower than that of GdDTPA. Although high 
thermodynamic stability may suggest low in vivo toxici- 
ties of metal chelates, there is no necessary correlation 
between thermodynamic stability of metal complexes and 
toxicity (53). The GdDTPA-dextran complexes undergo 
ester hydrolysis (producing monomeric GdDTPA) 
considerably faster than the nonmetalated chelates. 
Although the toxicity of the new complexes has not been 
assessed, metal-promoted hydrolysis may be important to 
the excretory pathway these new compounds exhibit in 
vivo. The in vitro TI relaxivities of the polysaccharide 
complexes are significantly greater than that  of Gd- 
DTPA at 100 MHz and appear to be inversely dependent 
on the average molecular weight of the carrier polysac- 
charide. 

GdDTPA-dextrans produced in this work have been 
applied to in vivo imaging of normal rabbits, and results 
of these studies will be described in detail elsewhere (54) .  
In general, the contrast agents did not exhibit any apparent 
toxic side effects. The contrast agents showed the expected 
blood-pool persistence and are potentially useful vascular 
imaging agents. Gibby and co-workers (26) and Wik- 
strom et al. (25) have reported similar observations in vivo 
studies of the cross-linked polysaccharide contrast agents 
in rats. Observations thus far suggest that the basic Gd- 
chelate-polysaccharide structure may lead to useful MRI 
contrast agents that  can be produced in a variety of 
molecular weight formulations. Chelating agents with 
lower tendency to release Gd3+ in vivo (e.g., DOTA) could 
be used in dextran conjugates to counteract the effects of 
a longer in vivo residence time. 
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We have prepared aminoethyl (AE), aminopropyl (AP), and aminopentyl (APT) derivatives of gen- 
tiobiose heptaacetate (GH). These spacer compounds (AEGH, APGH, APTGH) have been coupled 
to succinylated diphtheria toxoid (SuceDT) to produce conjugate vaccines. These conjugates all bind 
to the anti-lipid A human monoclonal antibody A6(H4C5) in an ELISA binding assay. Rabbits immunized 
with the APGH conjugate vaccine in either Freund's complete adjuvant or aluminum hydroxide gel 
produced antibody levels of 5120 and 3600 ELISA units, respectively, campared to an antibody level 
of less than 20 ELISA units for the prebleed sera. Sera from mice immunized with either the amino- 
propyl or the aminopentyl conjugate had antibody levels of 5120 and 2560 ELISA antibody units, 
respectively. These antibodies neutralized endotoxin in a Limulus lysate neutralization assay. Protection 
against the local Shwartzman reaction was demonstrated (p 0.05) in eight out of nine rabbits immunized 
with the SuoDT-APGH conjugate vaccine compared to three out of 10 rabbits immunized with the 
carrier protein SuoDT. Passive transfer experiments demonstrated that four out of five rabbits receiving 
immune serum were protected from Shwartzman reaction compared to one out of five rabbits receiving 
normal serum (p < 0.1). These results indicated that epitopes contained in gentiobiose heptaacetate 
when properly presented as conjugate vaccines were capable of inducing neutralizing antibodies against 
endotoxin. 

Endotoxin is the causative agent for shock in Gram- 
negative bacteremia. It has been estimated that septic 
shock is responsible for about 30 000 deaths in the United 
States every year ( 1 ,  2). The problem of treatment is 
compounded by the increase in antibiotic resistance in 
these organisms ( 3 , 4 ) .  

Attempts have been made to develop vaccines to protect 
against endotoxic shock. Immunization of animals with 
Gram-negative bacilli protects them against infection with 
homologous organisms (5-7). Rough mutants of Gram- 
negative bacilli contain LPS determinants in their core 
portion that are shared by most Gram-negative bacteria 
(8, 9). Immunization with LPS of some rough mutants 
such as the Re mutant of Salmonella and the 55 (Rc) 
mutant of Escherichia coli have been shown to provide 
cross-protection against challenge with heterologous 
organisms (10-14). Ziegler et al. (15) have shown that an- 
tisera obtained from healthy human volunteers immunized 
with the 55 mutant lowered mortality of patients from 
Gram-negative bacteremia and endotoxic shock. Teng et 
al. (16) have developed a human IgM monoclonal antibody, 
A6(H4C5), against a 55 LPS epitope. This antibody was 
shown to  react t o  a wide variety of Gram-negative 
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organisms in ELISA and with a wide variety of isolated 
LPS, including a strong reaction with lipid A. In the mouse 
mucin model of lethal bacteremia this antibody showed 
significant protection against lethal challenge with 
Pseudomonas aeruginosa, E. coli, and Klebsiella 
pneumonia, but not against the Gram-positive organism 
Streptococcus pneumonia (16). Protection against the 
local Shwartzman reaction induced by E. coli and Kleb- 
siella endotoxin was also demonstrated with this mono- 
clonal antibody. In a recent report DeMaria et  al. (17) 
showed that immunization of human volunteers with 
vaccines prepared from unheated and boiled Salmonella 
minnesata R595 (Re chemotype) produced antibodies that 
showed enhanced protective activity in mice against 
challenge with viable Gram-negative bacilli and endot- 
oxin. 

Bieber et al. (Bieber, M. M., Ozguc, M., and Teng, N. 
N. H., unpublished results) have shown that the binding 
between human anti-J5 monoclonal A6(H4C5) and lipid 
A could be inhibited (98%) with gentiobiose octaacetate 
(a structure similar to the core disaccharide present in lipid 
A), compared to 80% inhibition with @-glucose penta- 
acetate and no inhibition with galactose pentaacetate. 
These results indicated that a 1,6-linked @-glucose di- 
saccharide was required for the antibody binding and that 
acetate groups fulfilled the requirements for acyl sub- 
stitution a t  C2 and C3. We decided to prepare a synthetic 
vaccine using gentiobiose heptaacetate as the epitope and 
linking it to carrier proteins through spacer arms of 
different lengths. In this report we describe the prep- 
aration of such conjugate vaccines and the immunoge- 
nicity of these vaccines in rabbits and mice. Antisera raised 
in rabbits were tested for endotoxin-neutralizing activity 
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with 55 LPS and for protective activity against local 
Shwartzman reaction with E. coli 0 6  LPS and E. coli 0111: 
B4 LPS. 
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Preparation of Conjugate Vaccine. Succinylated 
diphtheria toxoid (SuoDT, 50 mg) was dissolved in 20% 
dioxane (10 mL) and EDC (200 mg) was added to  i t  
followed by a solution (8 mL) of APGH (25 mg) in 20% 
dioxane. The pH of this reaction mixture was maintained 
between 5.5 and 5.9 by intermittent addition of 0.1 N HC1 
for 1 h at room temperature. A second 200 mg of EDC 
was added and the reaction continued for one more hour. 
The reaction mixture was dialyzed extensively against 
several changes of distilled water for 2 days at 5 "C and 
was then freeze-dried (yield 32 mg, 61 % ). The conjugate 
SueDT-APGH was found to contain 5.25% APGH by the 
phenol sulfuric acid method (19). Several batches of 
conjugate vaccines were prepared the same way as 
described above. SueDT-APTGH was prepared the same 
way as described above. The reaction sequence is shown 
in Scheme I. Tetanus toxoid (TT) was coupled to APTGH 
by the same procedure to give the conjugate TT-APTGH. 

Enzyme Linked Immunosorbent Assay (ELISA). 
The ELISA was performed in 96-well flat-bottom poly- 
styrene microtiter plates (Costar, Cambridge, MA) 
essentially by the method of Engvall and Perlmann (20). 
The wells were coated with the conjugate TT-APTGH at  
a concentration of 10 pg/mL in PBS (0.01 M NaH2P04, 
0.14 M NaC1,0.02% NaN3, pH 7.4) a t  37 "C for 3 h. Excess 
reactive groups were blocked with 1% casein (Fisher 
Scientific, Columbia, MD) in PBS at  37 "C for 1 h. The 
wells were washed with PBS between steps to  remove 
unbound material. The antigen-coated plates were 
incubated with serial 2-fold dilutions of antibodies for 16 
h at room temperature (25 "C). Incubation with the second 
antibody was done for 16 h at  room temperature. Di- 
sodium p-nitrophenyl phosphate (Sigma Chemical Co.) at 
a concentration of 1 mg/mL in 1.0 M diethanolamine 
buffer (with 1 mM MgClz), pH 9.8, was used as substrate. 
Absorbance was read on a Dynatech plate reader (Dynatech 
Laboratories, Alexandria, VA) a t  410 nm. Antibody units 
were calculated as the mean of the product of the optical 
density (in the range of 0.3-1.0) and the reciprocal serum 
dilution at  three different 2-fold dilutions. 

SDS-PAGE and Western Transfer. Sodium dode- 
cy1 sulfate (SDS)-polyacrylamide gel electrophoresis 
(PAGE) was performed by the method of Laemmli (21) 
as described previously (22). Western transfer of elec- 
trophoretically separated glycoproteins to nitrocellulose 
membrane (Bio-Rad Laboratories, Richmond, CA) was 
performed in a transblot apparatus (Bio-Rad) as described 
before (22). 

Immunization of Rabbits. New Zealand white rabbits, 
obtained from Hazelton Research Products (Denver, PA) 
(2-2.5 kg), were injected intramuscularly with SucvDT- 
APGH (lot no. IIIA-103, 100 pg) in Freund's complete 
adjuvant. Booster injections were given with the conjugate 
(100 pg) in saline. Four New Zealand white rabbits (2- 
2.5 kg) were immunized with SuoDT-APGH (lot no. IIIA- 
171,100 pg) mixed with aluminum hydroxide gel with a 
gel to protein ratio of 20:l (w/w). The first booster 
injection was given with the same adjuvant. The sub- 
sequent injections were give with SuoDT-APGH (50 pg) 
in saline. 

Immunization of Mice. One group of C57 black mice 
(5-6 weeks old), obtained from Charles River Laboratories 
(Wilmington, MA), were immunized intraperitoneally with 
Suc-DT-APTGH (lot no. V-13, 10 pg) mixed with 
aluminum hydroxide gel with a gel to protein ratio of 20:l 
(w/w). A second group of C57 black mice (five mice in a 
group) were immunized the same way with Suc-DT- 
APGH (lot no. IIIA-171). The first booster injections were 

EXPERIMENTAL PROCEDURES 

2-Aminoethanol, 3-aminopropanol, 5-aminopentanol, 
gentiobiose octaacetate, silica gel, TLC plates, and 1,4- 
dioxane were purchased from Sigma Chemical Co. (St. 
Louis, MO). Diphtheria toxoid and tetanus toxoid were 
obtained from Massachusetts Biologic Laboratories 
(Boston, MA). Chloroform, dichloromethane, and ethyl 
acetate were purchased from Aldrich Chemical Co. 
(Milwaukee, WI). Phosphatase-labeled anti-human, anti- 
rabbit, and anti-mouse immunoglobulins were purchased 
from Kirkegaard and Perry Laboratories (Gaithersburg, 
MD). HBr (33%) in glacial acetic acid was purchased from 
Fluka Chemical Corp. (Hauppage, NY). Succinic an- 
hydride and l-ethyl-3-[3-(dimethylamino)propyl]- 
carbodiimide (EDC) were purchased from Pierce Chemical 
Co. (Rockford, IL). Melting points were recorded with a 
Fisher Johns melting point apparatus and are corrected. 

Preparation of Acetobromogentiobiose. Gentiobi- 
ose octaacetate (I; 1 g) was dissolved in dichloromethane 
(2.5 mL) and 33% HBr in glacial acetic acid (5 mL) was 
added to this solution. After 45 min at  5 "C, dichlo- 
romethane (30 mL) and ice water (30 mL) were added. The 
organic phase was separated, successively washed with 
aqueous sodium hydrogen carbonate solution and water, 
dried (sodium sulfate), and evaporated to dryness. Ac- 
etobromogentiobiose I1 was crystallized from diethyl ether. 
The crystalline compound gave a single spot on TLC in 
ethyl acetateln-hexane (2:l) moving slightly faster than 
gentiobiose octaacetate. 

Preparation of 2-Aminoethyl2,3,4,2',3',4',6'-Hepta- 
0-acetylgentiobioside (AEGH). The acetobromogen- 
tiobiose (284 mg) was dissolved in dry chloroform (5 mL), 
and Drierite (0.5 g) was added followed by 2-aminoeth- 
anol (0.2 mL in 0.8 mL of chloroform). The reaction 
mixture was stirred in the dark at  room temperature for 
16 h and filtered and the filtrate was washed with ice water 
(2 X 10 mL), dried (sodium sulfate), and evaporated to 
dryness. The solid was dissolved into dichloromethane (0.9 
mL) and AEGH was purified by chromatography on silica 
gel using ethyl acetate/ethanol(19:1) as the eluant. The 
purified AEGH was crystallized from hot ethanol (yield 
41 '4 ), mp 176-177 "c. Anal. Calcd for C28H40018N: c ,  
49.56; H, 5.94; N, 2.06. Found: C, 49.44; H, 6.05; N. 2.10. 
3-Aminopropyl2,3,4,2',3',4',6'-hepta-O-acetylgentiobi- 

oside (APGH) was synthesized the same way as described 
above except that 3-aminopropanol was used in place of 
2-aminoethanol (yield 62 % ). The crystalline APGH had 
mp 166-167 "C. Anal. Calcd for C29H42018N: C, 50.25; 
H, 6.06; N, 2.02. Found: C, 50.31; H, 6.21; N, 1.90. 
5-Aminopentyl2,3,4,2',3',4',6'-hepta-O-acetylgentiobi- 

oside (APTGH) was synthesized the same way with 5-ami- 
nopentanol as the aglycon (yield 40%). The crystalline 
APTGH had mp 145-146 "C. Anal. Calcd for C31I146Old: 
C, 51.67; H, 6.43; N, 1.94. Found: C, 51.57; H, 6.49; N, 1.93. 

Succinylation of Diphtheria Toxoid. Diphtheria tox- 
oid (DT) solution (10 mL, 8.0 mg of protein/mL) was 
dialyzed against 1 L of 0.05 M NaCl at 5 "C for 16 h. Suc- 
cinic anhydride (60 mg) was added to the dialyzed DT 
slowly with stirring during 2 h while the pH was maintained 
between 8 and 8.5 by adding small amounts of 3 M NaOH 
solution. The reaction mixture was dialyzed against three 
changes of water (3 X 1 L) in 24 h and then lyophilized 
to yield 70 mg (88% ). Estimation by the TNBS reagent 
(18) showed the presence of less than 1% primary amine. 
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Scheme I.' Synthesis of hepta-0-acetyl-gentiobiose conjugate vaccines 
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a I, Gentiobiose octaacetate; 11, acetobromogentiobiose; 111, aminoalkylhepta-0-acetylgentiobioside; IV, carrier protein conjugate 
of (aminoalky1)hepta-0-acetylgentiobiose. 

given the same way as the primary immunization. The 
subsequent injections were given with conjugate (10 pg) 
in saline. 

Production of the Local Shwartzman Reaction. 
The skin sites in 1.5-kg New Zealand white rabbits were 
prepared by intracutaneous injection of 0.1 mL of endo- 
toxin (E.  coli 0 6  LPS, or E. coli Olll:B4 LPS prepared by 
the hot phenol extraction method) in saline containing 0.1 
mg of LPS. The reaction was provoked 23 h later by 
injection of 0.1 mL of endotoxin (0.025 mg) solution into 
the marginal ear vein. For the active immunization 
experiment, nine rabbits were immunized with Suc-DT- 
APGH vaccine as described in the methods, and 10 rabbits 
were immunized with the carrier protein SueDT the same 
way to be used as the control. 

For the passive protection experiment, 15 mL of immune 
serum (2500 ELISA units/mL) was given intravenously 
to each of the test rabbits and 15 mL of normal rabbit 
serum was given intravenously to each of the control rabbits 
2 h before the provocative dose. Any hemorrhage or 
necrosis of the skin occurring after the provocative dose 
was recorded as a positive reaction. 

Preparation of APGH-Coupled Affinity Adsorbent. 
Affigel-15 (Bio-Rad Laboratories, Richmond, CA) was 
washed three times with ethanol to remove additives. 
APGH (10 mg) was taken into ethanol (2 mL) when it gave 
a suspension. 1,4-Dioxane was added to a final con- 
centration of 20% when the solution became clear. This 
solution was added to 2 mL of washed Affigel-15 and the 
mixture was shaken for 4 h a t  room temperature. The gel 
was filtered, washed once with ethanol, suspended into 0.1 
M tris-C1 buffer, pH 7.4, and shaken for another 4 h to 
block excess active groups. The gel suspension was filtered, 
washed with PBS, pH 7.4, and packed into a column. 

Affinity Chromatography. The Affigel-15-APGH 

column (2 mL) was washed with 0.05 M NaCl (10 mL). 
Immune rabbit serum (1.0 mL) was cycled (3X)  through 
the column. The column was then washed with PBS until 
the OD of the effluent was <0.01. Specific antibody was 
eluted with 0.2 M glycine hydrochloride, pH 2.5. The 
eluted fractions were immediately neutralized to pH 7.0 
with 0.2 M tris. The column wash fractions and eluted 
fractions were tested by ELISA. 

Neutralization of Bacterial Lipopolysaccharide by 
Nonimmune and Immune Serum. The ability of the 
postimmunization serum to neutralize endotoxic activity 
was tested in a previously described Limulus lysate 
neutralization assay (23). Briefly, dilutions of commercially 
provided endotoxin were added to microtiter wells over 
a dosage range of 2500-20 pg/mL. To the endotoxin was 
added an equal volume of nonpyrogenic normal saline or 
preimmune or postimmune rabbit sera. This mixture was 
then incubated for 3 h a t  37 "C, a t  the end of which time 
Limulus lysate was added (Associates of Cape Cod, Woods 
Hole, MA) and the plate incubated further at 37 "C. The 
optical density of the mixture was read at  20 and 40 min 
at 405 nm (OD 405), and the results were plotted against 
the concentration of LPS added. A 50% Limulus gela- 
tion response (LR50) was then calculated. Controls 
consisted of lapine sera alone and normal saline alone to 
which the Limulus lysate was added. 

RESULTS 

Preparation of Conjugate Vaccines. Derivatives of 
gentiobiose heptaacetate were prepared and coupled to 
carrier proteins as shown in Scheme I. Gentiobiose oc- 
taacetate (I) was treated with HBr/acetic acid to give ac- 
etobromogentiobiose 11. The acetobromo sugar reacted 
with amino alcohols to give the hepta-0-acetyl ami- 
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Table I. Characteristics of the Gentiobiose Heptaacetate 
Conjugate Vaccines 

molar ratio ELISA titer," 
vaccine lot no. 1igand:protein OD units 

SUCDT-AEGH AKB-IIIA-92 4.5:l 48 

SUCDT-APGH AKB-IIIA-171 5.0:l 560 

SU~DT-APTGH AKB-V-13 5.01 848 

clonal A6(H4C5). 

SU~DT-APGH AKB-IIIA-103 5.4:l 1120 

SueDT (control) AKB-IIIA-102 0 

a ELISA titers were measured against anti-J5 human mono- 
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Figure 1. Antibody response of four rabbits immunized with 
SueDT-APGH conjugate vaccine using aluminum hydroxide as 
adjuvant. Injections were given at 0,4,8,  12, and 16 weeks. 

noalkyl glycosides (111). The aminoalkyl glycosides were 
coupled to the  carrier proteins by a carbodiimide- 
mediated coupling reaction (24) to give the conjugate 
vaccines (IV). Three different spacers (two to five carbon 
in length) were used, namely, aminoethyl, aminopropyl, 
and aminopentyl, to link the acetobromogentiobiose to 
carrier proteins. The diphtheria toxoid was succiny- 
lated before conjugation to increase the number of reactive 
carboxyl groups. The ELISA binding of these conjugates 
to the anti-lipid A human monoclonal antibody A6- 
(H4C5) is shown in Table I. The conjugate Suc-DT- 
AEGH showed a weak binding to this antibody (48 ELISA 
units) and therefore was not pursued further. Two lots 
of the conjugate SueDT-APGH showed titers of 560 and 
1120 ELISA units, respectively. The conjugate SueDT- 
APTGH showed a titer of 848 ELISA units. The human 
monoclonal antibody showed no binding to SueDT. 

Immunization of Rabbits. The results of im- 
munization of rabbits with SucoDT-APGH using Fre- 
und's complete adjuvant for primary immunization (not 
shown) showed that there was a 12-30-fold rise in antibody 
level after the second immunization as determined by the 
ELISA using TT-APTGH as the antigen on the plate. The 
antibody levels could be maintained with repeated 
injections of conjugate in saline. The highest levels being 
2400 ELISA units for rabbit 1 and 5120 ELISA units for 
rabbit 2. Results of immunization of rabbits with SueDT- 
APGH using aluminum hydroxide gel as adjuvant are 
shown in Figure 1. The primary antibody response was 
2-4 times the preimmunization level. The secondary 
antibody response was variable and reached the highest 
level after the fifth injection. 

Immunization of Mice. Antibody levels of sera from 
two groups of mice immunized with conjugate vaccines 
SueDT-APTGH and SueDT-APGH, respectively, are 
shown in Table 11. The mice in group A which were 
immunized with the conjugate containing the five carbon 
spacer APTGH reached an antibody level of 2560 ELISA 

Table 11. Antibody Levels of Sera from Two Groups of 
Micee 

ELISA antibody units 
no. of daysb group A group B 

0 
36 
51 
85 

119 

8 
1200 
1600 
2560 
2560 

16 
1200 
2400 
1920 
5120 

Mice from group A were immunized with the conjugate vaccine 
SueDT-APTGH with Al(OH)3 gel with a gel to protein ratio of 201 
<w/w). Mice from group B were immunized with conjugate vaccine 
SueDT-APGH with Al(OH)3 gel and a gel to protein ratio of 201 
(w/w). Al(0H)S was used for the first two injections only. All 
subsequent injections were in saline. Injections were given on days 
0, 24, 42, 74, and 107. 

WHOLE SERUM PURIFIED SERUM 

2 3 4 5 6 9 1 0 1 1  1 2 1 3  

Figure 2. Western blot analysis of immune rabbit serum and 
affinity-purified anti-APGH antibodies. Antigens used are as 
follows: (lanes 2,9) DT, (lanes 3,lO) SueDT, (lanes 4 , l l )  SueDT- 
APGH, (lanes 5,12) TT, (lanes 6, 13) TT-APGH. 

units which was comparable to the highest antibody level 
reached by mice in group B, which were immunized with 
the conjugate containing the three carbon spacer APGH 
(5120 ELISA units). Equal amounts of sera from all five 
mice in each group were pooled for these tests, and 
therefore, the antibody levels represent average values. 

SDS-PAGE and Western Transfer. Electrophoret- 
ically separated glycoproteins (SucoDT-APGH and TT- 
APGH) and carrier proteins (DT, SueDT, and TT) were 
transferred onto nitrocellulose membrane in duplicate. One 
part of the membrane was developed with immune whole 
rabbit serum and the other part was developed with 
affinity-purified anti-APGH antibodies (Figure 2). The 
affinity-purified antibodies bound only to the conjugates 
containing the synthetic epitope (lanes 11 and 13). The 
whole serum bound both the conjugates and the carrier 
proteins. None of the sera reacted with the tetanus tox- 
oid (lanes 5 and 12). 

Prevention of Local Shwartzman Reaction. As 
shown in Table 111, the prevention of local Shwartzman 
reaction by active immunization with the vaccine SueDT- 
APGH showed that eight out of nine (90%) rabbits were 
protected in the immunized group compared to three out 
of 10 (30%) rabbits in the control group immunized with 
the carrier protein SueDT. The test for prevention of the 
local Shwartzman reaction by passive transfer of immune 
serum showed that four out of five (80%) rabbits that 
received immune serum were protected as compared to one 
out of five (20%) rabbits in the control group. 
Limulus Lysate Neutralization. As previously 
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Table 111. Protection of Rabbits against Local 
Shwartzman Reaction 
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Results of immunizations with these conjugates (Table 
11, and Figure 1) show that (a) aluminum hydroxide gel 
can be used as adjuvant for immunization and give 
antibody levels similar to those achieved by immunizing 
with Freund’s complete adjuvant (FCA) (This is important 
since aluminum hydroxide, unlike FCA, can be used in 
humans.) and (b) conjugate vaccines containing both three 
and five carbon spacer groups worked equally well. 

Western blot analysis of conjugate vaccines and carrier 
proteins with immune rabbit serum and affinity-purified 
anti-APGH antibodies showed (Figure 2) that the immune 
serum had antibodies directed against the synthetic epitope 
APGH and the carrier protein Suc-DT. The affinity- 
purified antibodies reacted only with the conjugates 
containing the synthetic epitope showing the presence of 
APGH-specific antibodies in the polyclonal serum. 

Protection against the local Shwartzman reaction in 
rabbits was demonstrated both by active immunization 
(eight out of nine rabbits had no lesions; p C 0.05) and 
by passive transfer of immune serum (four out of five 
rabbits had no lesions; p < 0.10). Since the number of 
animals used in the passive transfer experiment was small, 
the protection was not highly significant. Further work 
will be required to obtain these data. In addition to the 
neutralization of the local Shwartzman reaction, the 
immune sera generated by this vaccine also had the ability 
to neutralize the Limulus lysate reactivity of endotoxin, 
which is one measure of reduction of endotoxic activity. 

Our results show that conjugate vaccines prepared with 
gentiobiose heptaacetate elicit antibodies in mice and 
rabbits that neutralize endotoxin. We have also shown 
that these sera have antibodies directed against the 
synthetic epitope (APGH). Further work is in progress 
to determine the immunoglobulin isotypes of the protective 
antibodies. These vaccines, if successful, will provide the 
first available synthetic vaccine for use in preventing en- 
dotoxic shock. Our active and passive immunization 
studies with these conjugates confirm that antibodies 
against this epitope have properties similar to those of A6- 
(H4C5). We, therefore, believe that these vaccines have 
potential for inducing protective antibodies in humans 
against endotoxin. 

no. of rabbits protected 
test control 

group 7% group 7% pn 

active immunizationb 8/9 90 3/10 30 <0.05 
passive transferC 4/5 80 1/5 20 <Oslo 

a By x* analysis. * Rabbits were challenged with E. coli Olll:B4 
LPS. Rabbits were challenged with E.  coli 0 6  LPS. 

0 . 4 5  I 1 

0 .4  - 
0 . 3 5  - 

E 0 . 3  - 
9 0 . 2 5  - - 

0 . 2  - 
0 

0 0 . 1 5  - 

LPS Concentration pcgiml 

Figure 3. Limulus lysate neutralization assay of normal rabbit 
serum and immune rabbit serum: 0, normal serum; A, immune 
serum; 0, saline control. 

described, the addition of normal serum was able to 
neutralize LPS when compared to the standard curve 
generated in the presence of normal saline (23). In one 
representative assay (Figure 3), normal sera increased the 
LRbO from 80 to 210 pg/mL. In the presence of the 
immune serum, the LR50 increased further to 540 pg/ 
mL. This approximate 2-fold increase in LR50 was 
consistently reproducible and highly significant on multiple 
assays. The range of LR50 values recorded in multiple 
assays were for normal saline (86-76 pg/mL), for normal 
serum (222-212 pg/mL), and for immune serum (566- 
464 pg/mL). 

DISCUSSION 

The synthesis of derivatives of gentiobiose heptaace- 
tate was designed with the knowledge that gentiobiose oc- 
taacetate is commercially available and that C1 glyco- 
sides could be prepared by the use of an acetobromo sugar 
(25). Since this reaction is performed in dry chloroform, 
it was necessary to select an aglycon that was soluble in 
chloroform and had the required functional groups. The 
amino alcohols satisfied these conditions as the hydroxy 
group would react in the base-catalyzed glycosidation, 
leaving the primary amino group free for subsequent 
coupling to the carrier protein. During preliminary 
experiments it was found that the amino alcohols acted 
as base and acid acceptors in this reaction and glycosi- 
dation was accomplished with 40-62% yield. The ami- 
noalkyl glycosides were crystalline compounds and tested 
positive for primary amino groups on spraying with nin- 
hydrin reagent (26). The carbodiimide-mediated coupling 
reactions (24)  of these aminoalkyl glycosides to carrier 
proteins were performed in 20% dioxane since these gly- 
cosides were insoluble in water. 

The conjugate vaccines we prepared showed binding to 
the anti- J5 human monoclonal antibody A6(H4C5) (Table 
I). This is significant since this human monoclonal has 
been shown to protect animals against Gram-negative bac- 
teremia (16). 
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Much attention has been focused recently on the stability of immunotoxin (antibody-toxin) conjugates 
linked by a disulfide bridge. Conflicting reports have appeared regarding the in vivo stability of such 
conjugates prepared with the two most commonly used cross-linking reagents, SPDP and 2-iminothi- 
olane. We have developed (i) a series of reagents based on 2-iminothiolane substituted a t  the 4- and/ 
or 5-positions (X2ITs) which, based on model studies with simple amines, should show enhanced di- 
sulfide stability when conjugated with antibodies or other proteins and (ii) a real-time method for 
monitoring the rate and extent of conjugation of these reagents with amino groups. Depending upon 
the substituent, the stability of model-activated disulfides relative to unsubstituted 2-iminothiolane 
was increased from 5- to 4000-fold as measured by glutathione-induced release of thionitrobenzoic acid. 
This family of cross-linking reagents should allow the construction of disulfide cross-linked toxin, drug, 
or enzyme conjugates with enhanced stability in vivo. 

INTRODUCTION 
Immunotoxins are a class of therapeutic agents typically 

composed of an antibody, capable of binding to specific 
cell-surface antigens on target cells, covalently cross- 
linked to a cytotoxic protein. For most immunotoxins 
prepared to date, the cytotoxic protein is ricin A chain 
(RTA),2 which requires a reducible disulfide linkage with 
the targeting antibody for maximal expression of cyto- 
toxic activity ( I ,  2). However, while some studies have 
indicated that the disulfide linkages prepared with RTA 
or other toxins and two of the most commonly used cross- 
linking reagents, 2-iminothiolane (2IT) and N-succinim- 
idyl 3-(2-pyridyldithio)propionate (SPDP), are stable in 
vivo ( 3 , 4 ) ,  others (5 ,6)  have suggested that such linkages 
may be unstable. In addition to decreasing the circulating 
levels of the antibody-toxin conjugate, such deconjuga- 
tion would liberate free antibody which can then compete 
with the conjugate for binding to target cells. 

Worrell et al. (7) and Thorpe et  al. (8, 9) have shown 
that hindering access to the disulfide bond linking the 
antibody and toxin by introducing a methyl group adjacent 
to the sulfur atom of reagents based upon SPDP increases 
the stability of the resultant conjugate both in vitro and 
in vivo. Moreover, alterations in spacer length have been 
found to alter the stability of conjugates in vitro (10). When 
combined with the experimental discrepancies noted above, 
these results suggest that the in vivo stability of immu- 
notoxins may be influenced by the specific antibody- 
toxin pairing and can be enhanced by alterations in residues 
immediately adjacent to the disulfide bridge. 

* Author to whom correspondence should be addressed. 
A preliminary report of a portion of this work has appeared 

(Abstracts from the Fourth International Conference on Mon- 
oclonal Antibody Immunoconjugates for Cancer, San Diego, 1989). 

2 The abbreviations used are as follows: DTNB, 5,5'-dithiobis- 
(2-nitrobenzoic acid); PBS-EDTA, phosphate-buffered saline, 
pH 7.2, containing 0.5 mM EDTA, ethylenediaminetetraacetic 
acid; RTA, ricin toxin A chain; SPDP, N-succinimidyl 3-(2- 
pyridy1dithio)propionate; TNB, 5-mercapto-2-nitrobenzoic acid; 
2IT, 2-iminothiolane; XBIT, 4- and/or 5-substituted 2-iminothi- 
olanes. 

In an effort to more critically evaluate the requirements 
for improving disulfide bond stability in vivo, we have 
synthesized a series of sterically hindered reagents based 
on 21T (11). 21T offers several advantages over other 
possible linking reagents (Figure 1): (i) it reacts with 
primary amines to  form stable amidinium derivatives, 
retaining the positive charge; (ii) inclusion of an aromatic 
disulfide such as 5,5'-dithiobis(2-nitrobenzoic acid) (DTNI3) 
in the reaction mixture both activates the newly exposed 
21T thiol and  allows real-time spectrophotometric 
monitoring of the labeling reaction; and (iii) substitution 
on the 2-IT ring a t  the 4- and/or 5-positions can be used 
to introduce various groups into proximity with the di- 
sulfide bond, thus allowing alterations in the degree of 
steric hindrance. Here we have prepared a series of ster- 
ically hindered 21T molecules (X2ITs, Table I) and have 
evaluated their reactivity with amino groups and the di- 
sulfide stability of model conjugates. 

EXPERIMENTAL SECTION 
Materials. 21T and DTNB were obtained from Sigma. 

Anhydrous solvents, 10 M n-butyllithium in hexane, and 
all other reagents were from Aldrich Chemical Co., except 
as noted. 

Genera l  Procedures .  Melting points are uncor- 
rected and were measured on a Fisher-Johns apparatus. 
'H NMR spectra were recorded at  60 MHz on a Varian 
EM-360 or at  400 MHz on a Bruker AM-400 spectrometer. 
Peaks are given as 6 values relative to tetramethylsilane 
as internal standard. Coupling constants (J) are given in 
hertz. IR spectra were obtained either as KBr disks or 
as neat films on NaCl plates on a Perkin-Elmer Model 1330 
spectrophotometer. The abbreviations used to describe 
the spectral peaks are v = very, s = strong, b = broad, sh 
= sharp, m = medium, w = weak. Wavelengths are given 
in inverse centimeters. Ultraviolet spectra were recorded 
on a Shimadzu Model 160 spectrophotometer. Flash 
chromatography was performed on silica gel 60 (Merck, 
230-400 mesh) with apparatus supplied by J.T. Baker. 
Elemental analyses were performed by Desert Analytics, 
Tuscon, AZ. 
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A412 
Time I 

H TNB 

Figure 1. Chemistry of the X2ITs. Compounds containing a 
primary amine (R-NHz) react with the X2ITs to create an ami- 
dinium linkage without neutralizing the positive charge. If the 
reaction is performed in the presence of DTNB, the newly exposed 
iminothiolane thiol cleaves DTNB in a disulfide-exchange 
reaction. This cleavage both activates the linker thiol (in 
preparation for conjugation) and releases free TNB, allowing real- 
time spectrophotometric monitoring of the rate and extent of 
reaction. 

Table I. Structures of Substituted X2ITs 
flJ=Nh* S 

4 3  

compd substitution no." structure 
ZIT - 7a 

MZIT 5-methyl 7b 

C H3!$2\ N i  2 
TB2IT 5-tert-butyl 7c 

ck3" 

Ph2IT 5-phenyl 7d @ - ( 3 = N ' H 2  

DM2IT 5,5-dimethyl 7e "0 NL 
CH3 

S2IT 5-spiro 7f 

0 Refers to the structures shown in Scheme I. * The fused ring 
structures are shown here with the numbering system common to 
the iminothiolane family. 

All synthetic reactions were stirred magnetically under 
an inert atmosphere; argon for reactions with n-butyl- 
lithium, otherwise nitrogen. The expression "dried" refers 
to passage of the organic layer through a pad of anhydrous 
sodium sulfate. Concentration of solutions in vacuo was 
performed under water aspiration with a Buchi RllO Ro- 
tavapor. Reactions were performed at  room temperature 
unless otherwise noted. For each compound, the boldfaced 
designation in parentheses (e.g. 6b) denotes the cor- 
responding structure shown in Scheme I. 

4-Mercaptopentanenitrile (6b). To dry THF (100 
mL) cooled to -75 "C was added 10.0 M n-butyllithium 
(15.0 mL), followed carefully dropwise with a solution of 
CH3CN (7.84 mL, 0.15 mol) in THF (20 mL). After 15 
min 2-methylthiirane (11.75 mL, 0.15 mol) was added drop- 
wise. The white suspension stirred a further 5 min a t  -75 
"C and then the cooling bath was removed. An exothermic 
reaction ensued to give a pale yellow homogeneous solution. 
After 2 h the reaction was quenched with 1/1 concentrated 
HCl/H2O (30 mL) and extracted (7 X 50 mL) with EtzO. 

Goff and Carroll 

Scheme 1.. Synthetic Scheme for the Preparation of 
X2ITs 

a 
Route B 

- 4 RmSAc 
6 R = S H  

a Details can be found in Experimental Procedures. Reagents: 
(a) LiCH&N/THF; (b) ClSOzCHs/benzene/Et3N; (c) CsSAc/ 
DMF, (d) KSCN/EtOH/HZO or 3-methylbenzothiazole-2-thione/ 
TFA/CHzC12; (e) HCl(g)/MeOH. The products of the reactions 
are indicated by underlined number (stage of synthesis), let- 
ter (R groups) combinations. For example, 7a refers to the final 
X2IT hydrochloride where R1 = Rz = R3 =- (2IT). 

The combined organic layers were dried and concentrated 
in vacuo to  give a crude amber liquid (10.1 g, 59%). 
Distillation in vacuo gave 6b as a colorless liquid (6.1 g, 
35%): 1H NMR (60 MHz, CDCl3) 2.72-3.28 (m, 1 H, CH), 
2.53 ft, J = 7, 2-CH2), 1.62-2.18 (m, 2 H, 3-CH2), 1.48 (d, 
1 H, J = 7, exchanges with D20, SH), 1.40 (d, 3 H, J = 6, 
5-CH3); IR (film) 2550 (SH), 2245 (CN). 
4-Mercapto-4-methylpntanenitrile (6e). To a 20 mL 

of dry T H F  cooled a t  -75 "C was added 10.9 M n-BuLi 
(3.0 mL), followed dropwise by a solution of CH3CN (1.60 
mL, 30 mmol) in T H F  (5 mL). After addition was 
complete the mixture, containing a white precipitate of 
LiCHzCN, was stirred for 10 min. Then 2,2-dimethylthi- 
irane (19) (2.7 g, 30 mmol) was added dropwise. The 
cooling bath was removed and an exothermic reaction 
ensued to give a pale yellow homogeneous solution. After 
1.5 h the reaction was quenched by the addition of 5 mL 
of 1/1 concentrated HCl/H20. The mixture was extracted 
(3 X 10 mL) with EtOAc. The combined organic layers 
were dried and concentrated in vacuo to give a pale yellow 
liquid (3.66 g, 92% ) with a strong thiol stench, which was 
used without further purification: 'H NMR (60 MHz, 

3-CHz), 1.53 (s, 6 H, 2 CH3); IR (film) 2250 (w), 2190 (m). 
4-Hydroxy-4-phenylbutanenitrile (2d) (13). Sodium 

amide (10.61 g, 0.271 mol) was transferred to a tared 500- 
mL three-neck round-bottom flask in a glove bag under 
Ar. An addition funnel and thermometer were added, then 
150 mL of dry THF was cannulated in. The suspension 
was cooled to -30 "C on a CC&/dry ice bath and then CH3- 
CN (13.5 mL, 0.259 mol) was added dropwise, while the 
temperature was kept <-20 "C. This was followed by 
addition of styrene oxide (26.0 mL, 0.228 mol) over 30 min. 
The mixture was allowed to  warm to 0 "C over 80 min, 
and then to room temperature over 75 min. The mixture 

CDC13) 2.88 (t, 2 H, J = 7, 2-CH2), 2.05 (t, 2 H, J = 7, 
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was then recooled to -35 "C and quenched with saturated 
aqueous NH&l (35 mL). The mixture was diluted with 
EtOAc (200 mL), and the layers were separated. The 
aqueous layer was extracted (2 X 50 mL) with EtOAc. The 
combined organic layers were dried and concentrated in 
vacuo. TLC indicated two major products. Repeated flash 
chromatography on silica (hexanes/EtOAc) gave 2d as a 
pale yellow oil (3.48 g, 10%): TLC (70/30 hexanes/ 

H, ar), 4.73 (m, 1 H, benzylic), 2.16-2.80 (m, 2 H), 1.70- 
2.16 (m, 2 H); IR (film) 3420 (vs, b, OH), 2240 (CN). 
4-Phenyl-4-(thioacetyl)butanenitrile (4d). Hy- 

droxy nitrile 2d (3.48 g, 21.6 mmol) in benzene (20 mL) 
with Et3N (3.13 mL, 22.5 mmol) was cooled to 0 "C and 
treated dropwise with methanesulfonyl chloride (2.54 g, 
22.2 mmol) in benzene (15 mL). The ice bath was removed 
and stirring continued for 30 min. The Et3NHCl was 
filtered off and the filtrate concentrated in vacuo to give 
cyanomesylate 3d: 'H NMR (60 MHz, CDC13) 7.37 (s, 5 
H, ar), 5.58 (m, 1 H, benzylic), 2.72 (s, 3 H, SOZCH~), 2.03- 
2.67 (m, 4 H). Crude 3d was dissolved in dry DMF (5 mL) 
and treated with a solution of CsSAc (22 mmol, prepared 
according to the method of Kellog and Strijtveen, ref 15) 
in DMF (10 mL). After overnight stirring the mixture was 
diluted with Et20 (150 mL) and rinsed (5 X 20 mL) with 
HzO. The organic layer was dried and concentrated in 
vacuo to give a brown liquid which was purified by flash 
chromatography (hexanes/EtOAc). Thioacetate 4d was 
obtained as an orange oily liquid (3.37 g, 72%): TLC (90/ 
10 hexanes/EtOAc) Rf  = 0.21; 'H NMR (60 MHz, CDC13) 
7.27 (s, 5 H, ar), 4.58 (m, 1 H, benzylic), 2.30 (s, 3 H, SAC), 
2.10-2.30 (m, 4 H); IR (film) 2250 (CN), 1688 (C=O). 
2-(Cyanomethyl)-l-mercaptocyclohexane (6g). To 

dry THF (30 mL) at -75 "C was added 10.0 M n-BuLi (3.59 
mL), followed dropwise by CH3CN (1.88 mL, 35.9 "01). 
Ten minutes after addition was complete, cyclohexene 
sulfide (17) (3.90 g, 34.2 mmol) in THF (10 mL) was added 
dropwise. When addition was complete the cooling bath 
was removed. After 2 h the mixture was recooled to 0 "C 
and quenched by addition of a mixture of concentrated 
HCl(6 mL) and HzO (15 mL). The layers were separated, 
and the aqueous layer was extracted (2 X 25 mL) with 
EtOAc. The combined organic layers were dried and 
concentrated in vacuo, followed by vacuum distillation to 
give 6g as a colorless liquid (2.26 g, 43%): bp 85-89 "C 
(0.3 mm); lH NMR (60 MHz, CDC13) 2.68 (d, 2 H, CH2- 
CN), 2.32 (s, 1 H), 1.00-2.30 (m, 10 H); IR (film) 2250 (CN). 

l-(a-Cyanoet hy1)- 1-mercaptocyclohexane (6f). To 
a solution of 10.0 M n-BuLi (0.67 mL) in THF (10 mL) 
at  -75 "C was added CH&N (0.35 mL, 0.67 mmol) drop- 
wise. After 10 min, 7-thiaspiro[5.2]octane [0.86 g, 0.67 
mmol, prepared from 7-oxaspiro[5.2]octane (20) according 
to the method of ref 161 in 2 mL of dry THF was added. 
The cooling bath was removed and after 2 h the reaction 
was quenched with a mixture of concentrated HCl(l.5 mL) 
and H2O (3.5 mL). The layers were separated, and the 
aqueous layer was extracted twice with EtOAc (25 mL). 
The combined organic layers were dried and concentrated 
in vacuo to give crude 6f as a foul-smelling oil (0.48 g), 
which was used without further purification. 
5,5-Dimethyl-4-mercaptohexanenitrile (6c). To a 

solution of 10.0 M n-BuLi (5.6 mL) in dry THF (50 mL) 
a t  -75 "C was added CH3CN (2.9 mL, 56 mmol) drop- 
wise. After 10 min, a solution of 2-tert-butylthiirane (16) 
(5.94 g, 51 mmol) in dry THF (5 mL) was added drop- 
wise. After 10 min the cooling bath was removed and the 
mixture stirred for 2 h, whereupon it was recooled to 0 "C 
and quenched with 1/1 concentrated HCl/HzO (12 mL). 

EtOAc) R, = 0.52; 'H NMR (60 MHz, CDC13) 7.30 (s, 5 

Bioconjugate Chem., Vol. 1, No. 6, 1990 383 

The mixture was diluted with CH2C12, and the layers were 
separated. The organic layer was rinsed four times with 
H20, dried, and Concentrated in vacuo to give a pale yellow 
liquid (4.96 gj. Kugelrohr distillation [%lo0 "C (0.6 mm)] 
gave 2.94 g (34%) of colorless 6c: 'H NMR (60 MHz, 
CDC13) 3.70 (dd, 1 H, J = 6, 10, CH), 2.36-3.36 (m, 3 H), 
1.70-2.36 (m, 2 H), 1.03 (s, 9 H, t-Bu); IR (film) 3200- 
3300 (8, b), 2960 (vs, b), 2250 and 2210 (both sh, m, CN), 
1620,1475,1375. 

General Procedure for the Synthesis of Substituted 
2-Iminothiolanes (7b-g). The appropriate 4-mercap- 
tonitrile (6) or 4-(thioacetyl)nitrile (4) was dissolved in dry 
MeOH (ca. 10 mL/g) and bubbled vigorously with HCl- 
(g) for 3-5 min. The mixture was stirred overnight or until 
IR spectroscopy showed complete loss of the nitrile ab- 
sorbance a t  2200 cm-'. The solvent was removed in vacuo. 
The residue was slurried in EtOAc and then warm EtOH 
was added until a solution was obtained. The mixture was 
cooled to -20 "C. If crystallization did not occur within 
several hours, Et20 was added. Further cooling gave the 
following hydrochlorides. 
5-Methyl-2-iminothiolane hydrochloride (M2ITsHC1, 

7b): yield 6.67 g (83%); mp 114.5-115.5 "C (EtOAc/ 

50.7, NH),4.13-4.22 (m, 1 H, 5-H), 3.31-3.39 (m, 1 H), 3.19- 
3.28 (m, 1 H), 2.39-2.47 (m, 1 H), 1.88-1.97 (m, 1 H), 1.45 
(d, 3 H, J = 6.7,5-CH3); IR (KBr) 3410,2810 (vs, vb), 1615 
(s, C=N), 1535,1450,1415,1240 1025,990,885,690. Anal. 
Calcd for C5HloClNS: C, 39.60; H, 6.65; N, 9.24; S, 21.14. 
Found: C, 39.63; H, 6.62; N, 9.02; S, 21.34. 

5-( l,l-Dimethylethyl)-2-iminothiolane hydro- 
chloride (TB21T*HCI,7c): yield 1.22 g (41%); mp 224- 
226 "C; 1H NMR (400 MHz, DMSO-de) 7.43 and 7.40 (2 
t,  J = 50.7, major t centered at  7.40, combined integral 

3.33 (m, 2 H, 3-CHz), 2.28-2.32 (m, 1 H, H-4), 1.96-2.06 
(m, 1 H, H-4), 1.01 (s, 9 H, t-Bu); IR (KBr) 2800-3000 (vs, 
vb), 1630 (s, C=N), 1535, 1475, 1410, 1375, 1260, 1185, 
1000,895,695. Anal. Calcd for C8H16ClNS: C, 49.60; H, 
8.32; N, 7.23; S, 16.55. Found: C, 49.52; H, 8.37; N, 7.37; 
S, 16.34. 
5-Phenyl-2-iminothiolane hydrochloride (Ph- 

2IT*HCl,7d): yield 1.22 g (44%); mp 172 "C dec; 'H NMR 
(400 MHz, DMSO-&) 7.52 (d, 2 H, J = 6.9), 7.36-7.45 (m, 
3 H), 5.35 (dd, 1 H, J = 5.5,10.4, 5-H), 3.30-3.44 (m, 2 H, 
3-CH2), 2.64-2.71 (m, 1 H), 2.39-2.48 (m, 1 H); IR (KBr) 
3360,2870 (vs, vb), 1615 (s, br, C=N), 1515, 1495, 1450, 
1405,1325,1020,985,830,770,760,700,675. Anal. Calcd 
for CloH12ClNS: C, 56.20; H,  5.66; N, 6.55; S, 15.08. 
Found: C, 55.94; H, 5.54; N, 6.60; S, 15.05. 
5,5-Dimethyl-2-iminothiolane hydrochloride 

(DM2IT.HCI,7e): yield 3.0 g (65%); mp 156-159 "C; lH 

1.59 (s, 6 H, 2 CH3); IR (KBr) 2900 (vs, vb), 1610 (s, b, 
C=N), 1510, 1325, 1240, 1215, 1120, 990, 875, 845, 690. 
Anal. Calcd for CsH12ClNS: C, 43.50; H, 7.30; N, 8.45; S, 
19.35. Found: C, 43.08; H, 7.45; N, 8.63; S, 18.88. 
8-Imino-7-thiaspiro[5.4]decane hydrochloride 

(S2IT-HCl, 7f): yield 0.17 g (35%); mp 130-135 "C; 'H 
NMR (400 MHz, DMSO-&) 7.37 (t, J = 50.8) and 7.34 (t, 
J = 50.7) (the major t is at  7.34, the combined integral of 

H, J = 7.1, 4-CHz), 2.00 (m, 2 H), 1.69-1.79 (m, 4 H), 1.58 
(m, 1 H), 1.33-1.38 (m, 3 H); IR (KBr) 2500-3600 (vs, vb), 
1610 (s, C=N), 1525, 1445, 1405, 1130, 1100, 1020, 990, 
875, 690. 
t-8-Imino-7-thiabicyclo[4.3.0]nonane hydrochloride 

EtOH); 'H NMR (400 MHz, DMSO-&) 7.46 (t, 1 H, J = 

1.7 H, NH2+), 4.12 (dd, 1 H, J = 5.2, 10.9, H-5), 3.17- 

NMR (400 MHz, DMSO-&) 7.43 (t, 1 H, J = 51.3, NH), 
3.43 (t, 2 H, J = 7,1,3-CH2), 2.18 (t, 2 H, J = 7.1, 4-CHz), 

both 1.8 H, NH2+, 3.39 (t, 2 H, J = 7.1, 3-CHz), 2.20 (t, 2 
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(RZITsHCl, 7g): yield 3.13 (59%); mp 254-255 "C dec; 

H-3,,), 2.91 (dd, 1 H, J = 17.0, 13.1, H-3,,), 2.22 (m, 1 H), 
1.94-2.03 (m, 2 H),  1.75-1.84 (m, 2 H), 1.45-1.54 (m, 1 H), 
1.28-1.39 (m, 3 H); IR (KBr) 2840 (vs, vb), 1624 (s, C=N), 
1528,998,895, 880,694. Anal. Calcd for CsH&lNS: C, 
50.12; H, 7.36; N, 7.31; S, 16.72. Found: C, 50.02; H, 7.29; 
N, 7.21; S, 16.79. 

Preparation of Thiol-Activated Model Compounds. 
TNB-activated X2ITs were prepared by aminolysis in the 
presence of the aromatic disulfide DTNB. Each X2IT 
(final concentration 0.5 mM) was added to a solution of 
1.0 mM DTNB in 30 mM NH4HC03, pH 8.0. After 1 h 
at  25 "C, the reactions were terminated, and solvent was 
removed, by lyophilization. The activated model com- 
pounds (NH2-X2IT-TNB) were resuspended in 0.5 mL of 
25 mM sodium citrate, pH 3.2, and applied to separate 
1-mL columns of S-Sepharose Fast Flow (Pharmacia) 
equilibrated in the same buffer. Each column was washed 
with citrate buffer until t he  absorbance a t  412 nm 
approached zero, and the model disulfides were then eluted 
with PBS-EDTA. 

Preparation of INDl-M2IT-RTA. A mixture of the 
murine IgG2a INDl antibody (20 pM, 3 mg/mL, 2 mL), 
DTNB (5.0mM),and MBIT(3.4mM)inPBS-EDTAwas 
incubated at  25 OC until the absorbance of the reaction 
mixture at  412 nm reached 0.54. Excess reagents and 
reaction byproducts were then removed by desalting on 
a 1 cm X 20 cm column Sephadex G25F equilibrated at  
4 "C in PBS-EDTA. The thiolated INDl-M2IT-TNB 
antibody so prepared (6.4 pM, 5 mL) was mixed with a 
5-fold molar excess of RTA, and the mixture was incubated 
a t  4 "C for 16 h. The IND1-M2IT-RTA immunotoxin 
was subsequently purified by size-exclusion chroma- 
tography on a 1 cm X 32 cm column of AcA44 equilibrated 
in PBS at 4 "C. 
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'H NMR (400 MHz, DMSO-&) 7.34 (t, 1 H, J = 50.7), 3.57 
(td, 1 H, J = 11.5, 3.4, H-9), 3.24 (dd, 1 H, J = 17.0, 5.7, 
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RESULTS 

Synthesis and Characterization of Substituted 
2-Iminothiolanes, The XBIT-HCl analogues (Table I) 
were prepared by cyclization of y-mercapto or y-thio- 
acetyl nitriles in methanolic HC1 (Scheme I). Both the 
parent unsubstituted 21T (7a) and M2IT (7b) have been 
previously prepared in this way (11,12). The nitriles were 
prepared either by ring opening of the appropriate ep- 
oxide with sodium or lithium acetonitrile (13,14), followed 
by mesylation of the y-hydroxy nitrile and displacement 
with cesium thioacetate (15) (route A), or by ring opening 
of a thiirane with lithium acetonitrile (route B). The thi- 
iranes were prepared from the corresponding epoxides 
either with potassium thiocyanate in EtOH (or MeOH)/ 
H2O (16) or with 3-methylbenzothiazole-2-thione (1 7). 
Route B was useful when nucleophilic substitution of a 
mesylate would be difficult [TBBIT (7c) and DMBIT (7e)l. 
Similarly, the cis-fused bicyclic R2IT (cis-7g) could not 
be prepared by substitution of mesylate 3g or the 
corresponding triflate with cesium thioacetate, but the 
trans-fused (trans-7g) compound was readily prepared via 
cyclohexene sulfide (route B). The reaction of lithioac- 
etonitrile with 2-phenylthiirane proceeded poorly, so in 
this case Ph2IT (7d) was prepared via route A. The 
preparation of nonracemic 5-substituted X2ITs was not 
investigated, but should be feasible from commercially 
available chiral epoxides such as (R)-(+)-styrene oxide and 
(S)-(-)-propylene oxide or the derived thiiranes (16,18). 

The XBIT-HCl compounds (7a-g) were characterized 
by lH NMR, IR, and UV spectroscopy and elemental 

Table 11. Properties of Substituted 2-Iminothiolanes 
reaction rates (25 "C);  k, s-* 

hydrolysisn glycineb 
linker A,, t, 1 mM, 248 nm (XIOb) (xio-3) 

21T 247 8.72 1.4 5.3 
R2IT 250 9.07 1.7 3.4 
M2IT 247 9.27 0.7 4.8 
Ph2IT 246 9.00 0.2 5.2 
TB2IT 248 11.7 0.8 4.4 
DM2IT 247 10.8 0.9 3.5 
SPIT 248 10.7 0.7 3.0 

The X2ITs (100 pM) were incubated at 25 O C  in PBS-EDTA 
and changes in the absorbance a t  248 nm were monitored. Plots of 
log [XBIT] vs time were linear, and first-order rate constants were 
calculated from the slopes. The rates of reaction of the X2ITs (100 
pM) with glycine (160 mM) in PBS-EDTA were examined by coupling 
the reaction with 0.5 mM DTNB and monitoring changes at 412 nm. 
First-order rate constants were determined from the linear slopes of 
log [XZIT] vs time plots. 

analysis. The recrystallized X2ITs are easily handled and 
stable for at  least 6 months when stored dry a t  4 "C. The 
compounds are readily soluble in H2O or polar solvents 
such as DMSO. The lH NMR spectra of the X2ITs are 
straightforward, showing signals for the 4-CHz from 1.9 
to 2.7 ppm, for the 3-CH2 from 2.9 to 3.4 ppm, and for the 
5-CH (when present) from 3.5 to 5.4 ppm. The trans ring 
fusion of R2IT (7g) was assigned on the basis of the 
assumed anti opening of cyclohexene sulfide with lithio- 
acetonitrile and by the 11.5 Hz coupling observed between 
the bridgehead protons. 

The UV spectra of the X2ITs have a maximum a t  246- 
250 nm with mM extinction coefficients of ca. 10 (Table 
11). The UV absorbance of the X2ITs is lost upon ring 
opening and this provides a convenient method of 
monitoring hydrolysis or aminolysis rates. The rates of 
aqueous hydrolysis of the X2ITs (7a-g) in PBS could 
therefore be followed by (i) the loss of absorbance a t  248 
nm or (ii) coupling the reaction with DTNB. As shown 
in Table 11, aqueous hydrolysis of the X2ITs was relatively 
slow, followed first-order kinetics, and showed little 
dependence upon ring substitution. The rates shown are 
for the direct optical assay; similar values were obtained 
when the released thiol was trapped with DTNB and the 
reaction monitored at  412 nm (data not shown). The rates 
of X2IT hydrolysis were thus unaffected by the presence 
of DTNB. 

Reactivity with Glycine. Reaction of the X2ITs with 
amino groups was analyzed by incubating each cross- 
linker with glycine at  pH 7.2. In order to better mimic 
the reaction with proteins, these reactions were performed 
in the presence of DTNB, thus allowing both real-time 
monitoring of the reaction, as well as activation of the newly 
exposed iminothiolane thiol. Each X2IT was therefore 
incubated with glycine and DTNB, and changes in the ab- 
sorbance a t  412 nm were monitored. Under these 
conditions, the reaction rates were first-order and were 
again unaffected by the ring substituent (Table 11). Similar 
rates were also obtained when the reactions were monitored 
optically at  248 nm in the absence of DTNB (data not 
shown). Under the experimental conditions employed, the 
rates of reaction of the X2ITs with glycine were typically 
5000-fold greater than the rates of aqueous hydrolysis. 

Preparation and Stability of Model Disulfides. In 
order to assess the effect of the various ring substituents 
on subsequent disulfide bond stability, TNB-activated 
model conjugates were prepared by reacting each X2IT 
with ammonium bicarbonate in the presence of DTNB. 
Aminolysis with ammonium bicarbonate was chosen for 
these experiments because excess NH3 and buffer could 
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in the presence of DTNB. The reaction was monitored 
optically a t  412 nm and was terminated when the absor- 
bance indicated 1.9 activated thiols/mol of protein. 
Following purification, an aliquot was removed and treated 
with 0.1 mM DTT; the activated IND1-M2IT-TNB 
antibody contained 2.0 TNB/mol. Subsequent conjugation 
with RTA gave IND1-MBIT-RTA in high yield. 

m z c 

100 - 

80 - 

60 - 

40- 

A A21T 

0 Ph2IT 

A M21T 

TB2lT 

- -  
0 I 0 0  Z O O  300 400 500 600 

T h e  (seconds) 

F i g u r e  2. Glutathione-induced release of T N B  from NHz- 
X2IT-TNB model conjugates. Samples of the activated model 
conjugates (20 pM) in PBS-EDTA were placed in a cuvette ther- 
mostated to  25 O C  and, a t  T = 0, reduced glutathione was added 
to  a final concentration of 200 pM. The  release of T N B  was 
monitored optically at 412 nm for 500 s, and 2-mercaptoetha- 
no1 was then added to  a final concentration of 200 m M  t o  
determine maximal release of TNB. The plots for the different 
linkers were normalized by determining percent maximal T N B  
release, as calculated by dividing the amount of T N B  released 
at any timepoint by the amount released with 2-mercaptoeth- 
anol. 

Table 111. Relative Stability of TNB-Activated 
NHZ-Iminothiolanes 

TNB release rate (25 “C),” stability increase 
k (X104), s-l relative to 21Tb 

NHz-ZIT-TNB 318 1.0 
NHz-R2IT-TNB 113 2.8 
NHz-Ph2IT-TNB 70.0 4.5 
NHz-M2IT-TNB 32.5 9.8 
NHz-TB2IT-TNB 3.22 99 
NHz-DMPIT-TNB 0.076 4184 

a Reactions contained 20 pM NHz-X2IT-TNB in PBS-EDTA at 
25 OC and were initiated by the addition of reduced glutathione as 
described in the legend to Figure 2. The concentration of added glu- 
tathione was varied between 50 pM and 200 mM in order to achieve 
linear plots of log [NHz-X2IT-TNB] vs time, and first order rate 
constants were then determined. * Calculated by dividing the rate 
constant for TNB release for each model conjugate by that obtained 
for NHz-BIT-TNB. 

be removed by lyophilization, thereby minimizing ionic 
effects. Conditions were chosen such that each linker was 
quantitatively converted to the corresponding activated 
model conjugate (NHr  X2IT-TNB). Following lyophiliza- 
tion, the model conjugates were purified by cation- 
exchange chromatography to remove unreacted DTNB and 
TNB. The relative stabilities of these mixed disulfides 
were then examined by reacting the model conjugates with 
reduced glutathione. The release of TNB was monitored 
a t  412 nm, providing a direct measure of glutathione- 
induced disulfide bond cleavage. 

A comparative rate plot for the activated X2IT model 
conjugates (20 pM) incubated with 200 pM glutathione is 
shown in Figure 2. By varying the concentration of glu- 
tathione (0.05 to 250 mM) for the different compounds, 
first-order rate constants for TNB release were determined 
(Table 111). The results indicate that the relative stability 
of the disulfide bonds formed by the X2ITs vary by a factor 
of roughly 4000, with DMBIT being the most stable, 
followed by TB2IT and M2IT. 

Prepara t ion  of Protein-Protein Conjugates. To  
confirm the utility of the XBIT reagents for the preparation 
of antibody-toxin conjugates, one of the linkers (M2IT) 
was reacted with the murine IgG2a antibody INDl (21) 

DISCUSSION 

The X2ITs described here represent a new family of 
cross-linking reagents that should prove useful in the 
preparation of stabilized protein conjugates linked by a 
disulfide bridge. Like 21T (II), the X2ITs are highly water 
soluble, they react with amino groups to produce a stable 
amidinium linkage (thereby preserving the positive charge), 
and the reaction rate and extent can be monitored in real 
time by including an aromatic disulfide in the reaction 
mixture. In addition, the relative stability of the conjugate 
disulfides can be controlled by appropriate substitution 
on the 21T ring, particularly a t  the 5-position. With the 
model conjugates prepared here, disulfide bond stability 
was increased from 6- to 4000-fold relative to unsubsti- 
tuted 21T and was well-correlated with the degree of steric 
hindrance (see below). Importantly, these increases were 
achieved without adversely affecting either the rate of 
reaction with glycine or the aqueous lability of the linker. 

In designing cross-linking reagents for the preparation 
of disulfide-linked immunoconjugates, several features 
critical to actual therapeutic use must be evaluated (1). 
Some considerations (and consequences) include (i) the 
effect of linker derivatization on protein function (reduced 
binding or enzymatic activity, altered charge, etc.), (ii) 
variations in subsequent conjugation efficiency (lower 
efficiency necessitates higher linkerlprotein ratios and 
reagent needs), and (iii) relative stability in vivo (rapid 
deconjugation reduces the effective serum concentration 
and liberates competitive ligand). Whereas some of these 
concerns are empirical (i.e., the effect of linker derivati- 
zation), the remainder can be readily controlled by 
appropriate linker chemistry and selection. 

Each of the above concerns can be minimized by the use 
of a linking reagent that allows both efficient conjugation 
with thiol-containing compounds, as well as the ability to 
control disulfide bond stability. Thus, the absolute number 
of linkers/molecule can be minimized, reducing the 
probability tha t  protein function will be affected. 
Preliminary results suggest that the efficiency of con- 
jugation (i.e., the efficiency with which the aromatic leaving 
groups are replaced by the protein thiol) for the X2ITs 
ranges between 60 and 10076, depending upon the di- 
aryl disulfide present in the reaction mixture (unpublished 
data). These results, together with the preservation of 
positive charge and the controlled bond stability, support 
the use of the  X2ITs in the preparation of human 
therapeutics. 

Mechanistically, the observed increases in the stability 
of model X2IT disulfides conferred by a-alkylation can 
be rationalized by assuming that the incoming thiolate 
nucleophile (glutathione in this case) must attack the 
sulfur atom derived from the XBIT (see Figure 1). It  has 
been postulated that this thiol-exchange process is a nu- 
cleophilic substitution with the attacking thiolate 
approaching along the extension of the S-S bond (22). 
According to this model, the a*(S-S) orbital interacts with 
the approaching nucleophile. Molecular modeling indicates 
that a-methyl groups do provide significant shielding of 
the adjacent S and that  this shielding increases with 
increased steric bulk (H < methyl < tert-butyl < dime- 
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thyl). That this increased shielding closely parallels the 
measured increases in disulfide bond stability (1-, lo-, loo-, 
and 4000-fold, respectively) strongly argues in favor of steric 
protection. 

The model reactions and conjugations described here 
have been successfully extended to the construction of 
other conjugates between monoclonal antibodies and RTA 
(manuscript in preparation). Preliminary data suggest that 
these conjugates are more stable to reduction than the 
corresponding SPDP conjugates. Within this context, i t  
will be of interest to compare the relative stabilities of such 
conjugates with those of the model compounds described 
here. I t  should be emphasized, however, that the utility 
of the X2ITs is not limited to the construction of immu- 
notoxins, but extends to the preparation of other protein- 
protein, protein-drug, and protein-enzyme conjugates 
where control of disulfide bond stability and maximum 
conjugation efficiency are essential. 

Goff and Carroll 
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We have previously shown that use of N-succinimidyl3-iodobenzoate (SIB) for radioiodination of mon- 
oclonal antibodies (MAbs) decreases the loss of radioiodine in vivo compared to MAbs labeled by using 
conventional methods. Herein, the synthesis of N-succinimidyl 2,4-dimethoxy-3-(trialkylstannyl)- 
benzoates (alkyl = Me, Bu) are described as is their use as precursors for the radiosynthesis of N-suc- 
cinimidyl2,4-dimethoxy-3-iodobenzoate (SDMIB). A MAb F(ab’)2 fragment labeled with SDMIB retained 
its ability to bind specifically to tumor homogenates. Paired-label tissue distribution studies indicate 
that the thyroid uptake (an indicator of deiodination) of hydrolyzed SDMIB was about 20 times that 
of hydrolyzed SIB. In contrast, thyroid uptake for SDMIB, when conjugated to a MAb, was only 1.4- 
2.8 times that for SIB and was considerably lower than levels reported in the literature for MAbs labeled 
by using direct, electrophilic iodination methods. Although MAbs labeled with SDMIB are significantly 
more inert to dehalogenation than those labeled by conventional methods, compared to the original 
SIB reagent, addition of two methoxy groups decreased retention of label in vivo. 

When radiolabeled monoclonal antibodies (MAbs)’ are 
administered to  patients intravenously, uptake of 
radioactivity is low, generally about 0.005% of the injected 
dose per gram (I). For this reason, single photon emission 
tomography is often required to  obtain satisfactory 
sensitivity for tumor detection (2).  Of the nuclides under 
active investigation for use in radioimmunoscintigra- 
phy, 6-h 99”Tc and 13-h 1231 have the most suitable nuclear 
properties for single photon emission tomography, 
particularly when quantitation of tracer uptake for do- 
simetric calculations is required. For many applications 
of labeled MAbs, the added expense and inconvenience 
of using 1231 may be more than offset by the greater com- 
patability of its physical half-life with MAb pharmaco- 
kinetics. 

Methods for the direct radioiodination of proteins have 
been available for many years (3). However, use of oxidants 
such as Iodogen or chloramine-?‘ results primarily in the 
formation of iodinated tyrosine residues ( 4 ) ,  and MAbs 
labeled by this approach have been observed to undergo 
extensive loss of label in vivo (5-7). Since numerous deio- 
dinases exist with varying specificities for iodotyrosines 
and thyronines @-IO), MAb dehalogenation probably is 
related to recognition of iodotyrosines on the MAb by these 
enzymes. 

In an attempt to minimize MAb dehalogenation by 
providing an iodination site with a different chemical 
structure, we developed a method which involves reaction 
of the MAb with N-succinimidyl3-iodobenzoate (SIB, 1, 
Chart I), which is prepared by the iododestannylation of 
N-succinimidyl 3-(tri-n-butylstannyl)benzoate (ATE, 2) 

Abbreviations: MAbs, monoclonal antibodies; SIB, N-suc- 
cinimidyl 3-iodobenzoate; ATE, N-succinimidyl 3-(tri-n- 
butylstanny1)benzoate; DMATE-Bu, N-succinimidyl 2,4- 
dimethoxy-3-(tri-n-butylstannyl)benzoate; DMATE-Me, N-suc- 
cinimidyl2,4-dimethoxy-3-(trimethylstannyl)benzoate; DCC, di- 
cyclohexylcarbodiimide; SDMIB, N-succinimidyl2,4-dimethoxy- 
34odobenzoate; IBA, 3-iodobenzoic acid; DMIBA, 2,4-dimethoxy- 
3-iodobenzoic acid. 

Chart I 
COOR 

1. 

2. 

3a. 

3b. 

4. 

5. 

6. 

t 
NHS 

SIB R E M ,  X = Z = H , Y = I  

ATE R=NHS, X = Z = H , Y = S n B u 3  

DMATE-Me R = NHS, X = Z = OCH,, Y = SnMq 

DMATE-Bu R = NHS, X = Z = Om3,  Y = SnBu, 

SDMIB R+EIS, X=Z=OCH, ,  Y = I  

IBA R = X = Z = H ,  Y - I  

DMIBA R = H ,  X=Z=OCH3, Y = I  

(11). Paired-label studies demonstrated that proteins 
labeled via the ATE method had significantly lower uptake 
of activity in the thyroid and stomach (tissues known to 
avidly accumulate free iodide) compared to the same 
proteins labeled by using the Iodogen method (11-13). 
Similar results have been reported by other groups using 
MAbs and fragments labeled with 4-iodophenyl conjugates 
(14,15), confirming the influence of the nature of the MAb 
iodination site on in vivo stability. 

Further improvements in protein radiohalogenation 
methodology will be facilitated by gaining a better 
understanding of the structural features required for 
minimizing dehalogenation. For example, although both 
the Bolton-Hunter and Iodogen methods involve radio- 
iodination ortho to a hydroxyl group on an aromatic ring, 
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MAbs labeled by using the Bolton-Hunter method are 
considerably more inert to dehalogenation in vivo (16). In 
the present study, we investigated the utility of labeling 
MAbs via the iododestannylation of N-succinimidyl 2,4- 
dimethoxy-3-(tri-n-butylstannyl)benzoate (DMATE- 
Bu, 3b) (17) and i ts  trimethylstannyl analogue 3a 
(DMATE-Me). The primary objective of this investigation 
was to determine whether substitution of electron-rich 
methoxy groups ortho to the iodine on the aromatic ring 
would decrease the probability of nucleophilic displacement 
of the iodine, thereby enhancing the in vivo stability of 
the carbon-iodine bond. 

Vaidyanathan and Zalutsky 

combined ethereal layer was washed with brine (2 X 10 
mL), dried over sodium sulfate, and evaporated to yield 
1.2 g of a white solid. This was purified by silica gel flash 
chromatography with a gradient elution of 0-30% ethyl 
acetate in hexane to give 460 mg (45 % yield) of a white, 
crystalline solid. Mp: 108-111 "C. NMR (CDC13) 6 0.37 
(s,9 H,SnCH3),3.82 (s,3 H,4-OCH3),3.85 (s,3 H,2-OCH3) 
6.75 and 8.14 (dd, 2 H, aromatic, J = 8.65 Hz). (Note: 
NMR indicates this is the free acid in contrast to the tin 
ester obtained in the case of the butyl analogue. No 
attempt was made to further characterize it prior to 
proceeding to the next step.) To 250 mg (0.72 mmol) of 
the above solid in 10 mL of dry THF were added 120 mg 
(1.04 mmol) N-hydroxysuccinimide and 180 mg (0.87 
mmol) of DCC under an argon atmosphere. The mixture 
was stirred overnight a t  room temperature. Precipitated 
dicyclohexylurea was filtered and washed with THF. The 
filtrate containing the product was evaporated in a rotary 
evaporator, and the residue was flash chromatographed 
on silica gel using a 0-30% ethyl acetate in hexane gradient 
to give 180 mg (58% yield) of a white, crystalline solid. 
Mp: 85-86 "C. NMR (CDC13) 6 0.33 (s, 9 H, SnMea), 2.89 
(br s, 4 H, NHS), 3.78 (s,3 H), 3.80 (s, 3 H), 6.65 and 8.10 
(dd, 1 H each, J = 8.71 Hz). IR: (KBr) cm-l 3328, 2931, 
2853,1773,1737,1578. MS: m/z 428 (M - CH3), 329 (M 
- ONHS), 299. Anal. Calcd for C15HleO,jNSn (M - CH3) 
428.0156, found 428.0163. TLC: 30% EtOAc/hexane, Rf 
= 0.16. HPLC: more than 99% pure; retention volume 
is 11.2 mL (EtOAc/hexane/HOAc 50:50:2; 0.8 mL/min, 
10 bar). 

Radioiodination Procedure. [ 1251]SIB was synthesized 
from ATE and purified as described before (21). For the 
synthesis of [131]SDMIB (4), sodium [1311]iodide (ca. 100 
pCi) in about 5 pL of 0.1 N NaOH was transferred to a 
l-mL conical glass vial and evaporated with a gentle stream 
of argon. (No loss of 1311 activity was observed.) A 3% 
solution of acetic acid in CHC13, in a volume twice that 
of the 1311 solution, was added, followed by 15 pL of tert- 
butyl hydroperoxide solution (10% dry basis in CHCl3) 
and 5 pL (0.5 pmol) of either DMATE-Bu or DMATE- 
Me. The mixture was stirred for 1-30 min. The percent 
yield of [1311]SDMIB was determined by injecting an 
aliquot onto the HPLC and determining the fraction of 
the 1311 which eluted with a retention time corresponding 
to that of a cold SDMIB standard ( t ~  = 14.0 min). 

For biological experiments, higher amounts (0.5-1.5 mCi) 
of radioactivity were used. Free acids IBA (5) and DMIBA 
(6) were prepared by hydrolyzing the corresponding N-suc- 
cinimidyl esters overnight in phosphate-buffered saline. 
The extent of hydrolysis was checked by acidifying an 
aliquot with acetic acid, extracting with EtOAc, and 
analyzing the EtOAc layer by HPLC. 

Labeling of MAbs by Reaction with [1251]SIB or  
[1311]SDMIB. The general methodology used for MAb 
labeling was similar to that reported previously (16,21). 
In brief, the HPLC fractions containing [131I]SDMIB or 
[1251]SIB (300-1000 pCi) were concentrated to <lo0 pL 
and transferred to a l/Z-dram vial. A gentle stream of argon 
was used to evaporate the remaining solvent. CllO MAb 
or Mel-14 F(ab')p (75-150 pL, 2-3.5 mg/mL) in 0.1 M 
borate buffer of pH 8.5 was added to the dried activity 
and incubated at  room temperature for 20 min. Glycine 
solution, 0.2 M in the above buffer, was added at  the end 
of 20 min to consume unreacted ester, and the mixture was 
incubated further for 5 min. The labeled protein was 
purified by gel filtration on Sephadex G-25 eluted with 
phosphate-buffered saline. The coupling yield was 
determined by calculating the percent of activity loaded 

EXPERIMENTAL PROCEDURES 

General Procedures. NMR spectra were obtained in 
CDC13 solution with a General Electric midfield GN-300 
spectrometer. The proton chemical shifts are reported in 
ppm downfield from internal TMS (0.00 ppm). IR spectra 
were obtained on a BOMEM MB-100 variable-resolution 
FTIR spectrophotometer. Mass spectral data were 
obtained on a VG 70s (VG Analytical, Danvers, MA) 
instrument operating in the E1 mode. Melting points were 
determined on a Haake Buchler variable-heat apparatus 
and are uncorrected. 

All reagents were of reagent grade or better. THF was 
distilled over LiAlH4. ATE was prepared as reported 
before (11). DMATE-Bu was synthesized with slight 
modifications of the previously described procedure ( I  7), 
and DMATE-Me was prepared in a similar fashion, the 
details of which are given below. 

Sodium [1251]iodide and sodium ['3lI]iodide, both in 0.1 
N NaOH, were obtained from Du Pont-New England 
Nuclear (North Billerica, MA). MAb CllO is a murine 
IgGl reactive with carcinoembryonic antigen (18) and was 
obtained as a gift from Dr. David Johnson of Abbott 
Laboratories. Mel-14 is a murine IgG2a reactive with the 
tumor-associated chondroitin sulfate present in melanomas 
and gliomas (19). The procedure for generation of Mel- 
14  F(ab')z fragments has been described (20). This 
fragment was obtained as a gift from Dr. Dare11 D. Big- 
ner of the Department of Pathology, Duke University 
Medical Center. 

Thin-layer chromatography was done on EM Science 
analytical silica plates. Flash chromatography was done 
with 230-400 mesh silica gel from VWR Scientific, Mari- 
etta, GA. High-pressure liquid chromatography was 
conducted with an LKB Model 2150 pump, an LKB Model 
2151 variable-wavelength UV detector, and a Beckman 
Model 170 radioisotope detector. Peak analysis was 
performed with a Nelson analytical software package on 
an AT&T 6300 computer. The column used was an Al- 
ltech silica gel column (Partisil 10 silica 10 pm, 250 X 4.6 
mm). Radioactivity counting was performed with a LKB 
1282 dual channel y-counter. 

Synthesis of DMATE-Me (3a). A solution of %bromo- 
2,4-dimethoxybenzoic acid, prepared as previously 
described (17) (786 mg, 3 mmol) in 96 mL of dry THF, 
was cooled in an ether/liquid nitrogen bath (-100 "C). To 
this solution was added dropwise 3.8 mL of butyllithium 
(1.6 M in hexane; 2 equiv), and the mixture was stirred 
at  -100 "C for another 30 min. A solution of trimethyl- 
stannyl chloride (1.56 g, 7.85 mmol) in THF (5 mL) was 
added. The reaction mixture was allowed to warm to room 
temperature and stirred overnight. All of the above 
operations were done under an argon atmosphere. A t  the 
end of the reaction, the reaction mixture was partitioned 
between water and ether (100 mL of each). The aqueous 
layer was further extracted with ether (3 X 50 mL). The 
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on the column that eluted in the void volume. Protein- 
associated activity was determined by trichloroacetic acid 
precipitation. 

Evaluation of Immunoreactivity. F(ab‘)z fragments 
of Mel-14 were labeled with 1311 by reaction with [l3II]- 
SDMIB and their immunoreactivity was evaluated by 
determination of their specific binding in vitro to D-54 MG 
human glioma tumor homogenates. Between 50 and 100 
ng of 1311-labeled Mel-14 F(ab’)z in 1 mL of phosphate 
buffer (pH 7.4) was incubated in triplicate with 300 mg 
of both D-54 MG glioma and normal pork liver homoge- 
nates. After a 4-h incubation at  room temperature, the 
homogenates were washed three times with phosphate 
buffer containing 2 SO human serum albumin. Specific 
binding was calculated by subtracting the percentage 1311 
bound to liver from the percentage bound to tumor. 

Tissue Distribution Measurements. Three different 
sets of paired-label studies were performed in BALB/c 
mice weighing between 25 and 30 g. To investigate the 
inertness of DMIBA to dehalogenation, five or six animals 
per time point were injected through the tail vein with 6 
pCi of [1311]DMIBA and 8 pCi of [1251]iodide; groups of mice 
were killed by halothane overdose at  1, 2, 5, 6, and 24 h. 
In the second experiment, animals were injected with 4 
pCi of [1311]DMIBA and 6 pCi of [1251]IBA and groups of 
five or six mice were killed at 1, 2, 4, 6, and 24 h. In the 
third experiment, animals received 6 pCi (2 pg) of MAb 
CllO IgGl labeled with 1311 prepared with ATE and 7.5 
pCi (4 pg) of MAb CllO labeled with lZI by using DMATE- 
Bu as described above. Groups of five or six animals were 
killed by halothane overdose 1,2,3, and 4 days after labeled 
MAb administration. An additional experiment was 
performed in two groups of five mice who were injected 
with 5 pCi of [lZ5I]iodide and 4 pCi of [1311]DMIBA and 
sacrificed 4 h after injection. One group of animals had 
been given 0.1 YI potassium iodide as their drinking water 
starting 3 days prior to the experiment to block thyroid 
uptake of free iodide. 

In all cases, the animals were dissected at  the appropriate 
time points and tissues of interest were removed, washed 
with saline, and weighed. Activity in each organ was 
counted in a dual-channel y-counter. Counting data were 
automatically corrected for l3lI crossover into the 1251 
window and decay of both nuclides. The percent injected 
dose of both lZ5I and 1311 in each tissue was calculated by 
comparison to injection standards of appropriate count 
rates. 

Statistical Analysis. A direct comparison of the tissue 
distribution of the 1251- and 1311-labeled compounds was 
possible since a paired-label format was used, with each 
animal serving as its own control. A paired t test with one- 
sided alternative was used to analyze the data (22). Only 
cases with P < 0.05 have been considered to be statistically 
significant. 
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RESULTS 

Chemical Synthesis. DMATE-Me was prepared in 
two steps in ca. 25% overall yield. First, 3-bromo-2,4- 
dimethoxybenzoic acid was reacted with n-BuLi and tri- 
methylstannyl chloride to yield an intermediate whose 
NMR spectrum, after purification over silica gel, was 
consistent with the formation of 2,4-dimethoxy-3- 
trimethylstannylbenzoic acid. (This is in contrast to 3b, 
the corresponding tributyl tin ester of which is stable to 
chromatography.) The desired compound 3a was produced 
by treatment of this intermediate with N-hydroxysuccin- 
imide and dicyclohexylcarbodiimide. The assigned 
structure for 3a was in full agreement with its spectral data. 

I I METHYL (34 0-0 BUTYL (3b) 0-0 

5 10 15 20 25 30 

REACTIONTIME ( K ” E S )  

Figure 1. Yields for the radioiodination of DMATE-Bu and 
DMATE-Me as a function of reaction time. 

Purity of 3a (and 3b) was determined to be greater than 
98% by HPLC. 

Radioiodination of 3a and 3b. The radioiodination 
of the N-succinimidyl active esters 3a and 3b was 
performed in chloroform/acetic acid with tert-butyl hy- 
droperoxide as the oxidant. The kinetics of radioiodo- 
destannylation are illustrated in Figure 1. Yields were 
determined by calculating the percent of activity injected 
on the HPLC column that eluted with the retention time 
of an authentic sample of 4 and dividing by the activity 
added to the column. At early time points, yields for 
synthesis of 4 via the destannylation of 3a were higher than 
those from 3b (35 f 11% and 48 f 16% for DMATE- 
Me and 23 f 9% and 31 f 8% for DMATE-Bu at  1 and 
5 min, respectively); however, these differences were not 
significant (P  = 0.067 at 1 min and P = 0.059 at  5 min; 
Student’s t test). With both DMATE-Me and DMATE- 
Bu, average radioiodination yields of 70-75% were obtained 
for reaction times of 10 min or more. When paired 
experiments were performed with both DMATE-Bu and 
ATE, radioiodination yields were similar. 

Protein Coupling and in Vitro Binding. Conjugation 
efficiencies for CllO IgGl a t  a pH of 8.5 and a concen- 
tration of 2 mg/mL ranged between 48 and 68%. The lZI- 
labeled preparation used for the biodistribution studies 
had a specific activity of 2 pCi/pg. Coupling of SDMIB 
to Mel-14 F(ab’)z, also at 2 mg/mL, proceeded in 40- 
45% yield. 

The immunoreactivity of l3II-labeled Mel-14 F(ab’)z was 
assessed by measuring its binding to antigen-positive D-54 
MG glioma and antigen-negative pork liver homoge- 
nates. In vitro binding to tumor was 65.7 f 1.5% and 
binding to liver was 2.4 f 0.3 70 ,  resulting in a specific 
binding percentage of 63.3 f 1.5%. 

Biodistribution Studies. Paired-label studies were 
performed in normal mice injected with both DMIBA, a 
potential catabolite of MAbs labeled with DMATE, and 
either iodide or IBA, a potential catabolite of MAbs using 
the ATE reagent. In Table I, the tissue distribution of 
[ 1251]iodide and [ 1311]DMIBA at  1 h and 6 h are compared 
(data for other time points available upon request). Most 
striking is the fact that the percent injected dose taken 
up by thyroid of DMIBA is only 2-3-fold lower than that 
of iodide (6.46 f 0.98% DMIBA, 15.65 f 2.09% iodide, 
P < 0.005, at 6 h). Stomach accumulation of iodide was 
higher than that of DMIBA, but in general when significant 
differences existed, tissue retention of 1311 was higher than 
that of lZ5I. 

Mice were injected with both [1311]DMIBA and [lZ5I]- 
IBA to investigate the effect of the two methoxy groups 
on tissue distribution of radioiodine. As shown in Figure 
2, thyroid uptake of I3lI is about 20 times higher than that 
of 1251, suggesting a significantly lower inertness to de- 
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iodide were given to mice receiving blocking doses of 
potassium iodide in their drinking water. With [ 1251]- 
iodide, iodide blocking decreased thyroid uptake from 8.2 
f 1.0% to 0.05 f 0.01% ; for [1311]DMIBA, iodide blocking 
likewise decreased thyroid accumulation from 2.9 f 0.6 % 
to 0.07 f 0.01 % . 

Table I. Paired-Label Tissue Distribution of Radioiodine 
in  Normal Mice following Injection of [ l*lI]DMIBA and 
[ 12sI]iodinea 

70 injected dose per organ 
l h  6 h  

tissue DMIBA iodide DMIBA iodide 
liver 3.60 f 0.53 1.62 f 0.63 0.45 f 0.09 0.50 f 0.12b 
spleen 0.08 f 0.02 0.13 f 0.06 0.04 f 0.02 0.05 f 0.Olb 
lung 0.52 f 0.16 0.49 f O.2lb 0.19 f 0.06 0.10 f 0.06 
heart 0.16 f 0.03 0.13 f 0.04b 0.06 f 0.01 0.03 f 0.02 
kidney 3.65 f 0.89 0.79 f 0.22 0.24 f 0.08 0.18 f 0.09 
stomach 5.90 f 1.27 13.64 f 2.25 0.34 f 0.19 0.49 f 0.11 
small 3.04 f 1.07 5.14 f 2.10 0.50 f 0.17 0.77 f 0.33 

large 1.08 f 0.13 1.38 f 0.16 0.64 f 0.26 1.08 f 0.41 

muscle 5.28 f 1.43 6.21 f 2.71b 2.27 f 0.23 1.65 f 0.42 
bone 2.20 f 0.61 3.49 f 1.30 0.60 f 0.22 0.65 f 0.35* 
blood 4.06 f 0.59 3.79 f 1.44b 1.38 f 0.26 0.78 f 0.38 
brain 0.18 f 0.04 0.08 f 0.03 0.10 f 0.02 0.04 f 0.03 
thyroid 2.58 f 0.72 7.10 f 1.90 6.46 f 0.98 15.65 f 2.09 

a Results are mean f SD. Differences not significant (P > 0.05) 
by paired t test. 

intestine 

intestine 
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Figure  2. Comparison of the percent injected dose of radioio- 
dine localized in the thyroids of normal mice injected with [1311]- 
DMIBA and [1*5I]IBA. 

halogenation of DMIBA compared with IBA. As to other 
tissues, excepting the data for bone a t  2 h, retention of 
1311 was significantly higher (P C 0.01) than that of 1251 
in all tissues a t  all time points (Table 11). The uptake 
differential was greatest in stomach, where a 20-fold higher 
accumulation of 1311 activity was seen at 1 and 2 h. 

Paired-label biodistribution measurements were also 
performed in normal mice to compare the in vivo distri- 
bution of MAb CllO IgGl labeled with 1251 by using SD- 
MIB and with l3lI by using SIB. As shown in Figure 3, 
thyroid uptake of 1251 (0.64 f 0.12%) and I3lI (0.45 f 
0.12 Co ) were comparable at 1 day postinjection (Figure 3); 
however, by days 3 and 4, accumulation of radioiodine from 
MAb labeled with SDMIB was 2.5-fold that of MAb labeled 
with SIB (significance of difference, P 0.005). As shown 
in Table 111, in general, uptake of both nuclides was similar 
in all tissue? a t  all time points except for the stomach and 
large intestine, where SDMIB was higher, and blood, where 
use of SDMIB to label the MAb resulted in significantly 
lower activity levels ( P  < 0.01). 

In order to evaluate the effect of substitution of two 
methoxy groups orthb to the iodination site, thyroid uptake 
ratios were calculated for the carboxylic acids and their 
MAb conjugates. The DMIBA/IBA uptake ratio ranged 
between 20 and 251 for data obtained a t  1-24 h compared 
with only 1.4-2.81 for the MAb conjugates. To investigate 
whether this difference was related to the active uptake 
of DMIBA or its labeled catabolite or if it reflected de- 
halogenation and production of free iodide, DMIBA and 

DISCUSSION 

As part of our continuing efforts to develop better ra- 
diohalogenation agents for use in labeling MAbs, in this 
study we have investigated whether increasing electron 
density a t  the carbon bearing the radioiodine in the 
aromatic ring would decrease dehalogenation in vivo. In 
order to test this hypothesis, analogues of the original ATE 
reagent containing methoxy groups on both positions or- 
tho to the trialkylstannyl group were synthesized. 

Both DMATE-Bu and DMATE-Me were synthesized 
in order to determine whether decreasing the bulk of the 
alkyltin substituent increased the rate of iododestanny- 
lation. This was of particular interest because it was 
thought that the ortho methoxy groups might provide steric 
interference in the radioiodination reaction. Previous 
studies have shown that changing the alkyl substituent on 
the tin from Bu to Me can increase the rate of iodode- 
stannylation (21,23). Our results indicate that for reaction 
times less than 10 min, labeling of [1251/1311]SDMIB 
proceeded more rapidly with the Me precursor; however, 
the differences were not statistically significant. With 
regard to the influence of the methoxy groups on the rate 
of destannylation, paired studies indicated that labeling 
yields using DMATE and ATE were similar, suggesting 
a balance between steric and electronic effects. 

The specific binding of the F(ab’)2 fragment of Mel- 
14 F(ab’)2 after labeling with 1311 by using DMATE-Bu was 
determined to be 63 % . This compares favorably with a 
range of 40-61% reported for this fragment labeled by 
using Iodogen (24) and identical with that observed (25) 
with the ATE method. Thus, at least for this particular 
MAb fragment, use of DMATE for MAb radioiodina- 
tion provides a labeled protein with immunoreactivity 
greater than that obtained by using a conventional, direct 
electrophilic iodination approach. 

In addition to retaining immunoreactivity, an additional 
factor of importance in evaluating new labeling methods 
is the pharmacokinetics of potential labeled catabolites. 
For example, we have reported previously tha t  an 
advantage of using the ATE method for labeling MAbs 
is the more rapid tissue clearance of IBA compared to that 
of iodide (12). Because of the altered lipophilicity induced 
by the substitution of the two methoxy groups (IBA, log 
k’ = 0.81; DMIBA, log k’ = 0.53; determined by reverse- 
phase HPLC as described in ref 26), it was anticipated that 
the tissue retention of activity of radioiodine from DMIBA 
would be different than that of IBA. In addition, DMIBA 
itself might be useful in approaches at reducing normal 
tissue background utilizing antibodies directed against 
small radioactive molecules with favorable blood- 
clearance rates (27). 

The results of paired-label experiments suggest that 
substitution of the two methoxy groups ortho to the io- 
dination site significantly retards the tissue clearance of 
DMIBA relative to IBA. The observation that thyroid 
uptake of DMIBA is about 20 times that of IBA and about 
40% that of iodide suggests either extensive in vivo de- 
halogenation or active thyroid uptake of DMIBA or its 
labeled catabolite. In order to exclude the later possibility, 
a paired-label experiment was performed in mice receiving 
both iodide and DMIBA, with and without a blocking dose 
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Table 11. Paired-Label Tissue Distribution of Radioiodine in Normal Mice following Injection of [ 12s1]IBA and [ lJII]DMIBAa 
% iniected dose/orpan 

tissue l h  2 h  4 h  6 h  24 h 

liver 
spleen 
lung 
heart 
kidney 
stomach 
small intestine 
large intestine 
muscle 
bone 
blood 
brain 

3.18 f 0.48 
0.12 f 0.02 
0.47 f 0.11 
0.16 f 0.02 
2.53 f 0.27 
7.43 f 2.42 
4.13 f 0.18 
1.50 f 0.45 
5.71 f 1.05 
2.82 f 0.21 
4.20 f 0.40 
0.16 f 0.01 

[1311]DMIBA 
1.68 f 0.42 
0.10 f 0.05 
0.32 f 0.08 
0.10 f 0.03 
0.99 f 0.13 
6.19 f 2.10 
2.50 f 0.58 
1.45 f 0.29 
4.50 f 1.15 
2.67 f 1.16b 
2.63 f 0.55 
0.11 f 0.01 

0.89 f 0.41 
0.05 f 0.02 
0.20 f 0.09 
0.07 f 0.03 
0.46 f 0.22 
2.73 f 1.68 
1.18 f 0.57 
0.92 f 0.07 
2.69 f 1.01 
1.22 f 0.58 
2.01 f 0.91 
0.10 f 0.02 

0.40 f 0.12 
0.02 f 0.01 
0.11 f 0.04 
0.04 f 0.01 
0.21 i 0.04 
0.48 f 0.31 
0.43 f 0.17 
0.52 f 0.29 
1.15 f 0.41 
0.37 f 0.18 
0.90 f 0.21 
0.06 f 0.01 

0.17 f 0.05 
0.01 f 0.00 
0.05 f 0.01 
0.02 f 0.00 
0.09 f 0.01 
0.03 f 0.01 
0.09 f 0.04 
0.07 f 0.01 
1.27 f 0.83 
0.10 f 0.07 
0.36 f 0.03 
0.04 f 0.02 

[1251]IBA 
liver 0.21 f 0.07 0.19 f 0.06 0.09 f 0.04 0.06 f 0.01 0.02 f 0.01 
spleen 0.01 f 0.00 0.02 f 0.01 
lung 0.05 f 0.02 0.05 f 0.02 
heart 0.02 f 0.00 0.01 f 0.00 
kidney 0.10 f 0.02 0.06 f 0.01 
stomach 0.38 f 0.09 0.32 f 0.10 
small intestine 0.29 f 0.05 0.20 f 0.06 
large intestine 0.12 f 0.05 0.15 f 0.04 
muscle 0.71 f 0.27 2.07 f 1.53 
bone 1.07 i 0.53 2.04 f 1.46 
blood 0.45 f 0.03 0.31 f 0.12 
brain 0.01 f 0.00 0.01 f 0.00 

(I Results are mean f SD. Difference determined not to be statistically 

0.01 f 0.00 
0.03 f 0.01 
0.01 f 0.00 
0.04 f 0.00 
0.11 f 0.04 
0.09 f 0.04 
0.07 f 0.01 
0.36 f 0.09 
0.19 f 0.09 
0.30 f 0.06 
0.01 f 0.00 

0.00 f 0.00 
0.03 f 0.01 
0.01 f 0.00 
0.03 f 0.00 
0.03 f 0.01 
0.04 f 0.01 
0.04 f 0.02 
0.13 f 0.02 
0.06 f 0.02 
0.25 f 0.02 
0.00 f 0.00 

significant ( P  > 0.05) by paired t test; all 

0.00 f 0.00 
0.01 f 0.00 
0.00 f 0.00 
0.01 0.00 
0.00 f 0.00 
0.01 f 0.00 
0.00 f 0.00 
0.06 f 0.01 
0.02 f 0.01 
0.09 f 0.02 
0.00 f 0.00 

other tissues, P < 0.01. 

Table 111. Paired-Label Tissue Distribution of Radioiodine in Normal Mice following Injection of MAb CllO IgG Labeled 
with lZS1 by Using P I l S D M I B  and with 1311 by Using T13111SIBa 

% injected dose per organ 
tissue 1 day 2 days 3 days 4 days 

Labeled with ['3lI]SIB 
liver 6.92 i 0.61 7.17 f 0.31 6.21 f 0.57 5.97 f 0.97 
spleen 0.37 f 0.04 0.40 f 0.04 0.36 f 0.05 0.27 f 0.31 
lung 4.00 f 1.94 2.45 f 0.57 2.90 f 1.49 2.30 f 0.93 
heart 0.64 f 0.07 0.50 f 0.03 0.60 f 0.06 0.47 f 0.08 
kidney 2.04 f 0.17 2.12 f 0.15 2.15 f 0.12 1.88 f 0.22 
stomach 0.37 f 0.05b 0.49 f 0.08 0.42 f 0.07b 0.44 f 0.07b 
small intestine 2.88 f 0.20 2.58 f 0.05 2.53 f 0.30 2.32 f 0.16 
large intestine 1.39 f 0.27* 1.62 f 0.16 1.16 f 0.12b 1.64 f 0.13b 
muscle 11.77 f 0.83 15.27 f 1.65 15.07 f 2.83 14.83 f 1.20 
bone 4.19 f 0.57 4.53 f 1.14 4.05 f 0.60 4.40 f 0.52 
blood 23.13 f 2.53b 25.88 f 1.91b 26.34 f 1.82b 22.46 f 1.50b 
brain 0.20 f 0.04 0.16 f 0.03 0.17 f 0.01 0.17 f 0.01 

Labeled with [1251]SDMIB 
liver 6.84 f 0.56 7.02 i 0.30 6.14 f 0.55 5.96 f 0.96 
spleen 0.38 f 0.04 0.41 i 0.04 0.37 f 0.04 0.28 f 0.04 
lung 3.96 f 1.85 2.44 f 0.55 2.86 f 1.41 2.29 f 0.88 
heart 0.65 f 0.08 0.50 f 0.03 0.60 f 0.06 0.47 f 0.07 
kidney 2.10 f 0.16 2.11 f 0.16 2.15 f 0.10 1.95 f 0.21 
stomach 0.39 f 0.06 0.53 f 0.08 0.48 f 0.08 0.48 f 0.06 
small intestine 2.95 f 0.21 2.59 f 0.05 2.61 f 0.28 2.40 f 0.14 
large intestine 1.80 f 0.38 1.98 f 0.09 1.75 f 0.24 2.41 f 0.38 

15.94 i 1.93 15.69 f 3.00 15.21 f 1.03 muscle 12.27 f 0.84 
bone 4.31 f 0.54 4.54 f 1.00 4.73 i 1.23 5.19 f 1.43 
blood 21.84 f 2.22 24.37 f 1.83 24.77 f 1.45 21.35 f 1.26 
brain 0.20 f 0.04 0.16 f 0.03 0.17 f 0.02 0.18 f 0.01 

0 Results are mean f SD. b Significance of difference determined by two-sided paired t test ( P  < 0.01); other tissues, no significant difference. 

of potassium iodide. The decrease of thyroid activity to 
near-background levels for both DMIBA and iodide in mice 
receiving potassium iodide pretreatment is consistent with 
the possibility that thyroid uptake from DMIBA is related 
to its in vivo deiodination. 

When tissue distribution of MAb conjugates of DMIBA 
and IBA were compared in mice, a greater similarity in 
radioiodine distribution was observed than with the ben- 
zoic acids. With the MAb conjugates, in most cases, normal 
tissue accumulation of the two nuclides was similar with 

principal differences noted in tissues of the gastrointes- 
tinal tract and thyroid. However, thyroid uptake of 
DMIBA MAb conjugates was only 1.4-2.8 times that seen 
with MAb IBA conjugates, in contrast to the 20-fold 
difference noted above when DMIBA and IBA were 
compared. Thus inertness of an organic molecule in free 
form to dehalogenation does not necessarily reflect 
retention of label when the compound is coupled to a MAb. 

The above results indicate that use of DMATE for ra- 
dioiodination of MAbs offers no advantages over the 
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Figure  3. Comparison of the percent injected dose of radioio- 
dine localized in the thyroids of normal mice injected with MAb 
C l l O  IgGl labeled with 1251 and 1311 by using SDMIB and SIB, 
respectively. 

original ATE reagent. It is important to point out, 
however, that the thyroid uptake for MAb CllO labeled 
with DMATE was 5-10-fold lower than that generally 
observed for other MAbs and fragments labeled by using 
conventional methods (5, 11-14). The rationale for 
investigating the utility of SDMIB for use in MAb labeling 
was the hypothesis that substitution of methoxy groups 
could decrease deiodination either sterically by hindering 
an approaching nucleophile or electronically by increasing 
the electron density at  the iodine-bearing carbon, making 
it less susceptible for nucleophilic attack. 

Difference in bond strength is not a likely explanation 
for the more extensive deiodination of the dimethoxy 
derivatives, as substitution of methoxy groups for 
hydrogens may not significantly alter carbon-iodine bond 
strength (4-H&OC,&I, 59.2 f 2.0 kcal/mol; CsHJ, 61.0 
f 1.8 kcal/mol) (28). A plausible explanation of the rapid 
deiodination of DMIBA is that the methoxy groups are 
demethylated to generate hydroxy groups. A number of 
investigations have shown that  liver microsomes can 
dealkylate 0-methyl compounds with the rate dependent 
on the structure (other substituents and position of 
substitution) and lipophilicity of the compound as well as 
the species of origin of the microsomes (29-32). In 
addition, ra t  liver microsomes have been shown to 
metabolize iodoanisoles by para and ortho hydroxyla- 
tion (30). If enzymatic conversions of these types occurred 
with DMIBA or its MAb conjugate, the labeled catabo- 
lite could contain a hydroxyl group ortho to the iodine on 
the aromatic ring. The structural similarity of this product 
to thyroid hormones could then facilitate dehalogena- 
tion. 

Experiments are in progress to investigate the nature 
of the labeled catabolites of DMIBA and its MAb 
conjugates. In addition, we are investigating whether 
potential iodination reagents containing methyl groups 
instead of methoxy groups ortho to the iodination site will 
have a more positive effect on deiodination in vivo. 
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SCH-23390 is a high-affinity antagonist selective for D1 dopamine receptors (Ki = 2.5 nM). It  does 
not contain a functional group that can be conveniently coupled to commercially available resins for 
affinity chromatography or to prepare photolabels for photoaffinity labeling of receptors. To construct 
an affinity resin for purification of dopamine D1 receptors, an aldehyde analogue of SCH-23390, 
(f)-7-chloro-8-hydroxy-l-(4’-formylphenyl)-3-methyl-2,3,4,5-tetrahydro-1H-3-benzazepine (ASCH), was 
synthesized. 8-Methoxy-l-(4’-bromophenyl)-SCH-23390 was lithiated, formylated, and 0-demethylated 
to form the aldehyde. NMR and IR analyses were performed to characterize the product. Assays were 
performed with the radioligand [1251]SCH-23982 to define the biological activity of the aldehyde. ASCH 
displaced [1251]SCH-23982 binding from caudate membranes with a Ki value of 7.1 nM. ASCH has been 
coupled through the aldehyde group on the phenyl ring to diaminodipropylamine-agarose for affinity 
chromatography. After solubilization of caudate membranes in 1% digitonin, the affinity resin retained 
binding sites for [1251]SCH-23982 that were eluted with 10 mM SCH-23390. The aldehyde was also 
covalently coupled to biotin hydrazide for fluorescence labeling of dopamine D1 receptors. The biotin- 
conjugated aldehyde of SCH-23390 displaced [1251]SCH-23982 binding from caudate membranes with 
a Ki value of 9.3 nM. 

Dopamine receptors have been traditionally divided into 
two pharmacologically distinct classes, D1 and D2. Dopa- 
mine D1 receptors have been linked to stimulation of ade- 
nylyl cyclase activity (Kebabian & Calne, 1979; Keba- 
bian et al., 1984) and stimulation of phosphoinositide hy- 
drolysis (Felder et al., 1989) or not linked to adenylyl cy- 
clase activity in some systems (DeKeyser et al., 1989). 
Additionally, D1 receptors were classified by displaying 
high affinity for the benzazepine derivatives SCH- 
23390, a receptor antagonist (Iorio et  al., 1983), and SKF- 
38393, a receptor agonist (O’Boyle & Waddington, 1984). 
D2 receptors have been linked to inhibition of adenylyl 
cyclase activity (Kebabian et al., 1984) and display high 
affinity for a variety of compounds including neurolep- 
tics of varying structures (Seeman et al., 1976). Recently 
the genetic and cDNA sequences of adenylyl cyclase linked 
human (Sunahara et al., 1990; Dearry et al., 1990; Zhou 
et al., 1990) and rat (Monsma et al., 1990) D1 receptors 
were reported. The elucidation of these sequences 
increases the methods available for studying D1 receptor 
structure and regulation. However, the D1 receptor has 
never been purified, and the appropriate start site of the 
D1 coding sequence is still a subject of debate. 

Thus far, purification of dopamine D1 receptors has been 
incomplete. Solubilization of striatal membranes with 1 % 
digitonin in a buffer with high ionic strength followed by 
lectin affinity chromatography led to the isolation of a 
binding site for SCH-23390 that copurified with a guanine 
nucleotide-binding protein (Niznik et al., 1986). Solubi- 
lization of D1 receptors with sodium cholate and partial 
purification using a sulfhydryl affinity column have been 
described, but reconstitution of binding sites into phos- 
pholipid vesicles was necessary for detection of binding 
activity (Sidhu, 1990). Gingrich et al. (1988) reported the 
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synthesis of an affinity resin for D1 receptors that involved 
coupling a 4’-aminophenyl derivative of SCH-23390 to an 
activated agarose resin. The affinity resin retained binding 
sites for SCH-23390 that were specifically eluted with 
(+)-butaclamol, but amino acid sequence data were not 
reported. 

Autoradiographic studies of the binding of radiola- 
beled D1 antagonists [3H]SCH-23390 and [lZ5I]SCH- 
23982 to brain sections have revealed a high density of D1 
receptors in the caudate nucleus, nucleus accumbens, and 
substantia nigra (Boyson et al., 1986; Dawson et al., 1988). 
Autoradiographic techniques do not, however, allow 
localization of dopamine receptor subtypes a t  the cellular 
or subcellular level (Schwarcz et al., 1978; Trugman et  al., 
1986; Palacios, 1986). Ariano et  al. (1989) have recently 
reported the development of D1- and DZselective receptor 
antagonists coupled directly to fluorescein, which may 
permit histofluorescent localization of these receptors. Final 
resolution of controversies surrounding dopamine receptor 
localization awaits the development of probes that can be 
used a t  the level of the electron microscope. 

To develop a new, specific probe for the study of D1 
receptors, we have synthesized a 4’-formylphenyl analogue 
of SCH-23390 (ASCH) that is easily coupled to primary 
amines through an aldehyde moiety. By linking the al- 
dehyde to an amine-activated agarose resin, ASCH has 
been used to create an affinity resin for D1 receptors. We 
have also covalently coupled ASCH to biotin hydrazide, 
creating a D1 receptor ligand for use with avidin-linked 
compounds including fluorescein, rhodamine, horseradish 
peroxidase, and ferritin. The coupling of ASCH to bi- 
otin hydrazide increases the number of techniques that 
may potentially be used to study the distribution of D1 
receptors. Derivatives of ASCH may ultimately permit 
resolution of the distribution of D1 receptors at the cellular 
level. 
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Scheme I. Synthetic Pathway for a 4'-Formylphenyl Analogue of SCH-23390, ASCH (6)= 
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a ASCH was subsequently coupled to an amino-terminal agarose resin to produce a D1-receptor affinity resin (7) and to biotin 

hydrazide to produce a biotinylated analogue, biotin-ASCH (8). 

EXPERIMENTAL PROCEDURES 
Chemical Syntheses (Scheme I). The synthesis of 

(k ) -7-chlor o-&me thoxy- 1- (4'- bromo phenyl) -3-me thyl- 
2,3,4,5-tetrahydro-lH-3-benzazepine (compound 4) was 
based on a protocol described by Wyrick and Mailman 
(1985) as utilized by Chumpradit et ai. (1989). 

Proton nuclear magnetic resonance spectroscopy (NMR) 
was recorded on a Varian EM 360A spectrometer. The 
chemical shifts were reported in ppm downfield from an 
internal tetramethylsilane standard. Infrared spectra were 
obtained with a Mattson Polaris FT-IR spectrometer. 
Melting points were determined with a Meltemp apparatus 
and are reported uncorrected for compounds 5 and 6. Fast- 
atom bombardment mass spectrometry was performed in 
the Department of Chemistry a t  the University of 
Pennsylvania, and all values are within 18 ppm of the 
theoretical values. 
(k ) -7-C hloro-&met hoxy- 1 - (4'- formyl p hen y 1) -3- 

met h y 1 - 2,3,4,5 - t e t r ah y d r o - 1 H- 3 -be n z a z e p i n e 

(Compound 5). Compound 4 (5  g, 13 mmol) was added 
to 100 mL of dried tetrahydrofuran (THF) and cooled to 
-78 "C in a dry ice-acetone bath. n-Butyllithium (8.1 mL, 
13 mmol) was added with stirring over 2 min, yielding a 
solution with a deep red color; 2.0 mL of dimethylforma- 
mide was added and the solution was stirred at  -78 "C for 
1 h. The reaction was quenched by the addition of 5 mL 
of saturated ammonium chloride solution and allowed to 
warm to room temperature. THF was removed under 
reduced pressure and the residue was extracted with dichlo- 
romethane, dried over anhydrous sodium sulfate, and 
separated on a silica gel column eluted with a mixed solvent 
(dichloromethane-methanol-ammonium hydroxide 95:5: 
0.1) to yield 1.98 g of compound 5 (48% yield). The 
resulting product was further purified by recrystalliza- 
tion. Sodium bisulfite was added to 75% ethanol until 
the solution became cloudy and then water was added 
slowly until the mixture became clear. This solution was 
added directly to 1.98 g of reaction product and the 
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resulting crystals were filtered and dissolved in freshly 
prepared, saturated potassium carbonate. The mixture 
was extracted with dichloromethane and the solvent 
evaporated under reduced pressure to yield 0.75 g of 
compound 5 (18% overall yield): mp 134-140 "C; FT- 
IR (KBr) u 1690 (s, C=O) 1600,1570,1500,850,830,800 
cm-l;lH NMR (DMSO-ds) 6 9.95 (s, 1 H, HC=O), 7.90, 
7.75, and 7.37, 7.22 (AA'BB', 4 H, ArH'), 7.10 (s, 1 H, ArH- 
6),6.30 (s, 1 H, ArH-9), 4.50-4.25 (m, 1 H, CH), 3.65 (s, 3 
H,OCH3), 3.20-2.55 (m,6 H,(CH2)3),2.40(s, 3 H,NCH3) 
ppm; MS (FAB) (M + H)+ 330.1248, calcd for C19H2002- 
NCl 330.1261. 
(f)-7-Chloro-8-hydroxy-l-(4'-formylphenyl)-3- 

met h y 1 - 2,3,4,5 -tetra h y d r 0- 1 H- 3 - ben z a ze p i n e ( 6, 
ASCH). (Formylpheny1)benzazepine 5 (100 mg, 0.303 
mmol) in 10 mL of dried dichloromethane was cooled in 
a dry ice-2-propanol bath under argon. Boron tribro- 
mide (0.9 mL, 0.9 mmol) was added dropwise with stirring 
and the reaction was allowed to warm to room temperature 
with stirring for 2 h. Volatile substances were evaporated 
under nitrogen, after which 10 mL of methanol was added 
to the reaction mixture and stirred overnight a t  room 
temperature. Methanol was then removed under reduced 
pressure and the residue stirred with water. The pH of 
the mixture was increased with 10% NaOH and the 
precipitate filtered. The filtrate was adjusted to pH 7 with 
dilute HCl and extracted three times with ethyl acetate. 
The combined organic layers were dried over anhydrous 
sodium sulfate, and the solvent was removed under reduced 
pressure. The product ASCH (6; 30 mg, 32% yield) was 
recrystallized overnight in 100% ethanol. A C18 column 
for reverse-phase HPLC and isocratic elution with a 
mixture of 50% acetonitrile, 10 mM ammonium for- 
mate, pH 6.5, a t  a flow rate of 1 mL/min and a retention 
time of 4.45 min purified compound 6 (>99% purity): mp 
170-172 "C; UV A,, 256 nm (c 5.9 X lo3 M-l-cm-'); FT- 
IR (KBr) u 2300-3300 (br OH) 1690 (C=O), 1600,1570, 
1500, 850, 830, 800 (para substituted phenyl) cm-'; 'H 
NMR (DMSO-de) 6 9.95 (s, 1 H, HC=O), 7.95, 7.8, and 
7.47,7.33 (AA'BB', 4 H, ArH'), 7.10 (s, 1 H, ArH-6), 6.30 
(s, 1 H, ArH-g), 4.55-4.30 (m, 1 H, CH), 3.27-2.60 (m, 6 

316.1036, calcd for C18Hl~O2NCl316.1104. 
ASCH-Agarose Affinity Resin. Diaminodipropyl- 

amine-agarose (1 mL; Pierce, Rockford, IL) containing 10 
pmol of primary amine was equilibrated into 100% eth- 
anol by gradually increasing the concentration of etha- 
nol over 10 washes of 10 mL each. ASCH (6.3 mg, 20 pmol) 
dissolved in 1 mL of 100% ethanol was incubated a t  room 
temperature overnight with the resin while the mixture 
was rotated end over end to insure constant mixing (setting 
3, multipurpose rotator Model 151, Scientific Industries). 
Because the ligand was coupled to the resin through an 
imine bond, the ligand-coupled resin was washed with eth- 
anol (200 mL) and reduced overnight with sodium boro- 
hydride (1.9 mL, 50 pmol) in ethanol (1 mL) a t  room 
temperature with rotation. The  resin was washed 
extensively with 100% ethanol and gradually brought to 
100 70 water by decreasing the concentration of ethanol 
in a series of washes. The resulting gel was washed 
thoroughly with water and stored. 

Biotin-ASCH. Biotin hydrazide (50 mg, 0.092 mmol) 
and ASCH (29 mg, 0.092 mmol) were dissolved in 10 mL 
of methanol and refluxed overnight with stirring. The 
solvent was evaporated under reduced pressure and the 
resulting product purified by silica gel chromatography 
(dichloromethane-methanol-ammonium hydroxide 90: 
1o:o. 1). 

H, (CHZ)~) ,  2.40 (s, 3 H, NCH3); MS (FAB) (M + H)+ 

FiRz et al. 

Preparation of Tissue. Rabbit brains obtained on dry 
ice from Pel-Freeze (Rogers, AK) were thawed on ice and 
the striata were removed and placed in 50 mM Tris, pH 
7.4, containing 10 mM EDTA, 150 mM NaCl, and a 
mixture of protease inhibitors [ 1 pg/mL of soybean trypsin 
inhibitor, leupeptin, aprotinin, and 10 pg/mL of phenyl- 
methanesulfonyl fluoride (PMSF)] a t  10 mL/mg wet 
weight of striata. The tissue was homogenized with a Poly- 
tron homogenizer (setting 6) for 10 s, and membranes were 
pelleted by centrifugation for 10 min at  1OOOOg. This was 
repeated twice and the tissue homogenate a t  100 mg/ 
mL was frozen in aliquots of 10 mL at -70 "C until needed. 

Binding Assays for D1 Receptors. For assays with 
striatal membranes, tissue homogenates were thawed on 
ice and centrifuged at  lOOOOg for 10 min. Pellets were 
suspended in 50 mM Tris, pH 7.4, containing 10 mM 
EDTA (ethylenediaminetetraacetic acid), 150 mM NaC1, 
0.1 % BSA (bovine serum albumin), and protease inhibitors 
as described above (buffer I) a t  0.5 mg of tissue/mL of 
buffer. [ 1251]SCH-23982 (New England Nuclear, Du Pont, 
Boston, MA) was used to assay for D1 receptors in a total 
assay volume of 0.25 mL with 0.1 mL of striatal membranes 
and 0.2 nM [lZ5I]SCH-23982 in buffer I. SCH-23390 (50 
pM) was used to define nonspecific binding. Binding 
assays were carried out for 18 h a t  4 "C and incubations 
were terminated by the addition of 5 mL of ice-cold 10 mM 
Tris containing 0.9% NaC1, pH 7.4 (wash buffer), followed 
by filtration over glass-fiber filters (#30, Schleicher and 
Schuell, Keene, NH) with two washes of 5 mL of wash 
buffer. 

For binding assays on solubilized proteins, 0.2 mL of 
column eluate was used in a 1-mL assay with 0.2 nM [1251]- 
SCH-23982. SCH-23390 (50 pM) was used to define 
nonspecific binding. Digitonin (0.1 % w/v) was included 
in buffer I for assays of solubilized receptor. G-50 columns 
were used to separate bound radioligand from free. A 4-mL 
column of G-50 was equilibrated with buffer I plus 0.1 5% 
digitonin. A 1-mL sample was applied to each column and 
washed with 2.5 mL of buffer. The initial eluate (1.5 mL) 
was discarded and the next 2 mL collected. 

Data Analysis. Competition curve-fitting was done by 
nonlinear least-squares regression analysis using the 
mathematical modeling program NEWFITSITES on the NIH- 
sponsored PROPHET system (Lin et al., 1987). 

Solubilization of Membrane Proteins. Tissue ho- 
mogenates were thawed on ice and centrifuged at  lOOOOg 
for 10 min. Pellets were suspended at  0.2 g/mL in 100 
mM Tris (pH 7.4) and 20 mM EDTA containing pro- 
tease inhibitors. An equal volume of 2% (w/v) digito- 
nin was added to the tissue preparation and incubated on 
ice with gentle agitation for 1 h. Insoluble material was 
sedimented by centrifugation for 1 h at  lOOOOOg a t  4 "C, 
and the supernatant was collected and used immediately. 

Affinity-Resin Purification Protocol. Solubilized 
membranes (1 mL) were applied to columns containing 
either the affinity resin or uncoupled agarose. The columns 
were capped and rotated overnight a t  4 "C to allow 
receptors to bind. Columns were washed with 9 mL of 
0.1 % digitonin in 50 mM Tris, pH 7.4, and 10 mM EDTA, 
and the eluate was collected in three fractions each 
containing 3 mL. Columns were then incubated with 
buffer including 500 mM NaCl a t  4 "C for 12 h with 
rotation and washed with 9 mL of the high-salt solution, 
and again the eluate was collected. The resins were then 
incubated with 10 mM SCH-23390 in the presence of 500 
mM NaCl overnight at  4 "C and washed with 9 mL of the 
SCH-23390 solution. Each fraction was applied to a G-50 
column for desalting as described for binding to solubi- 
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lized proteins above. The eluate was assayed for the 
presence of D1 receptors. 

HRP Assay for D1 Receptors. Homogenates were 
thawed on ice and centrifuged a t  lOOOOg for 10 min. The 
pellets were resuspended in phosphate buffer (138 mM 
NaC1,4.1 mM KC1, 5.1 mM NazHP04, 1.5 mM KH2PO4, 
11.1 mM glucose, pH 7.4) containing 3% BSA. Tissue (100 
pg) was incubated a t  37 "C for 90 min with or without 50 
pM biotin-ASCH. SCH-23390 (50 pM) was added to one 
set of tubes to define nonspecific binding. Assay tubes 
were centrifuged a t  4 "C for 2 min a t  14000g and the 
supernatant was discarded. Pelleted membranes were re- 
suspended in 250 pL of phosphate buffer containing 1 pgl 
mL avidin-linked horseradish peroxidase (HRP) and 3 5% 
BSA and incubated on ice for 15 min. Tubes were 
centrifuged for 2 min, washed once with 250 p L  of 
phosphate buffer containing 3 % BSA, and resuspended 
in 250 p L  of phosphate buffer. Soluble HRP stain (250 
pL; TMB peroxidase EIA substrate, Bio-Rad, Rockville 
Center, NY) was added to each assay tube and incubated 
for 2 min on ice before quenching with 100 pL of 1 N H2- 
Sod. The optical density of each sample was read at  450 
nm. 

Protein Determinations. Protein concentrations were 
determined by the method of Bradford (1976) using bovine 
y globulin as a standard. 
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RESULTS 

The four-step synthesis of 4'-bromo benzazepine 4 
followed a protocol established by Wyrick and Mailman 
(1985) (Scheme I) as described by Chumpradit et al. (1989). 
The overall yield is low (9 70 ) because of the low yield of 
the chlorination reaction and the production of a trialkyl- 
amine side product along with product 2. 4'-Bromo ben- 
zazepine was purified over a silica gel column prior to lithi- 
ation with n-butyllithium to replace the 4'-bromo group, 
producing an intensely red benzylic anion intermediate. 
Addition of 2 equiv of dimethylformamide (DMF) led to 
formation of 4'-formyl benzazepine 5,  which was purified 
by silica gel chromatography to remove excess DMF and 
recrystallized as a sodium bisulfite adduct. The final 
product, 6 (ASCH), was prepared by 0-demethylation of 
purified 5 with boron tribromide. 

ASCH inhibited the binding of [1251]SCH-23982 to rabbit 
caudate membranes with a Ki value of 7.1 nM. The affinity 
of the receptors for ASCH was almost as high as that for 
SCH-23390 (Ki = 2.5 nM), and the inhibition curve 
conformed to a one-site fi t  as analyzed by nonlinear- 
regression analysis using the PROPHET system (Figure 
1). ASCH was coupled to  diaminodipropylamine- 
agarose as described in the Experimental Procedures to 
obtain an affinity resin for D1 receptors (Scheme I, 
compound 7). UV analysis of the ethanol column washes 
after coupling showed a recovery of 15 pmol of ASCH, 
suggesting that approximately 50 55 of the resin-bound 
amine was coupled to ASCH. Final washes with ethanol 
revealed no free ASCH detectable by UV absorption 
spectroscopy. Prior to use, the affinity resin was washed 
extensively in 100 7; ethanol. 

Binding sites for [1251]SCH-23982 were eluted from the 
uncoupled agarose control column in the no-salt and high- 
salt washes (Figure 2). No additional binding sites were 
eluted by the addition of 10 mM SCH-23390, and recovery 
of binding sites for [1251]SCH-23982 from the control 
column was nearly 10070. However, ca. 30% of the binding 
sites applied to the affinity resin could not be accounted 
for. They may have remained attached to the affinity resin 
after all washes or been destroyed during the absorption 
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Figure 1. Inhibition of binding of [l25I]SCH-23982 to rabbit stri- 
atal membranes by ASCH (0) and SCH-23390 (0). The data 
shown are representative of results obtained in three similar 
experiments. 

400 

No Salt buffer 500 mM NaCl 

Fraction Number 

10 500 mM mM SCH-23390 NaCl 

Figure 2. Elution profile of D1 receptors from ASCH-agarose 
resin (0) and uncoupled amine-agarose resin (0). Resins were 
incubated overnight with digitonin-solubilized rabbit striatal 
membranes and then washed and assayed for binding of [1251]- 
SCH-23982 to solubilized receptors. The resins were first washed 
with 50 mM Tris containing 10 mM EDTA, 0.1 7; digitonin, and 
protease inhibitors (no salt buffer) a t  4 "C. The second wash was 
with the same buffer to which 500 mM NaCl had been added. 
The third wash included 500 mM NaCl and 10 mM SCH-23390 
(in 0.01% ethanol). The profile is representative of results 
obtained in two similar experiments. 

and elution procedures. In contrast to the control column, 
only 20% of the binding sites added to the affinity resin 
were eluted in no-salt and 500 mM NaCl washes. An 
additional 50% of the sites were eluted with 10 mM SCH- 
23390. The protein profile (data not shown) of ASCH- 
agarose affinity-resin washes showed that 25% of the total 
protein was eluted with 10 mM SCH-23390, which 
indicated a %fold purification of D1 receptors after affmity- 
resin chromatography. 

ASCH was conjugated to biotin hydrazide in an attempt 
to create a probe for D1 receptors that could be coupled 
through avidin to many kinds of markers (fluorescent 
molecules, colloidal gold, horseradish peroxidase, etc.). Bi- 
otin-ASCH (Scheme 1, compound 8) was synthesized as 
described in the Experimental Procedures and was shown 
to inhibit the binding of [1251]SCH-23982 with a Ki value 
of 9.3 nM. The inhibition curves conformed to a one- 
site fit as analyzed by nonlinear-regression analysis on the 
PROPHET system. Biotin hydrazide at  concentrations 
of up to 10 pM did not inhibit binding of the radioligand 
to D1 receptors. 

Experiments with biotin-ASCH were performed to 
determine whether avidin would bind to the biotin portion 
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Figure 3. HRP assay for D1 receptors on rabbit striatal 
membranes using biotin-ASCH. Rabbit striatal membranes were 
incubated with 50 pM biotin-ASCH (total), biotin-ASCH plus 
50 p M  SCH-23390 (nonspecific), or assay buffer alone (back- 
ground). Samples were then incubated with 1 pg/mL of avidin- 
HRP. The membranes were sedimented to separate bound ligand 
from free ligand and resuspended in HRP substrate. The 
resultant color reaction was quantitated by measuring optical 
density (OD) a t  450 nm. The data points represent the average 
of triplicate determinations with standard deviations and are 
representative of results obtained in three similar experiments. 

of the molecule prebound to D1 receptors. An assay based 
on soluble horseradish peroxidase substrate and avidin- 
linked HRP was devised. Avidin-HRP, as assayed by the 
optical density of the soluble HRP substrate, bound to stri- 
atal membranes in the presence of biotin-ASCH (Figure 
3). HRP staining was specifically blocked by the presence 
of SCH-23390. Thus, biotin-ASCH was capable of binding 
specifically to dopamine D1 receptors while simultaneously 
binding to avidin. 

DISCUSSION 
An analogue of the selective D1 receptor antagonist SCH- 

23390 that contains an aldehyde group at the 4’-phenyl 
position has been synthesized. The aldehyde was 
positioned on a phenyl ring distant from the portion of 
the molecule shown to be important for high-affinity 
binding to D1 receptors (McQuade et al., 1988). ASCH 
inhibited binding of [1251]SCH-23982 with a Ki value of 
7.1 nM, which is only 3-fold higher than the Ki value for 
SCH-23390 (2.5 nM). The synthesis involved an extension 
of the pathway established for the synthesis of SCH- 
23390. Addition of the aldehyde group was accomplished 
by an efficient reaction scheme through a lithium anion 
exchange, as suggested by Chumpradit et al. (1989). The 
cyclization step proceeded with good yield and did not 
involve the use of hydrogen fluoride or another strong acid. 
An analogue of SCH-23390 containing a primary amine 
has previously been synthesized through reduction of a ni- 
tro group at  the 4’-phenyl position (Gingrich et al., 1988). 
The presence of the nitro group at  the 4’-phenyl position 
makes cyclization much more difficult (S. Chumpradit, 
unpublished observation). ASCH was readily coupled to 
primary amines in dimethyl sulfoxide (unpublished 
observation), ethanol, or methanol to yield an affinity resin 
and biotinylated derivatives of ASCH. 

Preliminary applications of ASCH to studies of D1 
receptors included construction of an affinity resin that 
selectively retained binding sites for [ 1251] SCH-23982. The 
affinity resin specifically retained approximately 80 5% of 
the binding sites for [ 1251]SCH-23982, but removing 
specifically bound sites, once attached, was more difficult. 
Given that approximately 10 pmol of ASCH was coupled 
to 1 mL of amine-agarose resin, the concentration of ASCH 
on the column was approximately 10 mM. Incubation with 

SCH-23390 (10 mM, a nearly saturated solution) removed 
only 50% of the total binding sites from the ASCH- 
agarose resin. This may have been due to the high 
concentration of ASCH on the resin. Altering the duration 
and number of incubation times with NaCl and SCH- 
23390 might change the amount of protein or binding sites 
eluted from the column. 

The use of ASCH may also provide information with 
regard to the location and structure of D1 receptors. The 
coupling of ASCH to biotin hydrazide resulted in a 
molecule able to simultaneously bind D1 receptors through 
the ASCH portion of the molecule and avidin through the 
biotin moiety. b1 receptors on rabbit striatal membranes 
prebound with biotin-ASCH were detected by HRP- 
linked avidin along with a soluble HRP substrate. A 
fluorescent avidin compound could be used in the same 
manner. Fluoresceh-SCH-23390 has been synthesized and 
used to detect D1 receptors in whole brain tissue sections 
(Ariano et al., 1989). A biotin-coupled derivative of SKF- 
83566-NH2 has been synthesized but has not been shown 
to simultaneously couple to avidin and D1 receptors 
(Madras et al., 1990). Visualizing D1 receptors through 
biotin-ASCH may have an advantage over the use of 
fluorescein-SCH-23390. Signal amplification can be 
obtained by having several fluorescent molecules coupled 
to one molecule of avidin bound through biotin to a D1 
receptor. Such amplification is not possible with a ligand 
that is covalently coupled to fluorescein. Biotin-ASCH 
should make it possible to analyze the cellular distribution 
of D1 receptors in the striatum and other brain regions 
and possibly the subcellular localization of the receptops. 
For example, biotin-linked w-conotoxin has been used with 
colloidal gold to localize voltage-dependent calcium 
channels to dendrites of hippocampal CA1 neurons by 
electron microscopy (Jones et al., 1989). 

The coupling of ASCH through its aldehyde moiety to 
large antigenic proteins, such as keyhole limpet hemocy- 
anin, may permit the production of anti-idiotypic anti- 
receptor antibodies to aid in structural analysis of the 
binding site and the purification of D1 receptors. The 
@-adrenergic receptor was studied in this manner with 
antibodies to alprenolol used to make anti-idiotypic 
antibodies cross-reacting with the @-receptor (Sawutz et  
al., 1987). With an aldehyde moiety capable of being easily 
coupled to a variety of molecules and a selectivity for D1 
receptors, ASCH should be a valuable tool in further 
studies. 
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Ricin A chain immunotoxins disulfide cross-linked with conventional, sterically unhindered reagents 
have unsatisfactorily short circulating life times in vivo. (Acety1thio)succinic anhydride, a thiolating 
reagent with partial steric hindrance of the sulfur atom, does not remedy this situation. Sulfosuc- 
cinimidyl N -  [3-(acetylthio)-3-methylbutyryl]-/3-alaninate, a new cross-linker in which the carbon a to 
the sulfur is doubly methylated, creates disulfide bonds 2 orders of magnitude more resistant to reduction 
than unhindered disulfides. Nevertheless, this deactivated thiolating agent rapidly and reliably cross- 
links ricin A chain and antibodies to create immunotoxins with in vitro cytotoxicities comparable to 
those of 2-iminothiolane-coupled conjugates. 

INTRODUCTION 

Immunotoxins are protein conjugates in which a toxin 
is covalently attached to a monoclonal antibody (reviewed 
in refs 1-3). These chimeric molecules contain up to four 
functional regions. The antibody targets the drug in vivo 
to the desired cell population. The toxin is the effector 
portion responsible for cell death once bound to the cell 
surface (for surface-acting toxins) or internalized into the 
cytosol (for toxins which act on the protein-synthesis 
machinery). Most toxins are thought to contain a trans- 
location domain which facilitates entry of the catalytic 
portion into the cytosol. Finally, there is a cleavable linking 
region, which must confer stability to the conjugate in vivo 
while in the circulation, but later allow the release of the 
toxin to enable its entry into the cytosol. 

Often the toxin moiety is one of a variety of proteins 
capable of catalytically inactivating the protein-synthesis 
machinery of eukaryotic cells. These include holotoxins 
consisting of a catalytically active A fragment and binding 
B fragment [e.g. diphtheria toxin ( 4 , 5 ) ,  Pseudomonas ex- 
otoxin A (6, 7), ricin (8, 9), and abrin (10, 11)], hemitox- 
ins consisting of only the enzymatic A fragment [e.g. the 
A chain of diphtheria toxin (12,13), ricin ( I ,  141, or abrin 
(15, 1611, and ribosome-inactivating proteins [e.g. gelo- 
nin (17,  181, pokeweed antiviral protein (19,20), and sa- 
porin (2111. In order to be effective in vivo, the toxin must 
remain attached to  the antibody in the circulation. 
However, once the immunotoxin is inside the target cell, 
the release of the catalytic portion of the toxin is required 
in order to interact with its cytosolic target; A-chain- 
containing conjugates made with noncleavable thioether 
linkages are less than 1% as active as those containing 
easily reduced disulfide linkages (14, 22). The type of 
linkage required between the toxin and antibody depends 
on the form of the toxin used. 

Conjugates made with the standard heterobifunc- 
tional cross-linking reagents, N-succinimidyl 3-(  2- 
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Current address: Glycomed, 860 Atlantic Ave., Alameda CA, 

94501. 

pyridy1dithio)propionate (SPDP) and 2-iminothiolane (2- 
IT), are labile in circulation (23-26,181. Premature cross- 
link cleavage reduces the amount of intact conjugate which 
can bind to target cells. In addition, the released antibody 
remains in the circulation longer than conjugate and can 
compete with the intact conjugate for target-cell binding 
(23, 24, 26-29). Finally, the slow, sustained release of ri- 
cin A chain may contribute to the increased toxicity of di- 
sulfide-linked conjugates compared to that of free ricin A 
chain, which is rapidly cleared by renal filtration (23,30). 
All of these factors probably have reduced immunotoxin 
efficacy in various in vivo models for solid-tumor therapy. 

Thorpe et al. (31) and Worrell e t  al. (32) synthesized 
cross-linking reagents capable of yielding more stable di- 
sulfide bonds, on the basis of the finding that substitution 
of the a-carbon decreases the reactivity of the adjacent 
sulfur atom (33) .  One linker, 4-[ (succinimidy1oxy)- 
carbonyl] - a - m e t h y l 4  2-pyridyldithio) toluene (SMPT), 
sterically hindered the disulfide with a methyl group and 
a benzene ring attached to the carbon adjacent to the sulfur 
atom (31). The  other linker, N-succinimidyl 3-(2- 
pyridyldithio)butyrate, substituted a methyl group on the 
a-carbon (32). Conjugates made with these new cross- 
linkers were more difficult to reduce chemically and had 
longer circulating half-lives than immunotoxins bearing 

The abbreviations used are as follows: BSA, bovine serum 
albumin; DTDP, 4,4'-dithiodipyridine; DTNB, 5,5'-dithiobis(2- 
nitrobenzoic acid); DTT, dithiothreitol; EDTA, ethylenediam- 
inetetraacetic acid; GSH, reduced glutatione; GSSTNB, 2-nitro- 
5-mercaptobenzoic acid disulfide of glutathione; GSSTP, 4-mer- 
captopyridine disulfide of glutathione; HEPES, 4-(2-hydroxy- 
ethyl)-1-piperazineethanesulfonic acid; HNSA, 4-hydroxy-3- 
nitrobenzenesulfonic acid; IAM, iodoacetamide; 2-IT, 2-imino- 
thiolane; MEA, (3-mercaptoethylamine; MTT, 3-(4,5-dimeth- 
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NaPi, sodium 
phosphate buffer; NHS, N-hydroxysuccinimide; PSH, penicil- 
lamine; PSSTNB, 2-nitro-5-mercaptobenzoic acid disulfide of 
PSH; PSSTP, 4-mercaptopyridine disulfide of PSH; rRA, 
recombinant ricin A chain; rRA-TNB, 2-nitro-5-mercaptoben- 
zoic acid disulfide of rRA; rRA-TP, 4-mercaptopyridine disul- 
fide of rRA; SAMSA, (acety1thio)succinic anhydride; SMPT, 4- 
[ (succinimidyloxy)carbonyl]-r~-methyl-c~-(2-pyridyldithio)- 
toluene; sNHS, N-hydroxysulfosuccinimide; sNHS-ATMBA, sul- 
fosuccinimidyl N- [3-(acetylthio)-3-methylbutyryl]-~-alaninate; 
SPDP, succinimidyl3-(2-pyridyldithio)propionate; TCA, trichlo- 
roacetic acid; TFA, trifluoroacetic acid; TMBA, N-(3-mercapto- 
3-methylbutyryl)-(3-alanine; TNB, 2-nitro-5-mercaptobenzoic acid; 
TP, 4-mercaptopyridine. 

1043-1802/90/2901-0400$02.50/0 0 1990 American Chemical Society 



Cross-Linker with Enhanced Steric Hindrance Bioconjugate Chem., Vol. 1, No. 6, 1990 401 

Cell Lines. The human breast cancer cell line SK- 
Br-3 was a generous gift from Dr. J. Fogh (Sloan Ketter- 
ing, New York, NY), and MCF-7 was obtained from E. G. 
& G. Mason Research Institute, Worcester, MA. The in 
vitro human breast cancer cell line MX-1 was a line 
adapted from the in vivo MX-1 tumor (39,40) by C. Vitt 
and A. Creasey (Department of Cell Biology, Cetus Corp.). 
The newborn human foreskin cell line HS27F (ATCC 
CRL1634) was used as a negative control because it bound 
none of the antibodies. 

Chemical Analysis. 1H NMR spectra were taken on 
a Varian FT-80A spectrometer. Chemical shifts of 
compounds in CDC13 are reported in ppm downfield from 
internal tetramethylsilane. 

Synthesis of ATMBA. The tert-butyl ester of @-ala- 
nine hydrochloride (structure 11, Figure 1) (1.8 g, 10 mmol) 
in 10 mL of CH2Cl2 was neutralized with 1 equiv of tri- 
ethylamine (1.4 mL, 10 mmol). The precipitated trieth- 
ylamine hydrochloride was filtered. The solution of @-ala- 
nine tert-butyl ester and 1.4 mL of triethylamine was 
placed in a dropping funnel and added dropwise to a 
nitrogen-flushed 100-mL three-neck round-bottom flask 
containing dimethylacryloyl chloride (structure I, Figure 
1) (1.1 mL, 10 mmol) dissolved in 10 mL of CH2C12. The 
mixture was stirred at  room temperature for 2 h. The 
reaction mixture was diluted to about 50 mL with CH2- 
Cl2, washed with water (15 mL X 2) and brine (saturated 
aqueous sodium chloride), and dried over MgS04. The 
crude product was purified by Chromatotron chromato- 
graphy on a 4-mm silica gel plate. The plate was eluted 
first with 0.5 % MeOH in CHC13 to remove an impurity, 
then with 2 % MeOH in CHC13 to elute the product tert- 
butyl ester of dimethylacryloyl-P-alanine (structure 111, 
Figure 1). 'H NMR: 6 6.25 (br s, 1 H), 5.5 (s, 1 H), 3.45 
(q, 2 H), 2.4 (t, 2 H), 2.2 (s, 3 H), 1.8 (s, 3 H), 1.45 (s, 9 
H). Yield = 1.5 g (66%). 

To 1.2 g (5.4 mmol) of the tert-butyl ester of dimeth- 
ylacryloyl-&alanine in a 25-mL round-bottom flask was 
added 5 mL of freshly distilled thioloacetic acid. The 
reaction mixture was refluxed under nitrogen for 4 h. The 
solution was cooled and diluted with about 50 mL of ethyl 
ether. The ether solution was washed with 5% acetic acid, 
water, and brine and dried over MgS04. Evaporation of 
the ether gave a colorless oil which was not further purified. 

The crude product (structure IV, Figure 1) was dissolved 
in 10 mL of TFA and stirred a t  room temperature for 1 
h. The TFA was evaporated and the crude product was 
purified by Chromatotron chromatography on a 4 mm silica 
gel plate. Chromatography was started in CHCl3 and the 
product eluted with 5% MeOH in CHC13. The product 
N- [ 3- (acetylthio)-3-methylbutyryl] +-alanine (structure V, 
Figure 1) crystallized on evaporation of the solvent and 
was recrystallized from CHCl3-hexane. 'H NMR: 6 8.3 
(br s, 1 H), 6.4 (br t, 1 H), 3.5 (9, 2 H), 2.75 (s, 2 H), 2.55 
(t, 2 H), 2.25 (s, 3 H), 1.5 (s, 6 H). Yield = 0.7 g (52%). 

HNSA or sNHS Esters. N-[3-(Acetylthio)-3-meth- 
ylbutyryll-0-alanine (617 mg, 2.5 mmol) was weighed into 
a 10-mL round-bottom flask. Sodium HNSA (602 mg, 2.5 
mmol) or sNHS (542 mg, 2.5 mmol) was dissolved in about 
3 mL of dimethylformamide and added to the flask, 
followed by 515 mg of dicyclohexylcarbodiimide, and the 
mixture was stirred at  room temperature for 18 h. The 
mixture was filtered to remove dicyclohexylurea and added 
dropwise to 50 mL of ethyl ether with rapid stirring. The 
ether was stirred for about 0.5 h, then the precipitate was 
allowed to  settle. The ether was decanted and the 
precipitate was washed with fresh ether four times. The 
solid product (structure VI, Figure 1) was collected by 
filtration and dried. Yield (HNSA linker) = 535 mg (46%). 

the standard disulfide cross-links (31, 32). Conjugates 
made with SMPT were as cytotoxic in vitro as conjugates 
synthesized with SPDP or 2-IT and had improved efficacy 
in vivo (34). Attempts to make an active-ester cross- 
linking reagent from 3-(2-pyridyldithio)isovaleric acid, a 
compound containing two methyl substituents on the 
carbon a to the disulfide, failed (32). 

During an effort to make immunotoxins which would 
resist undesired disulfide cleavage in circulation, we found 
that conjugates cross-linked with (acety1thio)succinic 
anhydride (SAMSA), in which the a-carbon is substituted 
with either a carboxylate or a methyl carboxylate, are 
unstable in vivo. Therefore, we developed a cross- 
linking reagent, sulfosuccinimidyl N-[3-(acetylthio)-3- 
methylbutyryll-@-alaninate (sNHS-ATMBA), in which the 
a-carbon is substituted with two methyl groups. The dis- 
ulfide bond involving the sulfur adjacent to the tertiary 
carbon is 2 orders of magnitude more difficult to reduce 
than the analogous glutathione disulfide bond. Never- 
theless, most conjugates made with this cross-linker have 
in vitro cytotoxic activity similar to that of analogous 
conjugates made with 2-IT. 

EXPERIMENTAL PROCEDURES 
Reagents and Chemicals. (35S)methionine (1086 Ci/ 

mmol, cat. no. NEG-OOSA) and [ l-14C]iodoacetamide (24.1 
mCi/mmol) were purchased from New England Nuclear 
(Boston, MA); 2-IT, SAMSA, N-hydroxysulfosuccini- 
mide (sNHS), 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), 
and 4,4'-dithiodipyridine (DTDP) were from Pierce 
(Rockford, IL); @-mercaptoethylamine (MEA), iodoace- 
tamide (IAM), tert-butyl-@-alanine hydrochloride, N-hy- 
droxysuccinimide (NHS), dicyclohexyl carbodiimide, and 
carboxymethylated BSA were from Sigma (St. Louis, MO); 
chloroform (CHCL), methanol (MeOH), and methylene 
chloride (CH2C12) were from Burdick and Jackson 
(Muskegon, MI); triethylamine, dimethylacryloyl chloride, 
thiolacetic acid, trifluoroacetic acid (TFA), and D,L- 
penicillamine (a-amino-P-methyl-P-mercaptobutyric acid, 
PSH) were from Aldrich Chemical Co. (Milwaukee, WI); 
N,N-Dimethylformamide was from Fisher Scientific Co. 
(Fair Lawn, NJ); and activated Type 4A, 8-12 mesh 
molecular sieve was from J. T. Baker Chemical Co. (Phill- 
ipsburg, NJ). The 4-hydroxy-3-nitrobenzenesulfonic acid 
(HNSA) sodium salt was synthesized as previously 
described ( 3 5 ) .  Preparative chromatography was 
performed on a Chromatotron (Harrison Instruments, Palo 
Alto, CA). 

Strains and Medium. Hybridoma cells were grown in 
HL-1 medium (Ventrex, Portland, ME) supplemented with 
Fungibact (Irvine Scientific, Santa Ana, CA) and 8 mM 
glutamine. When labeling the antibody metabolically by 
incorporation of (35S)methionine, HL-1 medium deficient 
in methionine was used. For the in vitro kinetic studies, 
cells were grown in RPMI 1640 medium with and without 
methionine (Flow Laboratories, McLean, VA). 

Mice. Female Balb/C nude (nu/nu) mice were obtained 
from Charles River Breeding Labs (Kingston, NY). 

Hybridomas and Antibodies. The following mouse 
monoclonal antibodies and hybridomas were used in the 
study (14, 36-38). 

antibody isotype 

2G3 IgGi, K 

260F9 IgGi, K 

31705 W i ,  
454A12 IgGi, K 

520C9 Wit K 

MOPC2l IgG1, 

113F1 K 

antigen Accession No. 
37/60/93/200 kDa HB 8490 
HMW protein HB 8491 
55 kDa HB 8488 
44-kDa glycoprotein HB 8484 
transferrin receptor IVI 10075 
210 kDa HB 8696 
none known 
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values, using a molar extinction coefficient at  269 nm of 
6100 M-l cm-' at  pH 6.0. 

Kinetic Studies. Hydrolysis rates were studied spec- 
trophotometrically in the indicated buffers as a function 
of time at  25 "C. Reactions were carried out for 15 min 
and monitored a t  15-s intervals. Hydrolysis was followed 
at  406 nm for the HNSA ester and at  269 nm for the sNHS 
ester. The total ester was determined as described above. 

Second-order rate constants for thiol-disulfide exchange 
reactions with DTNB or DTDP, releasing 2-nitro-5- 
mercaptobenzoic acid (TNB) [molar extinction coefficient 
a t  412 nm of 13 600 M-' cm-' (43)] or 4-mercaptopyri- 
dine (TP) [molar extinction coefficient a t  324 nm of 19 800 
M-' cm-l(44)], were determined by monitoring the reaction 
spectrophotometrically a t  5-9 intervals for 10 min a t  23 
"C in 100 mM NaPi, pH 7.0 or 8.0. When one reagent was 
in great excess, the reaction exhibited first-order kinetics 
with respect to the limiting reagent, and the pseudo-first- 
order rate constant was calculated from the initial linear 
part of the graph of In [unreacted reagent] vs time. The 
second-order rate constant was calculated by dividing the 
pseudo-first-order constant by the concentration of the 
excess species. For fast reactions, equal concentration of 
the two reagents were added, and the second-order rate 
constant was calculated from a plot of (l/[A]) - (1/[&]) 
vs time. Finally, when the concentrations of the two 
reagents were not equal but neither was in great excess, 

vs time yielded the second-order rate constant. 
The reactivity of the TMBA thiol was examined 

following derivatization of antibody, deacetylation with 
hydroxylamine, and desalting. 

Synthesis of Immunoconjugates with t-lminothi- 
olane. Recombinant ricin A (rRA) chain produced in Es- 
cherichia coli (45) and 2-IT conjugates were prepared by 
the Cetus Process and Product Development group using 
previously published methods (46, 47).  

Synthesis of Radioactive Immunoconjugates with 
SAMSA. For the preparation of metabolically 35s-  
labeled 260F9 antibody [ (F3)-260F9], hybridoma cells were 
grown in HL-1 medium at 37 "C under 10% COz for 2 days. 
Cells were harvested, washed, and resuspended in HL-1 
medium deficient in methionine to a final cell density of 
1 X lo6 viable cells per mL. (35S)methionine was added 
to a final specific activity of 50 pCi/mL (50 nM), and the 
culture was incubated an additional 24 h a t  37 "C under 
10 5% Con. The radiolabeled antibody was concentrated 
from the supernatant by chromatography over a Bio-Gel 
HPHT hydroxyapatite HPLC column (100 mm X 7.8 mm, 
Bio-Rad Laboratories, Richmond, CA) using a sodium 
phosphate gradient. The antibody was further purified 
by chromatography over a BioGel TSK-phenyl-5-PW 
HPLC column (75 mm X 7.5 mm, Bio-Rad, Richmond, CA) 
with a simultaneously descending gradient of ammonium 
sulfate (1.0-0 M) and ascending gradient of propylene 
glycol (0-3074 ) in phosphate buffer (100 mM NaPi, pH 
8.0). The antibody was a t  least 95% pure based on SDS- 
PAGE and autoradiography. 

A stock solution (5 mM) of SAMSA was prepared in ac- 
etonitrile. (=S)-260F9 (640 pg/mL, 1.1 X 105dpmlpg) was 
derivatized with a 15-fold excess of SAMSA in 10 mM 
HEPES, 0.2 M NaC1, 1 mM EDTA, pH 7.6, for 16 h to 
generate approximately 1.8 linkers per antibody, and the 
acetyl group was removed by treatment with 50 mM hy- 
droxylamine a t  23 "C for 1 h. Following activation of the 
thiol by reaction with 1 mM DTNB at 23 "C for 1 h, the 
preparation was dialyzed against 100 mM NaPi, pH 8.0. 
rRA was freshly reduced in 100 mM NaPi, pH 8.0, with 

a plot of ( l / ( IAol-  [BO])) X In (([AI X [Bol)/([Aol X [Bl)) 

I I1 1 1 1  

V 

0 

DCC 1 H 0 - L 3 s 0 3 N a  

)-N/" 
0 

Vi  

Figure 1. Synthesis of sNHS-ATMBA. The structures are (I) 
dimethylacryloyl chloride; (11) tert-butyl ester of &alanine; (111) 
tert-butyl ester of (dimethylacryloyl)-j3-alanine; (IV) tert-butyl 
ester of N-  [3-(acetylthio)-3-methylbutyryl]-P-alanine; (V) N -  [3- 
(acetylthio)-3-methylbutyryl]-@-alanine; and (VI) sulfosuccin- 
imidyl ester of N -  [3-(acetylthio)-3-methylbutyryl]-@-alanine. 

NHS Ester. N -  [ 3-(Acetylthio)-3-methylbutyryl] -0- 
alanine (494 mg, 2 mmol) was weighed into a 25-mL round- 
bottom flask. NHS (230 mg, 2 mmol), in 10 mL of CH2- 
Clz, was added followed by 412 mg of dicyclohexylcarbo- 
diimide. The reaction was stirred a t  room temperature 
for 18 h. The precipitated dicyclohexylurea was filtered 
off and the solvent evaporated to give a white powder. The 
product was recrystallized from ethanol. 'H NMR 6 6.3 
(br s, 1 H), 3.6 (9, 2 H), 2.85 (s, 4 H), 2.8 (t, 2 H), 2.75 (s, 
2 HI, 2.25 (s, 3 H), 1.5 (s, 6 H). Yield = 350 mg (50%). 

Characterization of Stock Concentrations of 
Linker. Stock 10 mM solutions of the HNSA ester of the 
linker were freshly prepared prior to use by dissolving ca. 
2 mg in 500 pL of water. The concentration of active ester 
was determined in buffer (either 100 mM NaPi, 1 mM 
EDTA, pH 7.6, or 100 mM HEPES, 0.2 M NaC1,l mM 
EDTA, pH 7.6) as described by Aldwin and Nitecki (35). 
Briefly, the free HNSA dianion concentration was 
measured at  406 nm with a molar extinction coefficient 
of 4.6 X 103 M-' cm-'. The initial concentration of the free 
HNSA dianion was determined. Following the addition 
of 5 N NaOH to a final concentration of 240 mM the total 
concentration of HNSA was determined. The concen- 
tration of ester was calculated from the difference in the 
initial and final values. 

A stock (25 mM) solution of the NHS ester of the linker 
was prepared by dissolving 3 mg in acetonitrile and storing 
at  -20 "C. The amount of the anion of NHS was measured 
at 259 nm with an extinction coefficient of 8600 M-l cm-l 
(41,42). To determine the concentration of ester, the stock 
solution was diluted into 0.25 M Tris-C1, pH 8.0, and the 
absorbance a t  259 nm was monitored with time. The ester 
concentration was determined from the difference between 
the final and initial (extrapolated) absorbances. 

Stock (10 mM) solutions of the sNHS ester of the linker 
were made in dry dimethylformamide and stored a t  -70 
"C. Following dilution of the stock in 100 mM NaPi, pH 
6.0, the initial absorbance at  269 nm was measured. Hy- 
droxylamine was added to a final concentration of 5 mM, 
and the measurement was repeated 1 min later. The ami- 
nolysis of the ester was complete in 10 s. Ester concen- 
tration was determined from the difference in the two 
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1 mM dithiothreitol (DTT) and desalted over a PD-10 
column (Pharmacia, Piscataway, NJ) in 100 mM NaPi, pH 
8.0. For conjugation, a 2.5 molar excess of rRA thiols over 
antibody thiols was reacted at  23 "C for 72 h under 
nitrogen. Conjugate containing one rRA per antibody (1- 
mer) was purified as described below. 

Synthesis of Immunoconjugates with TMBA. 
Antibody (10 mg/mL) was derivatized in 100 mM HEPES, 
200 mM NaCl, 0.1 mM EDTA, pH 7.6, with 3.3-fold excess 
of sNHS-ATMBA (or  8.5-fold excess of HNSA- 
ATMBA) for 16 h at  23 "C, resulting in 1.8-2 thiols per 
antibody. The linker thiol was deprotected by treatment 
of the modified antibody with 50 mM hydroxylamine at 
pH 8.0 for 1 h and the preparation desalted over a PD- 
10 column in 100 mM NaPi, pH 8.0. rRA was freshly 
reduced with 1 mM DTT and desalted over a PD-10 
column, the thiol was activated by treatment with 1 mM 
DTNB, and the unreacted products were removed by 
dialysis. Conjugation proceeded by mixing 1.5 mol of 
activated rRA-TNB disulfides per titratable antibody thiol 
at 4 "C for 16 h. Unreacted thiols were blocked by addition 
of 40 mM IAM for 1 h at  23 "C, and the conjugate was 
purified as described by Ferris et al. (47). 

Synthesis of Radioactive Immunoconjugate with 
TMBA. (35S)-260F9 (850 pg, 1 mg/mL) in 10 mM 
HEPES, 200 mM NaC1, 1 mM EDTA, pH 7.6 was de- 
rivatized with 15-fold excess of HNSA-ATMBA at  23 "C 
for 18 h. The preparation was deacetylated and conjugated 
as described above. The conjugate mixture was chro- 
matographed over a Bio-Gel TSK-phenyl-5-PW HPLC 
column (75 mm X 7.5 mm) and eluted at 1 mL/min with 
a simultaneously descending gradient of sodium chloride 
(1.5-0 M) and ascending gradient of propylene glycol (0- 
30%) in phosphate buffer (100 mM, pH 6.8). Fractions 
containing predominantly intact 1-mer, as determined by 
estimated molecular weight from SDS nonreducing PAGE 
and autoradiography, were pooled. Contaminating free 
rRA was removed by chromatography at 1 mL/min over 
a Zorbax Bio Series GF-250 HPLC column (25 cm X 9.4 
cm, Du Pont, Wilmington, DE) equilibrated with 100 mM 
sodium phosphate, pH 6.8, 250 pg/mL human serum 
albumin (Travenol, Laboratores, Inc, Glendale, CA). The 
final conjugate had a specific activity of 7.5 X lo5 dpm. 

Detection of Cysteine Thiols following Deacet- 
ylation of 260F9-ATMBA. Monoclonal antibody 260F9 
(33 mg/mL) was derivatized in 100 mM HEPES, 0.2 M 
NaCl, 1 mM EDTA, pH 7.6, with 6.7 molar excess of sNHS- 
ATMBA, deacetylated with 50 mM hydroxylamine, pH 
8, and desalted over a PDlO column. DTNB analysis 
indicated 1.9 thiols per antibody. To 1 mg of underiva- 
tized antibody (260F9 in 397 pL), 1 mg of derivatized 
antibody prior to deacetylation (260F9-ATMBA, in 344 
pl), or 1 mg of derivatized, deacetylated antibody (260F9- 
TMBA, in 166 pL) was added a 5 molar excess of [1-14C]- 
IAM (24.1 mCi/mmol, 16 pL) at 23 "C for 16 h. Unin- 
corporated label was removed by desalting over a PDlO 
column equilibrated with 20 mM N-ethylmorpholine, pH 
8.0. In addition, [1J4C]IAM was reacted with a 12-fold 
molar excess of cysteine and deacetylated TMBA. For acid 
hydrolysis, each sample was dried under vacuum, resus- 
pended in 300 pL of 6 N HC1, sealed in glass capillary tubes 
under vacuum, and incubated at  100 "C for 16 h. Samples 
were chromatographed on a microcrystalline cellulose 
Baker-flex plate (J.T. Baker, Phillipsburg, NJ) in n-bu- 
tanol-pyridine-glacial acetic acid-water (90:6018:72), dried, 
and autoradiographed at  -70 "C. 

In Vitro MTT Assay. The in vitro activity of con- 
jugates was measured by using a colorimetric assay based 
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on the ability of mitochondrial dehydrogenase enzymes 
to cleave the tetrazolium ring of the salt 3-(4,5-dimeth- 
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to 
the violet crystal formazan (48). Assays were performed 
by the Cetus Assay Development group, using a procedure 
developed by C. Vitt of Cetus. Briefly, wells of a 96-well 
tissue culture plate were filled with 50 pL of MEM Eagles 
medium (Irvine Scientific, Santa Ana, CA) containing 10% 
fetal calf serum (Flow Laboratories, McLean, VA) and 1 % 
penicillin-streptomycin (Irvine Scientific, Santa Ana, CA). 
Dilutions of the test conjugate were added in 25 pL followed 
by the addition of 100 pL of cell suspension (at 1 X 105 
cells/mL). Following incubation at  37 "C (6% COz for 72 
h) 75 pg of MTT was added, and the plates were incubated 
for an additional 4-6 h at  37 "C under 5% COz. The liquid 
was removed by aspiration, 150 pL of 3% SDS, 0.04 N 
HC1-2-propanol was added, and the plates were incubated 
for 30-60 min to allow color development. The plates were 
read at  570 nm in a Titertek Multiscan plate reader. 

Kinetics of in Vitro Cytotoxicity. OVCAR3 cells were 
trypsinized, counted, and seeded in 96-well plates at a cell 
density of 6.7 X lo4 viable cells/mL followed by the 
addition of 10 nM conjugate. A t  the indicated times, the 
cells were washed, incubated for 45 min with methionine- 
deficient RPMI 1640 medium supplemented with 8 pCi/ 
mL (35S)methionine, washed, and harvested onto filter 
paper. Incorporated radioactivity was precipitated with 
TCA and counted. 

Analysis of Radioactive Conjugates in Vitro. Six 
female Balb/C nude (nu/nu) mice were injected with 0.1 
mL of (35S)-260F9-SAMSA-rRA (6 pg, 5.4 X 105 dpm) in 
100 mM NaPi, pH 7,200 pg/mL carboxymethylated BSA. 
At  0.25, 1.25,2.25,4.25,8.25, and 12.33 h, mice were bled 
retroorbitally with heparinized capillaries and sacrificed. 
Alternatively, eight mice were injected with 0.1 mL of (3%)- 
260F9-TMBA-rRA (3.6 pg); four mice were bled and 
sacrificed at  both 5 and 24 h. Samples of blood were 
counted, and plasma was electrophoresed on a 5-10% 
gradient polyacrylamide SDS gel, dried, and autoradio- 
graphed at  -70 "C using an intensifying screen. 

RESULTS 
Analysis of (35S)-260F9-SAMSA-rRA in Vitro. 

Thorpe et al. (31) and Worrell et al. (32) have reported 
that cross-linkers with a methyl substituent on the carbon 
a to the thiol stabilize conjugates in vivo. We investigated 
the commercially available reagent SAMSA, which is 
branched at  the carbon a to the sulfur (Figure 2). Due 
to reagent asymmetry, the substituent following deriva- 
tization can either be a carboxymethyl or a carboxylate 
group (Figure 2). Despite the substitution, SAMSA 
conjugates were unstable in vivo (Figure 3), as has been 
observed with 2-IT (26, 23-25) and SPDP (11, 16, 26) 
conjugates. Because this substitution at the a-carbon failed 
to stabilize the conjugate in vivo, we investigated a new 
cross-linking reagent in which the a-carbon is substituted 
with two methyl groups. 

Synthesis of ATMBA. Initially, penicillamine was 
chosen for the linker backbone (Figure 2). The 4-nitro- 
phenyl ester of N-carbobenzoxy-S-benzylpenicillamine has 
been used in peptide synthesis (49). Preparation of several 
esters (NHS, HNSA, 2,4-dinitrophenol, and 4-nitrophe- 
nol) of N,S-diacetylpenicillamine was attempted. Only 
4-nitrophenol yielded an ester product (data not shown). 
Unfortunately, this reagent, 4-nitrophenyl N,S-diacetyl- 
penicillaminate, was not sufficiently water soluble to be 
useful as a protein cross-linker. 

The inability to esterify the penicillaminecarboxylate 
efficiently was ascribed to steric hindrance by the adjacent 
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Figure 2. Chemical structures of thiol-containing compounds 
and cross-linkers. The  thiol-containing compounds glu- 
tathione and penicillamine were used to compare the reactivity 
of sulfur atoms adjacent to a primary and tertiary carbon, 
respectively (Table I). The structures of the cross-linkers used 
in this study (2-IT, SAMSA, and TMBA) both before (left) and 
after (right) reacting with proteins are shown. 
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Figure 3. In vivo lability of 260F9-SAMSA-rRA conjugate. Six 
mice were injected intravenously with 6 pg of (35S)-260F9- 
SAMSA-rRA and sacrificed a t  0.25 (lane 3), 1.25 (lane 4), 2.25 
(lane 5), 4.25 (lane 6), 8.25 (lane 7) and 12.3 h (lane 8). Plasma 
was isolated and electrophoresed on a 5-10% gradient SDS poly- 
acrylamide gel. The gel was dried and autoradiographed. Lane 
1 is (35S)-260F9 and lane 2 is (35S)-260F9-SAMSA-rRA injec- 
tate. 

doubly branched a-carbon. To avoid the problem, the 
linker backbone was elongated before the introduction of 
the sulfur, as outlined in Figure 1. On the basis of the 
approach of Worrell et al. (32), dimethylacryloyl chloride 
was used as the starting material but the linker backbone 
was extended by reacting with 0-alanine tert-butyl ester. 
Thioloacetic acid was added to the double bond, and the 
tert-butyl blocking group was removed. The carboxy- 
late group, now five atoms removed from the sterically 
hindered site, was readily esterified with three different 

Table I. Reactivity of Various Nucleophiles with 
Activated Thiols. 

activated thiol GSH MEA PSH DTT 
DTNB 2200 (5) nd* 2100 (6) nd 
DTDP 1900 (3) nd 1700 (4) nd 
GSSTNB 200 (2) 770 (1) 140 (3) nd 
GSSTP 360 (1) 890 (1) 210 (1) nd 
PSSTNB 1 (1) 3.2 (2) 0.73 (2) 1.7 (1) 
PSSTP 1.6 (2) 1.8 (2) nd 1.4 (1) 
rRA-TNB nd nd 160 (1) nd 

k2, M-1 S-1 

activated thiol hydroxylamine 260F9-TMBA 520C9-TMBA 
diacetyl-PSH 0.34 (1) nd nd 
DTNB nd 88 (8) nd 
sNHS-ATMBA 0.018 (6) nd nd 
rRA-TNB nd nd 7 (1) 
rRA-TP nd nd 3.6 (1) 

a The indicated two reagents were mixed and the release of the 
chromophore, TNB or TP, was followed spectrophotometrically at 
23 "C as described in the Experimental Procedures. The concen- 
tration of the nucleophiles and the activated thiols ranged between 
1 X and 2 X M. The rate of deacetylation of diacetyl- 
PSH (7 X 10-5 M) and sNHS-ATMBA (5 X M) with hydroxy- 
lamine (50 mM) was monitored by measuring the exposed thiols by 
the inclusion of DTNB (1 X 10-4 M). The second-order rate constants 
(122) were determined during the initial part of the reaction. The 
number of determinations is indicated in parentheses. (rRA- 
TNB, rRA-2-nitro-5-mercaptobenzoate, rRA-TP, rRA-4-mercap- 
topyridine; 260F9-TMBA and 520C9-TMBA, derivatized antibody 
in which the thiol of the linker has been deblocked.) * Nd, not 
determined. 

alcohols (HNSA, NHS, and sNHS). All three esters were 
evaluated for coupling efficiency. 

Reactivity of Blocked Thiol. Penicillamine (Figure 
2) was used to model the thiol reactivity of TMBA (Table 
I). The reactivity of the penicillamine (PSH) thiol with 
DTNB, DTDP, GSSTNB (2-nitro-5-mercaptobenzoic acid 
disulfide of glutathione), and GSSTP (4-mercaptopyri- 
dine disulfide of glutathione) was similar to those of 
reduced glutathione (GSH) and MEA (Table I). The 
reactivity of the penicillamine thiol with GSSTNB (I32 = 
140 M-l s-l) was similar to that with activated rRA, in 
which the thiol of rRA was activated with TNB (122 = 160 
M-l s-l). In contrast, the 2-nitro-5-mercaptobenzoic acid 
(PSSTNB) and 4-mercaptopyridine (PSSTP) disulfides 
of penicillamine were at  least 2 orders of magnitude less 
reactive than the corresponding GSH derivatives toward 
reduction by GSH or MEA (Table I). Rabenstein and The- 
riault (50) have reported similar findings in which the pen- 
icillamine thiol acts as an efficient nucleophile while di- 
sulfide bonds involving the penicillamine sulfur resist 
cleavage. 

Forms of Ester. Efficiency of protein modification with 
ATMBA is dependent upon competing aminolysis and hy- 
drolysis reactions. As the hydrolysis rate is buffer 
dependent (Table 11), more efficient derivatization could 
be achieved by selecting buffers which minimize this rate. 
It was found that HEPES buffer resulted in both a lower 
hydrolysis rate and a higher derivatization efficiency when 
compared to phosphate buffer (Tables I1 and 111). This 
buffer effect on both hydrolysis rate and derivatization 
efficiency was greater for the HNSA ester than the sNHS 
ester (Tables I1 and 111). 

HNSA is a water-soluble and spectrophotometrically 
monitorable active-ester leaving group (35). Aldwin and 
Nitecki (35) found that the degree of derivatization assessed 
by HNSA release was higher than the actual number of 
groups introduced per protein despite correction for hy- 
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group was stable throughout the conjugation reaction 
(Table IV). Hydroxylamine completely deacetylated the 
blocked ATMBA thiol within 1 h (Figure 5; Table I). The 
TMBA thiol was 20-fold less reactive than the corre- 
sponding thiol of penicillamine as demonstrated by 
comparing their relative reactivities with DTNB ( K z  = 88 
vs 2100 M-l s-l), or rRA-TNB (122 = 7 vs 160 M-' s-l) (Table 
I). 

Efficient conjugation will occur only if the TMBA thiol 
reacts with the activated thiol of rRA faster than it au- 
tooxidizes. At the concentrations of rRA-TNB used during 
conjugation (5 mg/mL), the tl/2 for the coupling reaction 
based on a kz of 7 M-' s-l (Table I) should be around 10 
min. In contrast, the tl/z of TMBA thiol autooxidation 
was around 114 days (Figure 6), such that  in a 24-h 
conjugation reaction, less than 0.6 % of the antibody would 
be expected to dimerize. 

Antibody derivatization did not alter the migration of 
the protein on SDS-PAGE (compare lanes 1 and 6 to lane 
5 in Figure 7). However, when the thiol was deacety- 
lated (Figure 7, lanes 2-4 and 7-9), there was a rapid 
appearance of a small amount of two new species. The 
apparent molecular weights of these bands suggested that 
they represent free light chain and an antibody molecule 
with two heavy chains and one light chain. These bands 
appeared only after deacetylation, suggesting that the 
TMBA thiol was somehow involved. The mechanism for 
this release probably involves the attachment of the linker 
to a lysine group in the vicinity of the disulfide bond 
connecting antibody heavy and light chains. Presumably, 
upon deacetylation of the linker thiol, a thiol-disulfide 
exchange resulted in release of the light chain. Thus the 
placement of the linker near this antibody disulfide is 
crucial to the proposed mechanism. The charge on the 
linker ester might influence which lysines are deriva- 
tized and hence the degree to which light chain release 
occurs. However, the appearance of these bands was 
independent of the ester form of the ATMBA used to de- 
rivatize the antibody (Figure 7). 

No free thiols could be detected in the antibody either 
before or after derivatization prior to deacetylation (Table 
IV). If a rapid thiol-disulfide exchange reaction occurred 
after deacetylation, the ATMBA linker thiol must displace 
the light chain thiol from its disulfide bond, thereby freeing 
the light chain from the remainder of the antibody. As 
a result, the cysteine thiol of the light chain may become 
accessible. 

The presence of free cysteine thiols was determined by 
labeling all free thiols with [1-14C]IAM, cleaving the 
product by acid hydrolysis, and identifying the labeled 
species by thin-layer chromatography. Figure 8 demon- 
strates that following removal of the acetyl group from the 
ATMBA on the antibody, a population of cysteine thiols 
becomes available. The TMBA-IAM product resulted in 
one major and one minor species migrating close to the 
solvent front (lane 1). The cysteine-IAM product was a 
single spot close to the origin (lane 2) and the IAM product 
was a spot migrating a t  an intermediate position (lane 3). 
Thin-layer chromatography of the hydrolysate of under- 
ivatized antibody labeled with [1-14C]IAM (lane 4) and of 
ATMBA-antibody labeled with [ 1-14C]IAM (lane 5) 
resulted in barely detectable labeled species. In contrast, 
reaction of [1-14C]IAM with antibody that had been de- 
rivatized and deacetylated resulted in two groups of species 
(lanes 6 and 7): one migrating close to the solvent front 
similar in position to the TMBA control and one close to 
the origin as found with cysteine. In the absence of acid 

aPP 
first-order 

tl(2, rate constant, 
ester buffer min min-1 

HNSA 100 mM NaPi, pH 7.6 76 0.0040 
HNSA 100 mM NaPi, 1 mM EDTA, pH 71 0.0042 

HNSA 10 mM HEPES, 0.2 M NaCl, 270 0.0011 
7.6 

n H  7 f i  r-- "- 
HNSA 10 mM HEPES, 0.2 M NaC1, 1 330 0.00091 

mM EDTA. DH 7.2 
HNSA 10 mM HEPES, 0.2 M NaCl, 1 300 0.0010 

mM EDTA, pH 7.6 + 10 mM 6-aminocaproic acid 50 0.0060 
+ 1 mM 6-aminocaproic acid 165 0.0018 
+ 0.1 mM imidazole 40 0.0075 
+ 0.01 mM imidazole 161 0.0019 

HNSA 100 mM HEPES, 0.2 M NaCl, 1 270 0.0011 
mM EDTA, pH 7.6 

sNHS 100 mM NaPi, pH 6.0 39 0.0077 
sNHS 100 mM HEPES, 0.2 M NaCl, 1 12 0.025 

mM EDTA, pH 7.6 
Reactions were monitored spectrophotometrically (HNSA ester 

at 406 nm, sNHS ester at 269 nm) at 15-9 intervals for 15 min. The 
total concentration of ester was determined at the conclusion and 
the concentration of ester a t  each time point calculated. The rate 
constants represent the slope of the curve representing the In [ester] 
vs time. t 1 / 2  = In 2/k. The kadnolysh is calculated from the equation 
kapp = k,i,,l,~[amine] + khy&lyah (53), where khnolyaia is the second- 
order aminolysis rate constant, [amine] is the concentration of the 
amino acid derivative, kapp is the experimentally measured pseudo- 
first-order rate constant for aminolysis and hydrolysis and khydrolysis 
is the hydrolysis rate constant. The calculated kaminolysb for 6-ami- 
nocaproic acid was 0.65 M-l min-l and for imidazole was 78 M-' mi+, 
using the total amine concentration. The respective pK, values for 
the amines are 10.75 and 6.92. 

drolysis. Histidine imidazoles are known to react with 
activated acyl groups to generate unstable acylimidazole 
intermediates which undergo subsequent hydrolysis (51- 
53).  Not surprisingly, imidazole increased the rate of 
HNSA anion release from the ester (Table 11). The 
displacement of the HNSA leaving group was higher with 
imidazole (12,,ino~ysis = 78 M-' min-') than with 6-ami- 
nocaproic acid (kamkolysis = 0.65 M-l min-l). This difference 
parallels the difference in pK, values of the two compounds. 
Imidazole has a pK, of 6.95 and is 82 % un-ionized at  pH 
7.6, while the 6-aminocaproic acid amino group has a pK, 
of 10.75 and is only 0.07 unprotonated at  pH 7.6. Lysines 
are generally 2-3 times more abundant than histidines in 
most proteins (54) and are generally present on the protein 
surface (55). The counterbalancing ratios of abundance 
and side-chain reactivity combine to predict that histidine- 
catalyzed hydrolysis might compete effectively with lysine 
aminolysis in reactions intended to derivatize proteins. The 
quantitative outcome of this competition for a particular 
protein will depend on i t s  amino acid composi- 
tion and on side-chain microenvironment. In any event, 
this reaction may explain the discrepancy between the 
assessment of protein derivatization as determined by 
HNSA release as compared to titration of groups on the 
final product (data not shown) as well as the independence 
of derivatization efficiency from antibody concentration 
(Table 111). 

Despite the higher hydrolysis rates, sNHS esters de- 
rivatized antibody more efficiently than the corresponding 
HNSA esters. The derivatization reaction with the NHS 
ester was complete within 1 h (Figure 4). Because the 
sNHS ester is more soluble than the NHS ester, it is the 
preferred activated form of the linker. 

Reactivity of the TMBA Thiol. Like SAMSA, 
ATMBA has a thiol blocked by an acetyl group. The acetyl 
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Table 111. Derivatization Efficiency with Different Esters of the ATMBAs 
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Ab conc molar excess 
ester Ab mg/mL buffer efficiency for 1.8 SIAb 

HNSA 260F9 
HNSA 260F9 
HNSA 26019 
HNSA 260F9 
HNSA 260F9 
NHS 260F9 
sNHS 520C9 
sNHS 520C9 

1 
1 
1 
8 
9 
8 
30 
30 

0.1 M NaPi, 1 mM EDTA, pH 6.8 
0.1 M NaPi, 1 mM EDTA, pH 7.6 
0.01 M HEPES, 0.2 M NaCl, 1 mM EDTA, pH 7.6 
0.01 M HEPES, 0.2 M NaC1, 1 mM EDTA, pH 7.6 
0.1 M HEPES, 0.2 M NaC1, 1 mM EDTA, pH 7.6 
0.01 M HEPES, 0.2 M NaC1, 1 mM EDTA, pH 7.6 
0.1 M HEPES, 0.2 M NaCl, 1 mM EDTA, pH 7.6 
0.1 M NaPi, mM EDTA, pH 7.6 

0.010 
0.022 
0.11 
0.13 
0.13 
0.54 
0.68 
0.35 

177 
69 
15 
12 
14 
3.8 
3.2 
5.3 

0 Antibody (Ab) at the indicated concentration (determined by absorbance) was incubated in buffer with increasing concentrations of ester 
for 16 h at 23 OC. The linker was deacetylated by the addition of hydroxylamine to 50 mM and NaPi, pH 8.0, to 100 mM and incubation for 
1 h; the mixture was desalted over a PD-10 column. The number of thiols per antibody was quantitated by assaying with DTDP and DTNB. 
The efficiency was determined by plotting the resulting thiols per antibody as a function of added esters per antibody and calculating the 
slope of the line via least-squares analysis. The number of linkers per antibody required to achieve 1.8 thiols per antibody molecule was determined 
by extrapolation. 
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Figure 4. Derivatization of 520C9 with sNHS-ATMBA. 520C9 
(30 mg/mL) was derivatized in 100 mM HEPES, 0.2 M NaCl, 
1 mM EDTA, pH 7.6, with 3.3 molar excess of sNHS-ATMBA. 
At the indicated times, derivatization was stopped, the thiol 
deacetylated by the addition of 50 mM hydroxylamine for 1 h, 
the sample desalted on a PD-10 column, and the thiol content 
per antibody determined by DTNB analysis. At this concen- 
tration of hydroxylamine, any remaining sNHS ester was cleaved 
within 5 s. 

Table IV. Free Thiol Content. 
sample free thiols/antibody 

260F9 0.04 
260F9 treated with 50 mM 0.02 
hydroxylamine 
260F9-ATMBA prior to 0.10 
hydroxylamine 
260F9-ATMBA following 2.2 
hydroxylamine 
Thiol content was assayed by DTNB analysis as indicated in the 

Experimental Procedures. Antibody, 260F9, was derivatized with 
HNSA-ATMBA at 23 "C for 16 h, followed by desalting on a PDlO 
column. The thiol content was measured on a fraction of the antibody. 
The remaining derivatized antibody was reacted with 50 mM hy- 
droxylamine for 1 h, and the sample was desalted on a PDlO column. 
The thiol content was again measured. In addition, the thiol content 
was measured on the underivatized antibody as well as underiva- 
tized antibody treated with hydroxylamine for 1 h. 

hydrolysis (lane €9, all radioactivity remained at the origin, 
indicating that all radioactivity was protein-associated. 

Thin-layer chromatography of acid hydrolyzed, [ 1-14C]- 
IAM-labeled, deacetylated TMBA-antibody could not be 
used to quantitate the contribution of cysteine and TMBA 
to the final free thiols. The thiol content of TMBA- 
antibody determined by [1-l4C]IAM ranged from 30 to 70% 
of that determined by both DTNB and DTDP analysis 
(data not shown). No free thiols could be detected with 
either DTNB or DTDP following reaction of TMBA- 
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Figure 5. Deacetylation of ATMBA. 50 mM hydroxylamine was 
added to 50 pM sNHS-ATMBA in 100 mM HEPES, 0.2 M NaCl, 
1 mM EDTA, 50 mM NaPi, pH 8, 50 pM DTNB and the ab- 
sorbance at  324 nm measured. The number of thiols per added 
linker was calculated with a molar extinction coefficient of 19 800 
M-* cm-'. In a control reaction, the hydrolysis of DTNB in the 
absence of linker was negligible. 
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Figure 6. Oxidation of the TMBA thiol. Monoclonal antibody 
260F9 (6.8 mg/mL) was reacted with HNSA-ATMBA, deacety- 
lated with 50 mM hydroxylamine, desalted into 100 mM NaPi, 
1 mM EDTA, pH 7.0, and incubated at 23 "C for 16 days. Each 
point represents the  average thiol content per antibody 
determined by both DTDP and DTNB analysis. 

antibody with [1J4C]IAM. The reason for the discrepancy 
between radiolabeling stoichiometry and chromophoric 
thiol release is unclear. 
In Vitro Cytotoxicities of Conjugates Made with 

ATMBA. Despite the increased stability of the disul- 
fide adjacent t o  the tert.iary carbon, the TMBA conjugates 



Cross-Linker with Enhanced Steric Hindrance Bioconjugate Chem., Vol. 1, No. 6, 1990 407 

1 2 3  4 5 6  7 8 9  Table V. In Vitro Activity of Immunoconjugates8 
TCIDm, nM 

Figure 7. Thiol-disulfide exchange following deacetylation. 
260F9 was derivatized with either sNHS-ATMBA (lanes 1-4) or 
HNSA-ATMBA (lanes 6-9) to add approximately 1.5 linkers per 
antibody. Following desalting over a PD-10 column, the 
preparations were deacetylated for 1 h in 50 mM hydrox- 
ylamine and again desalted over PD-10 columns. The thiol 
contents determined by DTNB analysis were 1.8 thiols per 
antibody (sNHS-ATMBA) and 1.3 thiols per antibody (HNSA- 
ATMBA). Samples were taken after each step and electro- 
phoresed on a 6% SDS polyacrylamide gel: lanes 1,6, following 
derivatization prior to deacetylation; lanes 2,7, following deacety- 
lation; lanes 3,8, after final desalting; lanes 4,9, blockage of free 
thiols by DTNB; lane 5, underivatized antibody. 

1 2 3 4 5 6 7 8  

coniugate MCF-7 MX-1 SK-Br-3 HS27F 
113F1-2-IT-rRA 1.2 (2) 31 (1) 510 (2) 390 (2) 
113F1-TMBA-rRA 0.84 (7) 3.2 (7) 14 (4) >69 (6) 
2G3-TMBA-rRA 2.2 (6) 21 (6) 44 (2) >200 (4) 
260F9-2-IT-r RA 0.03 (26) 0.06 (16) 0.04 (14) >380 (15) 
260F9-TMBA-rRA 0.04 (30) 0.05 (12) 0.18 (6) >350 (20) 
317G5-2-IT-rRA 0.01 (2) 0.11 (1) 0.091 (2) >320 (2) 
317G5-TMBA-rRA 0.04 (8) 0.053 (8) 0.68 (5) >1900 (8) 
454A12-2-IT-rRA 0.002 (2) 0.002 (1) 0.029 (1) 220 (2) 
454A12-TMBA-rRA 0.03 (6) 0.031 (4) 0.50 (8) >160 (4) 
520C9-2-IT-r RA 88 (6) 140 (7) ndb >1400 (6) 
520C9-TMBA-rRA 130 (12) 110 (14) 0.58 (14) >lo00 (10) 
MOPC21-TMBA-rRA 72 (6) nd nd >890 (6) 

a The in vitro activity of conjugates made with seven different 
antibodies using the two linkers 2-IT and TMBA was measured 
against the three human breast cancer cell lines MCF-7, MX-1, and 
SK-Br-3 and a human fibroblast cell line (HS27F) as described in 
the Experimental Procedures. The concentration of conjugate which 
results in 50% of the MTT signal (TCIDw) is given, along with number 
of determinations in parentheses. Nd, not determined. 
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Figure 9. Kinetics of protein-synthesis inhibition by 260F9- 
TMBA-rRA (closed circles) and 260F9-2-IT-rRA (open circles). 
260F9-2-IT-rRA or 260F9-TMBA-rRA a t  10 nM was added to 
1 X 104 OVCAR3 cells in 96-well microtiter plates and incubated 
a t  37 "C under 10% COz. At the indicated times, the cells were 
pulsed for 45 min with (%)methionine and harvested. Each point 
represents an average of triplicate determinations. The TCIDm 
values of 260F9-2-IT-rRA and 260F9-TMBA-rRA measured a t  
24 h by protein synthesis inhibition were 0.14 and 0.45 nM, 
respectively. 

Figure 8. Availability of cysteine thiols following deacetyla- 
tion of 260F9-ATMBA: TMBA (lane l ) ,  cysteine (lane 2), 260F9 
(lane 4) 260F9-ATMBA (lane 5), and 260F9-TMBA (lanes 6-8) 
were reacted with [1-14C]IAM, acid hydrolyzed (except lane 8) 
as described in the Experimental Procedures, and subjected to 
TLC, and the chromatogram was autoradiographed. Lane 3 is 
acid-hydrolyzed [ 1-14C]IAM, and lane 8 is 260F9-TMBA reacted 
with [ 1-14C]IAM without acid hydrolysis. 
were specifically potent against breast cancer cell lines in 
vitro (Table V). The cytotoxicity of the TMBA conjugates 
relative to 2-IT conjugates depended on both the antibody 
and the cell line. In two cases (113F1 conjugates against 
MX-1 and SK-Br-3), TMBA increased the cytotoxicity by 
1 order of magnitude, whereas in six cases (317G5 and 
454A12 conjugates against MCF-7, 454A12 conjugates 
against MX-1, and 260F9,317G5, and 454A12 conjugates 
against SK-Br-3) it decreased the cytotoxicity by at  least 
75%. Interestingly, replacing 2-IT had a "leveling" effect, 
reducing the cytotoxicity of the most active conjugate and 
increasing the cytotoxicity of most of the least active 
conjugates. This phenomenon might reflect differences 

in the kinetics of killing. However, the kinetics of protein 
synthesis inhibition in OVCAR3 cells were similar for 
conjugates made with the two cross-linking reagents (Figure 
9). 

In Vivo Stability of Conjugates Made with TMBA. 
The TMBA-linked conjugate was more resistant t o  
breakdown in vivo than the SAMSA-linked conjugate 
(Figure 10). Whereas most of the SAMSA conjugate broke 
down to free antibody by 12.3 h (Figure 3), there was little 
breakdown of the TMBA conjugate even at  24 h. The 
radioactive material which migrated on SDS-PAGE at a 
position similar to that of antibody did not increase even 
at  168 h following in vivo administration (data not shown). 
A proportion of this material contained rRA as demon- 
strated by the presence of a similar band following SDS- 
PAGE analysis of plasma from animals injected with 
260F9-TMBA-(35S)rRA (data not shown). The terminal 
half-life of the TMBA conjugate in mice was 43 h compared 
to 24 h for the 2-IT conjugate (manuscript in preparation). 
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Figure 10. In vivo stability of 260F9-TMBA-rRA conjugate. 
Eight mice were injected intravenously with 3.6 pg of (35S)- 
260F9-TMBA-rRA and sacrificed at either 5 (lanes 3-6) or 24 
(lanes 7-10) h. Plasma was isolated and electrophoresed on a 
5-10 ViI gradient SDS polyacrylamide gel. The gel was dried and 
autoradiographed. Lane 1 is (S5S)-260F9-TMBA and lane 2 is 
(35S)260F9-TMBA-rRA injectate. 

DISCUSSION 
The disulfide bond connecting ricin A chain to antibody 

using either SPDP (11,16,26) or 2-IT (16,23-25) is labile 
in circulation on the time scale of hours. This fact has three 
important potential consequences. First, disulfide cleavage 
in the circulation reduces the amount of intact conjugate 
delivered to the tumor. Second, the released antibody, 
which has a longer circulating half-life than intact conjugate 
(16-18,23,24,26,27,29,30), can bind to the tumor, thereby 
potentially competing with the conjugate for binding to 
cell-surface epitopes if the latter are stoichiometrically 
limiting. Third, the slow continual release of the ricin A 
chain into the circulation may contribute to the increased 
toxicity of disulfide-linked conjugate compared to that of 
free ricin A chain, which is rapidly cleared by renal 
filtration (23, 30). These factors have undoubtedly 
contributed to the limited efficacy of immunoconjugates 
in vivo (56-59). 

Thorpe et al. (31) and Worrell et al. (32) have shown 
that single substitution of the carbon adjacent to the sulfur 
makes the disulfide bond more difficult to reduce, leading 
to more stable conjugates in vivo. We investigated a 
commercially available cross-linking reagent, SAMSA, 
which, upon conjugation, has a carboxymethyl or a car- 
boxylate group on the carbon adjacent to the sulfur, and 
found that the disulfide bond was still labile in vivo. We 
therefore developed a new cross-linking reagent with two 
methyl groups on the &-carbon. 

Worrell et al. (32) demonstrated that reduction of the 
3-( 2-pyridy1dithio)isovaleric acid disulfide was 50- and 600- 
fold less rapid than that of 34 2-pyridyldithio) butyric acid 
and 3-(2-pyridyldithio)propionic acid, respectively, a t  pH 
7.5. They were, however, unable to prepare the NHS ester 
of that acid, probably because of steric hindrance of the 
carboxylate group. We show here that elongation of the 
linker by addition of &alanine to dimethylacryloyl chloride 
before introduction of the sulfur provides a carboxyl group 
which readily forms esters. 

Three forms of ester were investigated. Aldwin and Ni- 
tecki (35) previously demonstrated the use of HNSA as 
a water-soluble ester leaving group that allows monitoring 

of the derivatization reaction. We have found that the 
HNSA ester of TMBA is slow and inefficient in deriva- 
tizing antibody; spectrophotometric monitoring of HNSA 
release overestimates the degree of derivatization. Both 
NHS and sNHS esters lead to faster and more efficient 
derivatization, and the latter has the advantage of water 
solubility. The final form of the linker, sNHS-ATMBA, 
reacts rapidly and derivatizes antibody with approximately 
70 % efficiency. 

The reactivity of sulfur atoms adjacent to a tertiary 
carbon was modeled with penicillamine. The penicil- 
lamine disulfide was over 2 orders of magnitude more inert 
than that of the corresponding nonhindered analogues (i.e. 
glutathione). In contrast, the nucleophilicity of the free 
penicillamine thiol was similar to that of the reduced glu- 
tathione thiol. These facts inspired an efficient conjugation 
strategy in which the linker sulfur served as the nucleo- 
phile and the ricin A chain thiol was activated with TNB. 
Table I also suggests that nucleophilic reactivity of a 
tertiary thiol toward a chromogenic disulfide is reduced 
about 95% by attachment to an immunoglobulin; this 
effect is too large to be explained solely by the effect of 
size on the diffusion coefficient, and therefore must reflect 
steric occlusion by the bulk of the immunoglobulin 
molecule. 

ATMBA was synthesized with the thiol protected by an 
acetyl group, which can be efficiently removed by treatment 
with hydroxylamine at  23 "C for 1 h. Conjugation with 
activated rRA at  10 mg/mL at  23 "C occurs with an initial 
half-time of 5 min. However, a 16-h conjugation generally 
resulted in only 70430% of the titratable TMBA thiols 
conjugated to rRA. This observation implies that there 
is a varying degree of accessibility among linker thiols 
attached to antibody. Following conjugation, unreacted 
thiols were blocked by IAM. 

TMBA thiol autooxidation was very slow, with a half- 
life of approximately 114 days. Therefore, antibody dimer- 
ization during the conjugation reaction should not be a 
problem (and has not been in our experience to date). In 
contrast, 2-IT-modified monoclonal antibodies routinely 
exhibit some antibody dimerization. However, following 
exposure of the free TMBA thiol by deacetylation, a very 
rapid thiol-disulfide exchange between a small proportion 
of linker thiols and antibody disulfide bonds was demon- 
strated by the presence of free light chain on SDS- 
PAGE. This rapid reaction was complete during the 
deacetylation reaction, as longer incubation did not result 
in further release of antibody light chain. 

Despite the resistance of the TMBA disulfide bond to 
reduction, conjugates made with this cross-linker were 
effective in vitro. The in vitro cytotoxicity of TMBA 
conjugates showed some differences when compared to the 
analogous 2-IT-conjugates. The  relative potencies 
depended on the antibody and the cell line, and may reflect 
differences in the rate-controlling step for killing by 
conjugate made with different antibodies. For example, 
for those antibodies in which disulfide cleavage of the 
conjugate is rate-limiting, stabilization of the disulfide 
might decrease the in vitro toxicity. In contrast, for those 
antibodies in which internalization from the cell surface 
is slow, stabilization of the disulfide bond may decrease 
the vulnerability to cleavage prior to entry, either in the 
medium or on the cell surface, thereby increasing the in 
vitro cytotoxicity. In the one cell line so examined, 
OVCAR3, the kinetics of protein synthesis inhibition by 
the two conjugates were similar. It is interesting that, 
although model disulfides are deactivated by over 2 orders 
of magnitude by double a-substitution, the TCID5o is 
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increased by no more than 1 order of magnitude. Thus 
such cross-linkers might make marginally effective im- 
munotoxins better. Whether they worsen the performance 
of the best immunotoxins will depend on whether the phar- 
macokinetics or cellular events control efficacy in vivo. 

The in vivo behavior of 2-iminothiolane and TMBA 
conjugates made with rRA has been studied (manuscript 
in preparation); the TMBA conjugates demonstrate a 
longer half-life, greater in vivo efficacy, and greater in vivo 
toxicity compared to the corresponding 2-iminothiolane 
conjugates. 

In summary, we have developed a new, efficient cross- 
linking reagent which generates an unusually stable di- 
sulfide bond between antibody and ricin A chain, yet results 
in immunotoxins with in vitro potency similar to that of 
analogous conjugates made with 2-iminothiolane. 

ACKNOWLEDGMENT 

We wish to thank Danute Nitecki for suggesting pen- 
icillamine. We wish to thank Gregory Groetsema, Vale- 
rie Dumbrava, and Gregory Pattison for their excellent 
technical assistance; Anthony Chan for injecting mice; the 
Cetus Process and Product Development group for 
providing unlabeled antibody and rRA and 2-IT immu- 
noconjugates; and the Cetus Assay Development group for 
performing the  in vitro cytotoxicity assays on the  
conjugates. In addition, we thank Jonathan Raymond and 
Robert Ferris for careful review of the manuscript and 
Sharon Muir for the photography. 

Bioconjugate Chem., Vol. 1, No. 6, 1990 409 

Davies, A. J. S. (1982) A Comparison of the in Vitro and in 
Vivo Activities of Conjugates of Anti-Mouse Lymphocyte 
Globulin and Abrin. Biochim. Biophys. Acta 71 7, 272-277. 

(12) Gilliland, D. G., Steplewski, Z., Collier, R. J., Mitchell, K. 
F., Chang, T. H., and Koprowski, H. (1980) Antibody- 
Directed Cytotoxic Agents: Use of Monoclonal Antibody To 
Direct the Action of Toxin A Chains to  Colorectal Carcinoma 
Cells. Proc. Natl. Acad. Sei. U.S.A. 77, 4539-4543. 

(13) Trowbridge, I. S., and Domingo, D. L. (1981) Anti- 
Transferrin Receptor Monoclonal Antibody and Toxin- 
Antibody Conjugates Affect Growth of Human Tumour Cells. 
Nature 294, 171-173. 

(14) Bjorn, M. J., Ring, D., and Frankel, A. (1985) Evaluation 
of Monoclonal Antibodies for the Development of Breast 
Cancer Immunotoxins. Cancer Res. 45, 1214-1221. 

(15) Hwang, K. M., Foon, K. A., Cheung, P. H., Pearson, J. W., 
and Oldhan, R. K. (1984) Selective Antitumor Effect on L10 
Hepatocarcinoma Cells of a Potent  Immunoconjugate 
Composed of the A Chain of Abrin and a Monoclonal Antibody 
to a Hepatoma-Associated Antigen. Cancer Res. 44, 4578- 
4586. 

(16) Thorpe, P. E., Blakey, D. C., Brown, A. N. F., Knowles, P. 
P., Knyba, R. E., Wallace, P. M., Watson, G. J., and Wawrzync- 
zak, E. J. (1987) Comparison of Two Anti-Thy 1.1-Abrin 
A-Chain Immunotoxins Prepared with Different Cross- 
Linking Agents: Antitumor Effects, in Vivo Fate, and Tumor 
Cell Mutants. J. Natl. Cancer Znst. 79, 1101-1112. 

(17) Scott, C. F., Jr., Lambert, J. M., Goldmacher, V. S., Blat- 
tler, W. A., Sobel, R., Schlossman, S. F., and Benacerraf, B. 
(1987) The Pharmacokinetics and Toxicity of Murine Mon- 
oclonal Antibodies and of Gelonin Conjugates of These 
Antibodies. J. Zmmunopharm. 9, 211-225. 

(18) Letvin, N. L., Goldmacher, V. S., Ritz, J., Yetz, J. M., Schlo- 
ssman, S. F., and Lambert, J. M. (1986) In Vivo Administration 
of Lymphocyte-Specific Monoclonal Antibodies in Nonhu- 
man Primates: In Vivo Stability of Disulfide-Linked Immu- 
notoxin Conjugates. J. Clin. Invest. 77, 977-984. 

(19) Morgan, A. C., Jr., Bordonaro, J., Pearson, J. W., and Si- 
vam, G. (1987) Immunotoxins to  a Human Melanoma- 
Associated Antigen: Resistance to Pokeweed Antiviral Protein 
Conjugates in Vitro. J. Natl. Cancer Znst. 78, 1101-1106. 

(20) Ramakrishnan, S., and Houston, L. L. (1984) Comparison 
of the Selective Cytotoxic Effects of Immunotoxins Containing 
Ricin A Chain or Pokeweed Antiviral Protein and Anti-Thy 
1.1 Monoclonal Antibodies. Cancer Res. 44, 201-208. 

(21) Thorpe, P. E., Brown, A. N. F., Bremner, J. A. G., Jr., Fox- 
well, B. M. J., and Stirpe, F. (1985) An Immunotoxin Composed 
of Monoclonal Anti-Thy 1.1 Antibody and a Ribosome- 
Inactivating Protein from Saponaria officinalis: Potent An- 
titumor Effects in Vitro and in Vivo. J. Natl. Cancer Znst. 
75, 151-159. 

(22) Masuho, Y., Kishida, K., Saito, M., Umemoto, N., and Hara, 
T. (1982) Importance of the Antigen-Binding Valency and the 
Nature of the Cross-Linking Bond in Ricin A-Chain Conjugates 
with Antibody. J. Biochem. 91,1583-1591. 

(23) Greenfield, L., and Dovey, H. Effects of Tagging Methods 
and Coupling Chemistry on the Pharmacology of Recombinant 
Ricin A Chain Immunotoxins, manuscript submitted. 

(24) Blakey, D. C., Watson, G. J., Knowles, P. P., and Thorpe, 
P. E. (1987) Effect of Chemical Deglycosylation of Ricin A 
Chain on the in Vivo Fate and Cytotoxic Activity of an Im- 
munotoxin Composed of Ricin A Chain and Anti-Thy 1.1 
Antibody. Cancer Res. 47, 947-952. 

(25) Wawrzynczak, E. J., and Thorpe, P. E. (1988) Effect of 
Chemical Linkage Upon the Stability and Cytotoxic Activity 
of A Chain Immunotoxins. Zmmunotoxins (A.E. Frankel, Ed.) 
pp 239-251, Kluwer Academic Publishers, Boston. 

(26) Worrell, N. R., Cumber, A. J., Parnell, G. D., Ross, W. C. 
J., and Forrester, J. A. (1986) Fate of an Antibody-Ricin A 
Chain Conjugate Administered to  Normal Rats. Biochem. 
Pharmacol. 35, 417-423. 

(27) Fulton, R. J., Tucker, T. F., Vitetta, E. S., and Uhr, J. W. 
(1988) Pharmacokinetics of Tumor-Reactive Immunotoxins in 
Tumor-Bearing Mice: Effect of Antibody Valency and Degly- 
cosylation of the Ricin A Chain on Clearance and Tumor 
Localization. Cancer Res. 48, 2618-2625. 

LITERATURE CITED 

(1) Blakey, D. C., and Thorpe, P. E. (1988) An Overview of 
Therapy with Immunotoxins Containing Ricin or Its A-Chain. 
Antibody, Immunoconjugates Radiopharm. 1 ,  1-16. 

(2) Blakey, D. C., Wawrzynczak, E. J., Wallace, P. M., and 
Thorpe, P. E. (1988) Antibody Toxin Conjugates: A Perspective. 
Monoclonal Antibody Therapy. Progress in Allergy 45 (H. 
Waldmann, Ed.) pp 50-90, S. Karger, Basel. 

(3) Vitetta, E. S., Fulton, R. J., May, R. D., Till, M., and Uhr, 
J. W. (1987) Redesigning Nature’s Poisons to Create Anti- 
Tumor Reagents. Science 238,1098-1104. 

(4) Thorpe, P. E., Ross, W. C. J., Cumber, A. J., Hinson, C. A,, 
Edwards, D. C., and Davies, A. J. S. (1978) Toxicity of 
Diphtheria Toxin for Lymphoblastoid Cells Is Increased by 
Conjugation to Antilymphocytic Globulin. Nature 271,752- 
755. 

(5) Moolten, F. L., Capparell, N. J., Cooperband, S. R. (1972) 
Antitumor Effects of Antibody-Diphtheria Toxin Conjugates: 
Use of Hapten-Coated Tumor Cells as an Antigenic Target. 
J. Natl. Cancer Znst. 49, 1057-1062. 

(6) Pirker, R., FitzGerald, D. J. P., Hamilton, T. C., Ozols, R. 
F., Willingham, M. C., and Pastan, I. (1985) Anti-Transfer- 
rin Receptor Antibody Linked to Pseudomonas Exotoxin as 
a Model Immunotoxin in Human Ovarian Carcinoma Cell 
Lines. Cancer Res. 45, 751-757. 

(7) Bjorn, M. J., Groetsema, G., and Scalapino, L. (1986) 
Antibody-Pseudomonas Exotoxin A Conjugates Cytotoxic to  
Human Breast Cancer in Vitro. Cancer Res. 46, 3262-3267. 

(8) Youle, R. J., and Neville, D. M., Jr. (1980) Anti-Thy 1.2 Mon- 
oclonal Antibody Linked to Ricin Is a Potent Cell-Type- 
Specific Toxin. Proc. Natl. Acad. Sei. U.S.A. 77,5483-5486. 

(9) Thorpe, P. E., Ross, W. C. J., Brown, A. N. F., Myers, C. D., 
Cumber, A. J., Foxwell, B. M. J., and Forrester, J. T. (1984) 
Blockade of the Galactose-Binding Sites of Ricin by Its Linkage 
to Antibody: Specific Cytoxic Effects of the Conjugates. Eur. 
J. Biochem. 140, 63-71. 

(10) Codal, A., Fodstad, 0., and Pihl, A. (1987) Studies on the 
Mechanism of Action of Abrin-9.2.27 Immunotoxin in Human 
Melanoma Cell Lines. Cancer Res. 47, 6243-6247. 

(11) Edwards, D. C., Ross, W. C. J., Cumber, A. J., McIntosh, 
D., Smith, A,, Thorpe, P. E., Brown, A., Williams, R. H., and 



410 Bioconjugate Chem., Vol. 1, No. 6, 1990 

(28) Casellas, P., Bourri6, B., Canat, X., Blythman, H. E., and 
Jansen, F. (1987) Pharmacology of Antibody-Ricin-A-Chain 
Immunotoxins. Membrane-Mediated Cytotoxicity: UCLA 
Symposia on Molecular and Cellular Biology, New Series, 45 
(B. Bonavida and R. J. Collier, Eds.) pp 185-193, Alan R. Liss, 
Inc., New York. 

(29) Bourrie, B. J. P., Casellas, P., Blythman, H. E., and Jan- 
sen, F. K. (1986) Study of the Plasma Clearance of Antibody- 
Ricin- A-Chain Immunotoxins: Evidence for Specific Recog- 
nition Sites on the A Chain that Mediate Rapid Clearance of 
the Immunotoxin. Eur. J.  Biochem. 155, 1-10. 

(30) Blakey, D. C., Skilleter, D. N., Price, R. J., Watson, G. J., 
Hart, L. I., Newell, D. R., and Thorpe, P. E. (1988) Comparison 
of the Pharmacokinetics and Hepatotoxic Effects of Saporin 
and Ricin A-Chain Immunotoxins on Murine Liver Paren- 
chymal Cells. Cancer Res. 48, 7072-7078. 

(31) Thorpe, P. E., Wallace, P. M., Knowles, P. P., Relf, M. G., 
Brown, A. N. F., Watson, G. J., Knyba, R. E., Wawrzynczak, 
E. J., and Blakey, D. C. (1987) New Coupling Agents for the 
Synthesis of Immunotoxins Containing a Hindered Disul- 
fide Bond with Improved Stability in Vivo. Cancer Res. 47, 

(32) Worrell, N. R., Cumber, A. J., Parnell, G. D., Mirza, A., For- 
rester, J. A., and Ross, W. C. J. (1986) Effect of Linkage 
Variation on Pharmacokinetics of Ricin A Chain-Antibody 
Conjugates in Normal Rats. Anti-Cancer Drug Des. I ,  179- 
188. 

(33) Jocelyn, P. C. (1972) Biochemistry of the SH Group: The 
Occurrence, Chemical Properties, Metabolism and Biological 
Function of Thiols and Disulphides, p 120, Academic Press, 
London. 

(34) Thorpe, P. E., Wallace, P. M., Knowles, P. P., Relf, M. G., 
Brown, A. N. F., Watson, G. J., Blakey, D. C., and Newell, D. 
R. (1988) Improved Antitumor Effects of Immunotoxins 
Prepared with Deglycosylated Ricin A-Chain and Hindered 
Disulfide Linkages. Cancer Res. 48, 6396-6403. 

(35) Aldwin, L., and Nitecki, D. E. (1987) A Water-Soluble, Mon- 
itorable Peptide and Protein Crosslinking Agent. Anal. Bio- 
chem. 164,494-501. 

(36) Frankel, A. E., Ring, D. B., Tringale, F., and Hsieh-Ma, S. 
T. (1985) Tissue Distribution of Breast Cancer-Associated 
Antigens Defined by Monoclonal Antibodies. J. Biol. Response 

5924-5931. 

Greenfield et al. 

sation Copolymerization into Cross-Linked Polyacrylamide 
Gels. J. Am. Chem. SOC. 102,6324-6336. 

(43) Riddles, P. W., Blakeley, R. L., and Zerner, B. (1979) Ell- 
man’s Reagent: 5,5’-Dithiobis(2-nitrobenzoic acid)-A 
Reexamination. Anal. Biochem. 94, 75-81. 

(44) Grassetti, D. R., and Murray, J. F. Jr., (1967) Determination 
of Sulfhydryl Groups with 2 3 -  or 4,4’-Dithiodipyridine. Arch. 
Biochem. Biophys. 119,41-49. 

(45) Piatak, M., Lane, J. A., Laird, W., Bjorn, M. J., Wang, A., 
and Williams, M. (1988) Expression of Soluble and Fully 
Functional Ricin A Chain in Eschericia coli Is Temperature- 
Sensitive. J .  Biol. Chem. 263, 4837-4843. 

(46) Ferris, R. (1987) Method of Recovering Microbially Produced 
Recombinant Ricin Toxin A Chain. United States Patent 
Number 4,689,401. 

(47) Ferris, R. and Laird, W. J. (1988) Method of Purifying Toxin 
Conjugates Using Hydrophobic Interaction Chromatography. 
United States Patent Number 4,771,128. 

(48) Mosmann, T. (1983) Rapid Colorimetric Assay for Cellular 
Growth and Survival: Application to  Proliferation and Cyto- 
toxicity Assays. J. Immunolog. Methods 65, 55-63. 

(49) Schulz, H., and Vigneaud, V du. (1966) Synthesis of l - ~ -  
Penicillamine-Oxytocin, 1-D-Penicillamine-Oxytocin, and 
1-Deaminopenicillamine-Oxytocin, Potent Inhibitors of the 
Oxytocic Response of Oxytocin. J.  Med. Chem. 9, 647-650. 

(50) Rabenstein, D. R., and Theriault, Y. (1984) A Nuclear 
Magnetic Resonance Study of the Kinetics and Equilibria for 
the Oxidation of Penicillamine and N-acetylpenicillamine by 
Glutathione Disulfide. Can. J .  Chem. 62, 1672-1680. 

(51) Lomant, A. J., and Fairbanks, G. (1976) Chemical Probes 
of Extended Biological Structures: Synthesis and Properties 
of the Cleavable Protein Cross-Linking Reagent [35S]Dithiobis- 
(succinimidyl propionate). J .  Mol. Biol. 104, 243-261. 

(52) Jencks, W. P., and Carriuolo, J. (1959) Imidazole Catalysis: 
11. Acyl Transfer and the Reactions of Acetyl Imidazole with 
Water and Oxygen Anions. J .  Biol. Chem. 234, 1272-1279. 

(53) Anjaneyulu, P. S. R., and Staros, J. V. (1987) Reactions of 
N-hydroxysulfosuccinimide Active Esters. Int. J.  Pept. Protein 
Res. 30, 117-124. 

(54) Klapper, M. H. (1977) The Independent Distribution of 
Amino Acid Near Neighbor Pairs into Polypeptides. Bio- 
chem. Biophys. Res. Commun. 78, 1018-1024. 

(55) Chothia, C. (1976) The Nature of the Accessible and Buried 
Surfaces in Proteins. J. Mol. Biol. 105, 1-14. 

(56) Byers, V. S., Rodvien, R., Grant, K., Durrant, L. G., Hud- 
son, K. H., Baldwin, R. W., and Scannon, P. J. (1989) Phase 
I Study of Monoclonal Antibody-Ricin A Chain Immuno- 
toxin XomaZyme-791 in Patients with Metastatic Colon Cancer. 
Cancer Res. 49,6153-6160. 

(57) Spitler, L. E., del Rio, M., Khentigan, A., Wedel, N. I., Bro- 
phy, N. A., Miller, L. L., Harkonen, w. S., Rosendorf, L. L., 
Lee, H. M., Mischak, R. P., Kawahata, R. T., Stoudemire, J. 
B., Fradkin, L. B., Bautista, E. E., and Scannon, P. J. (1987) 
Therapy of Patients with Malignant Melanoma Using a Mon- 
oclonal Antimelanoma Antibody-Ricin A Chain Immuno- 
toxin. Cancer Res. 47, 1717-1723. 

(58) Hertler, A. A., Schlossman, D. M., Borowitz, M. J., Lau- 
rent, G., Jansen, F. K., Schmidt, C., and Frankel, A. E. (1988) 
A Phase I Study of T101-Ricin A Chain Immunotoxin in 
Refractory Chronic Lymphocytic Leukemia. J.  Biol. Response 
Modif. 7, 97-113. 

(59) Gould, B. J., Borowitz, M. J., Groves, E. S., Carter, P. W., 
Anthony, D., Weiner, L. M., and Frankel, A. E. (1989) Phase 
I Study of an Anti-Breast Cancer Immunotoxin by Continuous 
Infusion: Report of a Targeted Toxic Effect Not Predicted by 
Animal Studies. J .  Natl. Cancer Inst. 81, 715-781. 

Modif. 4, 273-386.- 
(37) Ring, D. B., Kassel, J. A., Hsieh-Ma, S. T., Bjorn, M. J., Trin- 

gale, F., Eaton, A. M., Reid, S. A., Frankel, A. E., and Nadji, 
M. (1989) Distribution and Physical Properties of BCAZOO, 
a M, 200.000 GlvcoDrotein Selectivelv Associated with Human 
Breast Cancer.- Ca’ncer Res. 49, 30’?0-3080. 

(38) Ring, D. B., Kassel, J. A., Hsieh-Ma, S. T., Nadji, M., and 
Bjorn, M. J. Physical Properties and Distribution of the 
Carcinoma- Associated Antigen Recognized by Monoclonal 
Antibody 113F1, manuscript submitted. 

(39) Bogden, A. E., Houchens, D. P., Ovejera, A. A., and Cobb, 
W. R. (1982) Advances in Chemotherapy Studies with the Nude 
Mouse. The Nude Mouse in Experimental and Clinical 
Research (J. Fogh, and B. C. Giovanella, Eds.) Vol. 2, pp 367- 
400, Academic Press, New York. 

(40) Ovejera, A. A., Houchens, D. P., and Barker, A. D. (1978) 
Chemotherapy of Human Tumor Xenografts in Genetically 
Athymic Mice. Ann. Clin. Lab. Sci. 8, 50-56. 

(41) Adalsteinsson, O., Lamotte, A., Baddour, R. F., Colton, C. 
K., Pollak, A., and Whitesides, G. M. (1979) Preparation and 
Magnetic Filtration of Polyacrylamide Gels Containing Co- 
valently Immobilized Proteins and a Ferrofluid. J .  Mol. Catal. 

(42) Pollak, A,, Blumenfeld, H., Wax, M., Baughn, R. L., and 
Whitesides, G. M. (1980) Enzyme Immobilization by Conden- 

6 ,  199-225. 



Bioconjugate Chem. 1990, 1, 411-418 411 

Hinge-Thiol Coupling of Monoclonal Antibody to Silanized Iron Oxide 
Particles and Evaluation of Magnetic Cell 
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Iron oxide particles of average size 0.5-1.5 pm, covered by a silane coat carrying amino groups (Bio- 
Mag, Advanced Magnetics, Boston), were derivatized by reaction with N-[(y-maleimidobutyry1)oxyl- 
succinimide (GMBS), N-hydroxysuccinimidyl iodoacetate (NHIA), 2-iminothiolane (2-It), or N-suc- 
cinimidyl3-(2-pyridyldithio)propionate (SPDP). The derivatized particles were suitable for the reaction 
with sulfhydryl groups and subsequently coated with monoclonal antibodies (MoAbs) of different classes 
and isotypes (IgM, IgG1, IgG2a, IgG2b, IgG3) as well as polyclonal rabbit anti-mouse IgG (RAM). The 
antibodies were reduced by dithiothreitol (DTT) and covalently conjugated to the BioMag derivatives 
via liberated sulfhydryls of the hinge region. The observed conjugation ratios, expressed as protein/ 
iron (pg/mg), could be reproducibly varied for optimization. These ratios were dependent on the type 
and amount of antibody offered for coupling to the derivatized particles, decreasing as follows: poly- 
clonal = IgM > IgG2b > IgG2a = IgG3 > IgG1. The conjugation ratios were also dependent on the 
type and amount of the spacer used to derivatize the BioMag particles, decreasing as follows: GMBS 
> NHIA > 2-It > SPDP. The magnetically responsive magnetite-antibody conjugates (“magneto- 
beads”), carrying MoAb BMA 081 (anti-CD8; IgG2a), MoAb BBlO (anti-CDlO/CALLA; IgGBb), MoAb 
VIL-A1 (anti-CD10; IgM), and polyclonal RAM, coupled similarly via 3.6 pmol of GMBS spacer per 
mg of Fe, were further investigated with respect to a depletion effect on specific cell subsets. The rates 
of cell depletion were found to be strongly dependent on the individual characteristics of the antibody 
used. This might be due to conformational changes of the antibody after coupling to the particles and 
to the cell surface receptor that is recognized. Separate batches of GMBS- and NHIA-magnetobeads 
may prove to be useful in a purging technique for allogeneic and autologous bone marrow transplantation, 
where one of the objectives is the elimination of residual T- and leukemic cells, respectively, contaminating 
the graft. 

INTRODUCTION 

A number of methods are now available for removing 
T-cells or tumor cells from human bone marrow as a 
prerequisite prior to  allogeneic or autologous marrow 
transplantation in various phases of malignant hemopa- 
thies (1). The most specific methods have largely benefited 
from the great specificities of MoAbs recognizing T- or 
tumor cells’ surface receptors. Cytolysis may occur by a 
complement-mediated mechanism (2) or by the action of 
appropriate immunotoxins (3). More recently, a new 
procedure was issued, allowing specific coating of T- or 

+ Centre des Tumeurs de 1’ Universite Libre de Bruxelles. 
The abbreviations used are as follows: MoAb, monoclonal 

antibody; RAM, rabbit anti-mouse IgG; PBS, phosphate- 
buffered saline; PBL, peripheral blood lymphocytes; MNC, mono- 
nuclear cells; DTT, dithiothreitol; CD, cluster of differentiation; 
CALLA, common acute lymphoblastic leukemia antigen; GMBS, 
N -  [ ( y-maleimidobutyryl)oxyJsuccinimide; NHIA, N-hydroxy- 
succinimidyl iodoacetate; SPDP, N-succinimidyl 3-(2-py- 
ridy1dithio)propionate; 2-It, 2-iminothiolane; DMF, dimethyl- 
formamide; CIMPA, cellular immunomagnetic purging assay. 

* A preliminary report of the GMBS data has been presented 
at the 9th Presentation-Meeting of the German Society of 
Chemists (GdCh) (Immunoconjugates in Diagnosis and Therapy), 
Kaiserslautern, FRG, March 22-23, 1990 (abstracts of papers) 
and at the 6th Spring Meeting of the Society for Immunology, 
Marburg, FRG, March 22-24, 1990 (abstracts of papers, p 96). 

1043-1802/90/2901-0411$02.50/0 

tumor cells by iron-containing polymer microspheres and 
removal of such cells by the use of a magnetic device (4- 
7). 

For that purpose, styrene divinylbenzene copolymeric 
particles of 3 pm diameter have been developed (8) in which 
iron oxide was deposited by an in situ oxidation process 
(9). These particles have strong nonspecific binding 
capacity for protein and can be coated with antibodies by 
mere physical adsorption (10). However, the residual 
unspecific binding capacity must subsequently be blocked 
by incubation with e.g. fetal calf serum (IO). The tendency 
to aggregate and bind specifically to cells seems to  be 
correlated with the total surface area of the particles. These 
problems were largely overcome by filling the macro- 
porous particles with polymer, while satisfactory binding 
capacity for antibody was retained (10). Such particles, 
coated with sheep or rabbit anti-mouse antibodies by mere 
physical adsorption, have been used in a two-step assay 
with respect to neuroblastoma (111, T-cell (I2),  and B-lym- 
phoma cell depletion (7). However, desorption of 
physically adsorbed antibody or protein from the  
polystyrene microspheres was recognized as a major 
disadvantage, and covalent attachment of the antibody was 
requested in order to overcome leakage problems (11). This 
was achieved by covering the polystyrene particles by a 
polymer layer, carrying OH groups, concomitantly 
increasing the particle size from 3 to 4.5 pm (7). These 
hydroxyl groups can be activated by tosylation, thus 
enabling covalent attachment to proteins via accessible 

0 1990 American Chemical Society 
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Scheme 1.. Schematic Presentation of the Derivatized 
Magnetic Particles la-e and the Corresponding 
Magnetobeads 2a-e 

M-NH-CO-X M-NH-CO-2-A 
1 2 

Hermentin et ai. 

b: = -CH2I 0 b: = -CH2S- 

C: = -CH,CH,SS a 
e: = -CH2CH,CH2SH e: = -CHzCH2CH2SS- 

c: = -CHzCHzSS- 

d: = -CH,CH,SH d: = -CHZCHzSS- 

M = magnetic particle A = antibody 

a a,  GMBS-type; b, NHIA-type; c,  SPDP-type; d, SPDP- 
type (after reduction of IC and coupling); e, 2-It-type. 

amino groups (7). However, it has turned out that covalent 
attachment of antibody to tosyl-activated beads is only 
feasible with polyclonal antibodies or monoclonal 
antibodies of the IgM class, whereas antibodies of the IgG 
class usually are inactivated and lose their immunoreac- 
tivity. Therefore, direct coating of MoAbs of the IgG class 
is not recommended for reasons of spatial orientation of 
the antigen binding site (13), and IgM class antibody or 
polyclonal sheep or rabbit anti-mouse IgG are coated 
preferably by physical adsorption rather than by chemical 
binding to tosyl-activated beads. 

Ideally, the main strategy for clinical application consists 
in the use of a short direct assay to protect stem cells 
involving IgM but also IgG MoAbs currently available. 

Recently, Bieva et  al. (13) have shown that iron oxide 
particles of 0.5-1.5 pm, surrounded by a silane coat carrying 
amino groups (BioMag), allowed covalent attachment of 
monoclonal antibodies of various isotypes, using glutaral- 
dehyde as cross-linking agent. These forms of conjugates 
were proved as suitable for distinct cell depletion, and this 
direct assay appeared superior to others already used in 
clinical trials and suitable for bone marrow depletions 
(Bieva et al., unpublished results). However, the ideal 
method of coupling would be one which allows the site- 
directed attachment of MoAb to the particles remote from 
the antibody combining site. 

In this study we describe and compare four new methods 
for the site-directed (hinge-thiol) coupling of MoAbs to 
silanized magnetite of average size 0.5-1.5 pm, carrying 
amino groups as illustrated in Scheme I. 

The first method involves the derivatization of the 
magnetite (M) by reaction with the heterobifunctional 
spacer GMBS, providing maleimido particles la. These 
can easily be reacted with free sulfhydryls of reduced 
MoAb, concomitant with the formation of “GMBS- 
magnetobeads” (%a), where the antibody is linked to the 
particles via stable thioether bonds. 

In the second method the particles are reacted with the 
heterobifunctional spacer NHIA (or NHBrA, unpublished 
results), leading to iodoacetyl particles lb. These, upon 
reaction with MoAb hinge sulfhydryls, lead to ”NHIA- 
magnetobeads” (2b), where the antibody is again coupled 
to the particles via stable thioether bonds, however via a 
shorter spacer. 

In the third method, particles are derivatized by reaction 
with the heterobifunctional spacer SPDP. The py- 
ridyldithio particles IC obtained can again be reacted with 
MoAb hinge sulfhydryls, providing “SPDP-magneto- 
beads” (2c), where the antibody is coupled to the particles 
via disulfide bonds that are again susceptible to a reductive 
cleavage. Alternatively, analogous magnetobeads 2c can 

also be gained by reductive conversion of the pyridyldithio 
particles IC to sulfhydryl particles Id. These can be 
reacted with nonreduced MoAb, resulting in the magne- 
tobeads 2d, where the spacer is the same as in the “SPDP- 
magnetobeads” (2c) 

In the fourth method, the particles are reacted with the 
heterobifunctional spacer 2-It, providing the sulfhydryl 
particles le. These can again be reacted with nonre- 
duced MoAb, leading to the “2-It-magnetobeads” (2e), 
where the spacer is elongated by an additional CH2 group, 
as compared to the ”SPDP-magnetobeads” (2c), and can 
again be cleaved by reducing agents. 

The four methods of coupling are compared with respect 
to their conjugation ratios, using MoAbs of various classes 
and isotypes, Le., IgM, IgG1, IgGBa, IgG2b, and IgG3. 

The GMBS- and NHIA-magnetobeads (2a and 2b), 
respectively, are compared with respect to their potential 
efficiency in bone marrow depletion before autologous or 
allogeneic transplantation. 

EXPERIMENTAL PROCEDURES 

Antibodies. The MoAbs BMA 0110 (anti-CD2; IgG2b), 
BMA 081 (anti-CD8; IgG2a), BMA 030 (anti-CD3; IgGBa), 
BMA 033 (anti-CD3; IgG3), BMA 0111 (anti-CD2; IgGl), 
and VIL-A1 (BMA 0150; anti-CD10; IgM) (Behring- 
werke AG) were provided lyophilized in a concentration 
of 1 mgjmL in a solution of 0.1 mol/L sodium citrate 
buffer, pH 6.6, and 50 g/L sucrose and redissolved in 
distilled water (0.5 mL). RAM (Behringwerke AG) was 
provided in PBS and adjusted to a concentration of 0.6 

MoAb BBlO (anti-CDlO/CALLA; IgG2b) has broad 
specificity with ca. 100% of NALM-6, a human pre-B 
leukemia cell line as determined by indirect immunoflu- 
orescence. The MoAb was purified from ascites by affinity 
chromatography and used as IgG fraction. 

BioMag Particles. BioMag particles (lot 2046-83) were 
purchased from Advanced Magnetics, Boston, MA. These 
particles were especially prepared for Behringwerke with 
respect to the need of clinical-grade material that may be 
used in bone marrow transplantations. This material is 
not identical with BioMag 4100, the regular trade product 
of Advanced Magnetics. The main difference consists in 
a higher silane content per iron and in a higher nitrogen 
(amino groups) content per iron. 

Spacers and Chemicals. GMBS was a product of Cal- 
biochem. SPDP and 2-It were products of Pierce, and 
DTT was purchased from Sigma. NHIA was synthesized 
according to Rector et al. (14). DMF was from Merck, 
Darmstadt, FRG. 

General Method for the Introduction of the Spacers 
into BioMag Particles. A suspension of BioMag particles, 
corresponding to a total iron content of 5 mg, was washed 
three times in PBS, pH 7.2, and adjusted to a volume of 
3 mL. To this suspension was added a freshly prepared 
solution of the heterobifunctional spacer reagent (0.9- 
14.5 pmol of spacer/mg of Fe) in dry DMF (2 mL), and 
the mixture was shaken at  room temperature for 1 h. The 
particles were then removed by centrifugation at  3000g, 
washed three times with 10 mL of PBS, and resus- 
pended in the appropriate volume of PBS, usually 5 mL. 

General Procedure for Hinge-Thiol Coupling of 
Antibody to Derivatized Particles la-e. To 2 mg of 
antibody in 500 pL of salt solution were added 2 mg of 
DTT, and the mixture was incubated a t  room temperature 
for 30 min. The reduced antibody was isolated by gel 
filtration through a column (d  = 15 mm, h = 90 mm) of 
Sephadex G25 in PBS pH 7.2 in a total elution volume 

pLg/mL. 
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Table I. Conjugation Ratios Achieved in Various Coupling Experiments, Using Different Antibodies and Different Spacers 
at Different Concentrations 

conj ratio 
mode of MoAb/Fe spacer/Fe, protein/Fe, 

expt antibody isotype specificity coupling offered, mg/mg rmol/mg rg/mg 
H1 

H2 

H3 

H4 

H6 

H7 

H8 

H9 

HlOa 

HlOb 

H11 

H12 

H13 

H14 

H15 

H16 

H17 

RAM 

BMA 0110 

BMA 081 

VIL-A1 

RAM 

BMA 0110 

BMA 081 

RAM 

BMA 0110 

BMA 0110 

BMA 081 

RAM 

RAM 

BMA 0110 

BMA 030 

BMA 033 

BMA 0110 
BMA 081 
BMA 0111 

IgG2b 

IgG2a 

IgM 

IgG 

IgG2b 

IgG2a 

IgG 

IgG2b 

IgG2b 

IgG2a 

IgG 

IgG 

IgG2b 

IgG2a 

IgG3 

IgG2b 
IgG2a 
IgGl 

aMIg 

CD2 

CD8 

CDlO 

aMIg 

CD2 

CD8 

aMIg 

CD2 

CD2 

CD8 

aMIg 

aMIg 

CD2 

CD3 

CD3 

CD2 
CD8 
CD2 

GMBS/SH 0.08 3.6 91 

of ca. 4 mL and was immediately added to  the deriva- 
tized particles a t  the desired ratio (see Table I). The 
mixture was incubated with gentle shaking a t  room 
temperature for 1 h. The particles were then removed by 
centrifugation at  3000g, washed three times with 10 mL 
of PBS, pH 7.2, each time, resuspended in the appropriate 
volume of PBS, pH 7.2, sterilized by X-ray at  12.000 rd, 
and finally stored a t  4 "C. 

Conjugation Ratios. The amount of protein coupled 
to the particles, expressed as nitrogen (pg)/iron (mg), was 
calculated from the nitrogen content determined by the 
Kjeldahl method (15) and was corrected by the nitrogen 
content per iron (pg/mg), determined for nonderiva- 
tized BioMag particles. The amount of iron was deter- 
mined by atomic absorption (16, 17). The conjugation 
ratios were calculated by the formula 

GMBS/SH 

GMBS/SH 

GMBS/SH 

NHIA 

NHIA 

NHIA 

2-It/SS 

2-It/SS 

2-It/SS 

2-It/SS 

SPDP/SH 

SPDP/red. 

SPDP/red. 

2-It/SS 

2-It/SS 

GMBS/SH 
GMBS/SH 
GMBS/SH 

0.16 
0.33 
0.66 
1.33 
0.02 
0.04 
0.08 
0.16 
0.04 
0.08 
0.16 
0.04 
0.08 
0.12 
0.07 
0.14 
0.21 
0.04 
0.12 
0.20 
0.04 
0.12 
0.20 
0.10 
0.20 
0.30 
0.10 
0.20 
0.30 
0.10 
0.20 
0.30 
0.10 
0.20 
0.30 
0.06 
0.12 
0.18 
0.10 
0.20 
0.30 
0.10 
0.20 
0.30 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.33 
0.33 
0.33 

3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
7.1 
7.1 
7.1 
7.1 
7.1 
7.1 
7.1 
7.1 
7.1 

14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
3.6 
3.6 
3.6 

14.5 
14.5 
14.5 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 

14.5 
3.6 
0.9 

14.5 
3.6 
0.9 
3.6 
3.6 
3.6 

162 
193 
204 
199 
19 
38 
64 

132 
34 
56 

102 
50 
76 

121 
74 

136 
171 
76 

156 
183 
56 

107 
113 
110 
173 
229 
107 
156 
178 
65 
96 

112 
73 
80 
91 
25 
40 
55 
27 
51 
74 
27 
47 
57 
71 
53 
26 
69 
56 
39 

155 
139 
117 

where the terms have the following meaning: P-N = 
protein nitrogen, Tot-N = total nitrogen. 

The amount of protein bound to the particles, expressed 
as protein/iron (pg/mg), was calculated from the deter- 
mined amount of protein nitrogen per iron (pg/mg) by 
multiplication by the factor 6.25 (18). 

CD8+ Cell Depletion. Mononuclear cells (MNC) were 
isolated from fresh human blood on a Ficoll gradient as 
described by Beryum (19). For the depletion assay, 3 X 
lo7 MNC in 2 mL of PBS containing 1 ?6 BSA (w/v, Se- 
romed) in plastic tubes (Falcon, No. 2051) were mixed with 
1 mL of a suspension of 2 mg/mL BMA 081-magneto- 
beads 2a or 2b in PBS and incubated on a shaker a t  room 
temperature for 15 min. The magnetobeads and the cells 
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bound thereby were then separated from the mixture with 
a permanent magnet (Dynal, Norway). The cells remaining 
in the suspension were pelleted a t  400g and resuspended 
in PBS. The depletion efficiency was evaluated by an 
indirect immunofluorescence assay. 

For this purpose, 1 X lo6 cells were, before and after 
treatment, labeled with 1 pg/mL of BMA 081 as first 
antibody and then, after washings, with 20 pg/mL of 
second antibody (RAM, F(ab)z fragment, FITC-labeled, 
Behringwerke). The amount of stained cells was estimated 
with a cytofluorograph (Ortho, Terrytown, NJ). 

Depletion experiments with RAM-(GMBS)-magneto- 
beads were similarly performed after preincubation with 
BMA 081. 

CDlO+ Cell Depletion. Depletion of NALM-6 cells 
from PBL was performed, using the cellular immuno- 
magnetic purging assay (CIMPA), recently described by 
Bieva et al. (13). Briefly, 5 mL of normal human cell 
suspensions containing 1 X lo6 cells/mL were mixed with 
10 70 of the vital dye Hoechst (H33342) stained NALM-6 
(CDlO+) cells. The cell line-blood mixture was incubated 
with BBlO (anti-CDlO/CALLA; IgG2b)-(GMBS)- 
magnetobeads at  concentrations ranging from 0.5 to 10 mg 
of Fe/mL. After a 30-min incubation at 4 “C with gentle 
stirring, separation was carried out by a magnetic device 
as described (13). The amount of CD10+ cells was analyzed 
before and after treatment by counting H33342-strained 
cells using a Leitz fluorescence microscope equipped with 
200-W mercury lamp and UV excitation (350 nm)/blue 
fluorescence (460 nm) emission “D” cube. 

I/ ; 

0 081 0,2 0,3 0,4 0,7 

Hermentin et al. 

1 

183 

RESULTS 
Hinge-Thiol Coupling of Antibody to Derivatized 

Particles, Changing the Type and Amount of Anti- 
body and Spacer. The various coupling experiments 
(Scheme I) are summarized in Table I. The amounts of 
heterobifunctional spacer reagents used for derivatiza- 
tion of BioMag particles are expressed as micromole of 
spacer per milligram of Fe. The amounts of antibody 
offered for the coupling to the derivatized particles are 
expressed as milligram/milligram (antibody/Fe). The 
conjugation ratios achieved in each coupling experiment 
are expressed as microgram/milligram (protein/Fe). 

The results of antibody coupling to maleimido (GMBS) 
particles la at 3.6 pmol of spacer/mg of Fe are summarized 
in experiments (expt) H1-H4 and H17 (Table I). 

In all four experimental (exptl) series the conjugation 
ratios increased when increasing the amounts of reduced 
antibody offered for coupling, i.e. RAM (polyclonal IgG), 
VIL-A1 (IgM), BMA 0110 (IgG2b), and BMA 081 (IgGBa). 
A linear relation was observed when offering less than 0.17 
mg of antibody/mg of Fe. At these antibody concen- 
trations, virtually all offered RAM was coupled to the 
particles (Figure 1). When RAM was offered in amounts 
greater than 0.17 mg of RAM/mg of Fe, a borderline of 
200 pg/mg (protein/Fe) was reached as maximal load 
(Figure 1). 

MoAb VIL-A1 (IgM) was coupled at  almost identical 
ratios as RAM. Thus, when offering 0.12 mg of VIL-A1/ 
mg of Fe, a conjugation ratio of 121 pg/mg (protein/Fe) 
was achieved (expt H4). 

The conjugation ratios observed for MoAb BMA 0110 
(IgG2b) proved slightly smaller than those for RAM and 
VIL-A1 (IgM). Thus, when offering 0.16 and 0.33 mg of 
BMA 0110/mg of Fe, conjugation ratios of 132 (expt H2) 
and 155 pg/mg (protein/Fe) (expt H17) were achieved, 
respectively, suggesting a borderline of 170 pg/mg (protein/ 
Fe) as maximal load for the IgG2b isotype (Figure 1). 

Protein/Fe 
(IJg/mg 1 

zoo T /----- 

II / I  

The conjugation ratio achieved for BMA 081 (IgG2a) 
proved still smaller than that for the IgG2b isotype MoAb 
BMA 0110. When offering 0.16 and 0.33 mg of BMA 081/ 
mg of Fe, conjugation ratios of 102 (expt H3) and 139 pg/ 
mg (protein/Fe) (expt H17) were achieved, respectively, 
suggesting a borderline of 150 pg/mg (protein/Fe) as 
maximal load for the IgG2a isotype. 

And even inferior was the conjugation of BMA 0111 
(IgGl), where a conjugation ratio of 117 pg/mg (protein/ 
Fe) was achieved when offering 0.33 mg of BMA 0111/ 
mg of Fe (expt H17). 

The  conjugation ratios were found to  be clearly 
dependent on the antibody isotype, no matter which 
method of coupling was used, following the order RAM 
= IgM > IgG2b > IgG2a = IgG3 > IgGl (Table I and 
Figure 1). 

When reduced MoAb BMA 0110 was offered to non- 
derivatized BioMag particles as a control, the amount of 
antibody unspecifically adsorbed to the particles’ surface 
was negligible (Figure 1). 

In analogy to  the GMBS coupling procedure, the 
conjugation ratios were increased when offering increasing 
amounts of reduced antibody for NHIA coupling (expt H6- 
H8, Table I) or of nonreduced antibody for 2-It coupling 
(expt H9, HlOa, and H11, Table I). Also with the SPDP 
coupling an increase of the conjugation ratios was observed 
when increasing the amounts of antibody offered for 
coupling (expt H12-H14, Table I). 

The conjugation ratios of RAM were comparable, no 
matter whether reacting reduced antibody with dithiopy- 
ridyl particles IC (SPDP/SH) or reacting nonreduced 
antibody with sulfhydryl particles Id, obtained from SPDP 
particles IC by reduction with DTI? (SPDP/red.) (expt H12 
and H13, Table I). Again, the conjugation ratios obtained 
for RAM were slightly higher than those observed for the 
IgG2b isotype (MoAb BMA 0110) (expt H13 and H14, 
Table I). 

Although the amounts of spacer actually coupled to the 
beads per mg of Fe is not known and may vary from linker 
to linker, the conjugation ratios were shown to increase 
with increasing amounts of spacer coupled to the particles. 
Thus, when MoAb BMA 030 (IgG2a) was offered for 
coupling at  constant ratios of 0.2 mg of MoAb/mg of Fe, 
the conjugation ratios were 71,53, and 26 pg/mg (protein/ 
Fe), concomitant with the decrease of the amount of the 
2-It spacer used for derivatization, i.e. 14.5, 3.6, and 0.9 
pmol of 2-It/mg of Fe, respectively. And almost identical 
conjugation ratios were achieved for an IgG3 isotype MoAb 
BMA 033, i.e. 69, 56, and 39 pg/mg (protein/Fe) ,  
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Table 11. Comparison of Depletion of Peripheral Blood Lymphocytes with BMA 081 (anti-CDd; IgG2a)-Magnetobeads with 
GMBS and NHIA Spacer, Respectively, with Different Lots of Magnetobeads at Different Days 

% CD8+ cells in the supernatant 
antibody coupled conjugation only second BMA 081 and 

to the beads spacer ratio, pg/mg antibody second antibody remarks 
exDerimenta1 series A BMA 081 - - 0 14 22% CD8+ cells Drior to dedetion 

NHIA 56 
NHIA 107 
NHIA 113 
GMBS 139 

experimental series B BMA 081 NHIA 96 
GMBS 121 

experimental series C RAM 
GMBS 140 
GMBS 122 
GMBS 140 
GMBS 122 

respectively, indicating that the conjugation ratios achieved 
for IgG2a and IgG3 isotypes appear comparable (expt H15 
and H16, Table I). 

A similar decrease of the conjugation ratio was observed 
for a series of experiments using variable amounts of MoAb 
BMA 0110 (IgG2b) and 14.5 and 3.6 pmol of 2-It spacer 
per mg of Fe, respectively (expt HlOa and HlOb, Table 
I). 

When comparing the experimental series performed with 
BMA 0110 (IgG2b) as reference antibody and comparable 
concentrations of spacer, i.e. 3.2-3.6 pmol of spacer offered/ 
mg of Fe (expt H2, HlOb, and H14, Table I), the conju- 
gation ratios decreased for different spacers in the order 
GMBS > 2-It > SPDP. On average, the conjugation ratios 
achieved with the 2-It coupling procedure were about 2-fold 
higher than those achieved with the SPDP method. 

From the experimental data with polyclonal RAM as 
reference antibody, only experiments H1, H12, and H13 
(Table I) were performed at  comparable equivalents of 
spacer offered per milligram of Fe. The GMBS coupling 
procedure provided much higher conjugation ratios than 
the SPDP method in either variant. 

The NHIA coupling procedure, using 7.1 pmol of NHIA/ 
mg of Fe (expt H6, Table I), provided conjugation ratios 
almost identical with those of the GMBS method, using 
3.6 pmol of GMBS/mg of Fe (exp. H l ) ,  as well as with 
those of the 2-It coupling procedure, using 14.5 pmol of 
2-It/mg of Fe (expt H9). 

However, when comparing the BMA 01 10 experiments 
H2 and HlOb (Table I), it is suggested that the GMBS 
coupling procedure may provide higher conjugation ratios 
than the 2-It method. Thus, a conjugation ratio of 132 
pg/mg (protein/Fe) was achieved with the GMBS method, 
offering 0.16 mg of reduced antibody/mg of Fe (expt H2), 
while 96 pg/mg (protein/Fe) were measured for the 2-It 
method when offering 0.20 mg of nonreduced MoAb/mg 
of Fe (expt HlOb). The same holds true for the IgG2a iso- 
type MoAb BMA 081, comparing experiments H3 and H11 
(Table I). A total of 102 pg/mg (protein/Fe) were coupled 
via GMBS, offering 0.16 mg of reduced MoAb/mg of Fe 
at  3.6 bmol of spacer/mg of Fe (expt H3), while 80 pg/ 
mg (protein/Fe) were coupled via the 2-It method, offering 
0.20 mg of nonreduced MoAb/per mg of Fe at  14.5 pmol 
of spacer/mg of Fe (expt H11). 

Thus, it may be concluded that the conjugation ratios 
relate in the order GMBS > NHIA > 2-It > SPDP. 

Depletion of CD8+ Cells. As can be seen from Table 
I1 (exptl series A), an increasing amount of MoAb BMA 
081 coupled to the particles via the NHIA spacer resulted 
in an increased efficiency of the depletion of CD8+ cells 
from PBL. While BioMag alone provided an unspecific 
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Figure 2. Comparison of NALM-6 Cell depletion using BBlO 
(anti-CD10; IgG2b)-(GMBS)-magnetbeads versua VIL-A1 (anti- 
CD10; 1gM)-(GMBS)-magnetobeads. The conjugation ratios 
(protein/Fe) were as follows. BBlO (anti-CD10; IgG2b)- 
(GMBS)- magnetobeads: 0 = 62 pg/mg, + = 90 pg/mg, 0 = 133 
Fg/mg. VIL-A1 (anti-CD10; 1gM)-(GMBS)-magnetobeads: 
= 50 pg/mg, X = 76 pg/mg, 0 = 121 pg/mg. Control: = non- 
derivatized BioMag. 

decrease of CD8+ cells from 22 to 14 % , less than 1 % of 
residual CD8+ cells were detected in the supernatant after 
incubation with BMA 081 (anti-CD8; IgG2a)-(NHIA)- 
magnetobeads a t  a conjugation ratio of 113 pg/mg 
(protein/Fe). Depleted cell populations or negative 
controls were <3 5%. The corresponding GMBS-type mag- 
netobeads proved similarly effective, reducing the CD8+ 
cell subset down to C1% at a conjugation ratio of 139 pg/ 
mg (protein/Fe) (Table 11, exptl series A). The absolute 
depletion efficiencies could not be determined by the flow 
cytometric assay as these values were below the background 
of immunofluorescence. The repetition of these experi- 
ments with different batches of magnetobeads at  different 
days gave similar effects of depletion (Table 11, exptl series 
B). These results were comparable to those obtained with 
RAM-(GMBS)-magnetobeads, preincubated with MoAb 
BMA 081 alone prior to CD8+ cell depletion (Table 11, 
exptl series C). The same depletion efficiency was achieved 
if the PBL were preincubated with MoAb BMA 081 alone 
prior to depletion with RAM-(GMBS)-magnetobeads 
(Table 11, exptl series C). 

Depletion of CD10+ (NALM-6) Cells. Figure 2 
illustrates the results of the cellular immunomagnetic 
purging assay (CIMPA) (13), using increasing amounts of 
BBlO (anti-CD10; IgG2b)-(GMBS)-magnetobeads for the 
depletion of NALM-6 cells, added to PBLs. The depletion 
efficiency increased with increasing amounts of magne- 
tobeads added to the cells, reaching a borderline of about 
4 log units of depletion, the maximal depletion that could 
be achieved in a single cycle. The depletion efficiency could 
be slightly improved when increasing the conjugation ratio 
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from 62 to 90 pg/mg (protein/Fe) (Figure 2). However, 
a further increase of the conjugation ratio up to 133 pg/ 
mg (protein/Fe) did not further improve the results of 
depletion. Nonderivatized BioMag particles, used as a 
control, provided 1 log unit of depletion that  was not 
increased with increasing amounts of particles added 
(Figure 2). 

VIL-A1 (anti-CD10; 1gM)-(GMBS)-magnetobeads were 
found less effective for NALM-6 cell depletion than the 
corresponding BBlO (anti-CD10; IgG2b)-(GMBS)- 
magnetobeads a t  conjugation ratios of 121 and 90 pg/mg 
(protein/Fe), respectively (Figure 2). 

DISCUSSION 

Attempts to achieve T-cell depletion of human bone 
marrow have in the last few years been focused on the 
antibody-mediated coating of T-cells with iron-containing 
polymeric particles and the removal of such magnetic cells 
by the use of a magnetic device. As MoAb coupling to the 
particles via amino groups may potentially result in a 
certain loss of antibody reactivity, a site-directed 
attachment of MoAb to particles, remote from the antibody 
combining site, was requested. 

In principle, two strategies appear feasible for the site- 
directed attachment of MoAbs to appropriate carrier 
systems. First, the carbohydrate chains of the CH2 domain 
of the Fc portion, which are not involved in the antigen- 
binding properties of immunoglobulins, could be used for 
such purpose. Vicinal diols of these carbohydrate moieties 
are readily oxidized with periodate to form aldehyde groups 
which then are susceptible to  further reactions (20). The 
created aldehyde groups could be reacted, for example, with 
hydrazide groups, followed by reduction of the Schiff base 
formed (21). 

Another feasible approach involves partial reduction of 
the immunoglobulin with mercaptoethanol or dithiothre- 
itol (22,231, a reaction which cleaves the disulfide bonds 
between the heavy chains in the vicinity of the hinge 
between the Fab and Fc units. We have attempted to 
exploit this reaction for the site-directed (hinge-thiol) 
attachment of biotin (24), anthracyclines (25,26), enzymes, 
and antibodies (Hermentin e t  al., unpublished data) 
without any detectable loss of antibody specificity and im- 
munoreactivity. 

This hinge-thiol coupling procedure, when used for the 
site-directed attachment of MoAb to silanized magnetite, 
proved very useful, simple, and straightforward. Anti- 
bodies of the IgM and IgG class and of isotypes IgG1, 
IgGSa, IgGBb, and IgG3 have been succesfully coupled to 
BioMag particles that were derivatized by reaction with 
GMBS, NHIA, SPDP, and 2-It (Scheme I). 

The new method of coupling was extensively evaluated 
with the maleimido (GMBS) particles la and RAM, MoAb 
BMA 0110 (anti-CD2; IgGBb), MoAb BMA 081 (anti- 
CD8; IgGPa), MoAb BMA 0111 (anti-CD2; IgGl), MoAb 
BBlO (anti-CDlO/CALLA; IgGBb), and VIL-A1 (anti- 
CD10; IgM) as antibodies of choice. 

As can be seen from Table I and Figure 1, increasing 
amounts of reduced antibody, offered for coupling, 
provided an almost linear increase of the conjugation ratios. 
For RAM, the maximal load (-200 pg of RAM/mg of iron) 
was achieved when offering about 0.3 mg of reduced RAM/ 
mg of iron. This conjugation ratio could not be further 
enhanced, even when offering up to 1.4 mg of reduced 
RAM/mg iron, indicating that all maleimido groups were 
saturated. 

While MoAb VIL-A1 (IgM) was coupled a t  almost 
identical ratios as RAM, the conjugation ratio of BMA 0110 
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(IgGPb) proved slightly smaller, approaching a borderline 
of 170 pg/mg (protein/Fe).  Even smaller was the  
conjugation ratio of BMA 081 (IgG2a), approaching a 
borderline of 150 pg/mg (protein/Fe). And the least 
conjugation ratio was observed for BMA 0111 (IgG1). 
(When extrapolating the curves of Figure 1, a borderline 
in the range of 130 pg/mg (protein/Fe may be estimated 
for IgG1.) 

Thus, the conjugation ratios were found to depend on 
the antibody class and isotype, following the order RAM 
= IgM > IgG2b > IgG2a = IgG3 > IgGl (Table I and 
Figure l ) ,  which requires further confirmation. 

This latter observation may reflect the flexibility of the 
hinge region of mouse monoclonal antibodies, which has 
been found to decrease in the order IgG2b > IgG2a > IgGl 
(27). However, this most interesting hypothesis needs 
further evaluation. 

A reduction by a factor of 5 in the amount of dithio- 
threitol used for antibody reduction did not significantly 
decrease the conjugation ratios (results not shown). The 
amount of DTT may, however, be of importance with 
respect to conformational changes which have been shown 
for human IgG subclasses (28). It may be expected that 
DTT concentrations and conditions that  enable the 
reduction of only one instead of all hinge disulfide bonds 
(on an average) would certainly favor the preservation of 
the antibody combining site and thus improve the results 
of depletion. However, these conditions may have to be 
adjusted for a distinct antibody isotype or even for each 
individual antibody, depending on the number and the 
accessibility of the hinge disulfides and sulfhydryls, 
respectively. 

The conjugation ratios were also found to depend on the 
type of spacer that  was introduced to derivatize and 
activate the particles (Scheme I), decreasing in the order 
GMBS > NHIA > 2-It > SPDP (Table I). 

One could assume that an increasing length of the spacer 
arm attached to the particles would facilitate the access 
of the functional groups of the spacers to the hinge region 
and thus facilitate their reaction with the hinge sulfhy- 
dryls. This would explain the observed gradation in both 
the thioether (GMBS > NHIA) and the disulfide series 
(2-It > SPDP). However, further experiments are required 
in order to strengthen this kind of hypothesis. 

The suitability of magnetoparticles for distinct cell 
depletions may depend on a variety of different parameters 
such as the concentration, the immunoreactivity and the 
isotype of the distinct antibody coupled to the particles, 
the concentration and the type of the spacer used, the 
particle support in terms of the size and the surface, and 
finally the cells, clusters, and epitopes to be recognized. 

In a recent study Bieva et  al. (13) have compared the 
depletion of NALM-6 cells from PBL, using two different 
types of magnetic support (Dynal beads versus BioMag 
particles) and the same anti-CD10 MoAb (BB10; IgG2b). 
In the first case, the anti-CD10 MoAb was coupled to tosyl- 
activated polystyrene beads of 3.5 pm diameter; in the 
second case, the anti-CD10 MoAb was coupled to Bio- 
Mag particles via glutaraldehyde as cross-linking agent. 
Thus, the antibody was in both cases coupled via accessible 
amino groups. In this CIMPA study (13) the BioMag 
particles in combination with the glutaraldehyde cross- 
linkage proved clearly superior to the Dynal beads. Even 
when goat anti-mouse IgG was incorporated as a spacer 
arm between the MoAb and the Dynal beads, the depletion 
of NALM-6 cells was not satisfactory, presumably due to 
a low yield of coating or a particular conformation of the 
MoAb on the Dynal beads’ surface (13). 



Magnetite-Antibody Conjugates 

In the present study, in which the same anti-CD10 MoAb 
(BB10; IgG2b) was coupled to derivatized BioMag particles 
la via liberated sulfhydryls of the hinge region, a NALM-6 
cell depletion of up to 4 log units was achieved a t  a 
conjugation ratio of 90 pg/mg (protein/Fe) (Figure 2). The 
depletion efficiency was found to increase with increasing 
amounts of magnetoparticles added to identical aliquots 
of the cell suspension, which is in agreement with the 
results obtained by Bieva et  al. (13). The NALM-6 cell 
removal was also dependent upon the conjugation ratio, 
again reflecting analogy to earlier results (13). However, 
in comparison to the glutaraldehyde cross-linkage (13), only 
about one-third of the amount of MoAb BB 10 was needed 
per mg of Fe in order to achieve comparable results of 
depletion in the CIMPA system. This is clearly in favor 
of the hinge-thiol coupling procedure, performed with the 
GMBS spacer. Interestingly, an increase of the conjugation 
ratio from 90 to 133 pg/mg (protein/Fe) did not further 
increase the efficiency of depletion. Thus, a conjugation 
ratio of 60-90 pg/mg (protein/Fe) appears optimal for 
NALM-6 cell removal with BB 10 (anti-CDlO/CALLA; 
IgG2b)-(GMBS)-magnetobeads. 

Our observation of a 1 log unit nonspecific depletion by 
nonderivatized BioMag in the CIMPA system (Figure 2) 
corresponds with a nonspecific depletion also slightly 
observed in the removal of CD8+ cells by a one-step 
depletion with a permanent magnet (Table 2, exptl series 
A). However, nonderivatized BioMag is not regarded as 
an appropriate control, and magnetoparticles carrying a 
MoAb of irrelevant specificity should be preferred (13). 

When replacing MoAb BBlO (IgG2b) by MoAb VIL- 
A1 (IgM), the efficiency of NALM-6 cell depletion was 
significantly reduced (Figure 2). Thus, the antibody iso- 
type, specificity, and immunoreactivity may contribute to 
the effects of depletion. 

The results were similarly satisfying when using BMA 
081 (anti-CD8; IgG2a)-magnetobeads for the depletion of 
CD8+ cells from PBL, no matter whether the GMBS- or 
the NHIA-type spacer was used (Table 11). However, no 
depletion was achieved with BMA 081-magnetobeads in 
which 2-It or SPDP was incorporated as the spacer (results 
not shown). I t  is suggested that the spacer disulfide bonds 
present in the 2-It- and SPDP-type magnetoparticles 2e,c 
may be cleaved by residual free hinge sulfhydryls and that 
these will have to be blocked by the addition of reagents 
such as N-ethylmaleimide or iodoacetamide. 

A comparison between the BioMag particles of lot 2046- 
83, used in this study, and the commercially available Bio- 
Mag 4100-amine has revealed that the methods of coupling 
described in this paper can similarly be applied to Bi- 
oMag 4100-amine. Moreover, BioMag 4100-amine was 
found to be superior to the particles of lot 2046-83 with 
respect t o  unspecific adsorption of antibody to the beads’ 
surface, unspecific cell depletion, and total cell recovery 
(Hermentin et  al., unpublished results). 

The results achieved in the present study may be 
summarized as follows: The hinge-thiol coupling procedure 
appears as a simple, reproducible, and useful method for 
the site-directed attachment of monoclonal antibody to 
derivatized BioMag particles la-e. The GMBS and NHIA 
spacer reagents are suitable to provide high conjugation 
ratios and stable thioether bonds. The 2-It and SPDP 
spacer reagents lead to lower conjugation ratios and spacer 
disulfide bonds that can again be cleaved by neighboring 
sulfhydryls or reducing agent. The depletion efficiency 
achieved with GMBS- and NHIA-type magnetobeads 
appears to depend on the individual antibody that is 
coupled to the particles, i.e., its isotype, specificity, and 

Bioconjugate Chem., Vol. 1, No. 6, 1990 417 

immunoreactivity. A distinct group of GMBS- and NHIA- 
magnetobeads (2a and 2b) may prove useful in bone 
marrow depletion associated with allogeneic and autolo- 
gous bone marrow transplantation as a therapeutic goal 
for malignant hemopathies. 
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Aryl Azides 
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New heterobifunctional cross-linking reagents were developed that possess a photoactive tetrafluori- 
nated phenyl azide as the photoactive terminus and a chemically reactive succinimidyl ester as the elec- 
trophilic terminus. These reagents, succinimidyl N-(4-azido-2,3,5,6-tetrafluorobenzoyl)tyrosinate (9) 
and succinimidyl2-(4-azido-2,3,5,6-tetr~uorophenyl)thi~ole-4-c~boxylate (15), were designed to possess 
either an 1251 or 35S radiolabel, respectively. In a biochemical study, the latter reagent was coupled to 
Lys-75 of calmodulin (CaM), and the radioiodinated monoadduct was photochemically cross-linked, 
in a calcium-dependent manner, to the porcine erythrocyte plasma membrane Ca2+,Mg2+-ATPase. Den- 
sitometry scans of the gel indicated a reproducible 22% cross-linking of the CaM with one of the Ca2+,- 
Mg2+-ATPase bands. Since the purification of the Ca2+,Mg2+-ATPase results in micelles having Ca2+,- 
Mg2+-ATPase with its CaM binding site oriented both to the inside and outside of the micelle, the amount 
of Ca2+,Mg2+-ATPase available for cross-linking was reduced by approximately half, suggesting that 
the actual cross-linking efficiency was on the order of 40%. 

INTRODUCTION 
Interest in studying the interactions of the calcium- 

binding protein calmodulin (CaM) (1) with other proteins 
has led to the development of new heterobifunctional cross- 
linking reagents (2 ,3) .  An effective reagent for studying 
intermolecular interactions of this type should possess three 
features: a photoactive terminus that cross-links with high 
efficiency to the target protein, an electrophilic terminus 
that establishes the initial covalent link to CaM,l and a 
radiolabel that will facilitate the identification of cross- 
linked peptides ( 4 ) .  In order to secure primary sequence 
data, the radiolabel must be readily introduced, possess 
a convenient half-life, and survive both the photochemical 
event and the subsequent purification process. 

Several heterobifunctional reagents fulfill most of these 
requirements by incorporating both an aryl azide and an 
1251 radiolabel. However, the putative cross-linking species 
produced in the photolysis of an aryl azide is not a sin- 
glet nitrene but rather an electrophilic dehydroazepine (5- 
8) that scavenges selectively for nucleophilic amino acid 
residues. The absence of such residues in the immediate 
vicinity of the photochemical event dramatically affects 
cross-linking efficiency. Moreover, the photolysis of aryl 
azides that possess an iodine substituent in the same ring 
as the azide leads to  rapid photodeiodination (9), a 
competitive process that further reduces the observed cross- 
linking efficiency. For example, the cross-linking of ra- 
dioiodinated CaM adducts of succinimidyl N-[2-(4- 

* Authors to whom correspondence should be addressed. 
+ Department of Chemistry. 
f Department of Biochemistry. 
The abbreviations used are as follows: CaM, calmodulin; DCC, 

N,”-dicyclohexylcarbodiimide; DMSO, dimethyl sulfoxide; DSO, 
disuccinimidyl oxalate; EGTA, ethylene glycol bis(P-amino- 
ethyl ether)-N,N,N’,hJ‘-tetraacetic acid; HEPES, 4-(2-hydroxy- 
ethyl)-1-piperazineethanesulfonic acid; NHS, N-hydroxysuccin- 
imidyl; Pth, phenylthiohydantoin; TFA, trifluoroacetic acid; THF, 
tetrahydrofuran; TRIS, tris(hydroxymethy1)aminomethane. 

azidosalicyl)ethyl]suberamate (3) with human erythrocyte 
plasma membrane Ca2+,Mg2+-ATPase proceeded with only 
8 ’3 cross-linking efficiency. 

In order to improve upon this limited efficiency, other 
photoactive reporter groups tha t  might display an  
enhanced level of cross-linking were introduced in place 
of the simple aryl azides. Although the photoactive 3-aryl- 
3-(trifluoromethy1)diazirine (10-12) group generates a 
reactive carbene tha t  might provide efficient cross- 
linking, an investigation of the photoproducts of 3-aryl- 
3-(trifluoromethy1)diazirines revealed that these products 
may not, in some cases, be stable toward conditions 
necessary for protein sequencing.2 The photolysis of per- 
fluorinated aryl azides (13-18) generates a singlet ni- 
trene that inserts efficiently into a variety of bond types 
and promises to  provide a solution to both the cross- 
linking efficiency and product stability problems. It was 
necessary, therefore, to investigate whether the perflu- 
orinated azides could be incorporated in heterobifunc- 
tional reagents that would possess either a photostable lBI 
or 35S radiolabel (19) and to  compare the cross-linking 
efficiency of these new reagents with their nonfluori- 
nated counterparts. 

2 M. Platz and D. S. Watt, unpublished observations. For 
example, the photolysis of 3-(4-toluyl)-3-(trifluoromethyl)- 
diazirine in diethylamine generated a carbene possessing a low- 
lying singlet state and a triplet ground state. The photoinser- 
tion of the singlet carbene into various substrates was examined. 
Photoinsertion into the N-H bond of diethylamine produced the 
adduct N,N-diethyl-N-[(2,2,2-trifluoro-l-(4-toluyl)ethyl]- 
amine. Rapid elimination of hydrogen fluoride from this ad- 
duct under the conditions of the photolysis experiment afforded 
an enamine, l’-(diethylamino)-2’,2’-difluoro-4-methylstyrene. The 
subsequent hydrolysis of the enamine produced diethylamine and 
cr,cr-difluoro-4-methylacetophenone. This unexpected elimination 
and hydrolysis sequence had the net effect of reversing the pho- 
toinsertion process. 
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EXPERIMENTAL PROCEDURES 
General Chemical Procedures. Chemicals were 

purchased from Aldrich or Sigma. Infrared spectra were 
recorded on a Perkin-Elmer Model 357 spectrometer. 
Nuclear magnetic resonance spectra were determined on 
a Varian 400-MHz or Gemini 200-MHz NMR spec- 
trometer. Chemical shifts are reported in parts per million 
relative to tetramethylsilane as an internal standard. Mass 
spectra were determined on a VG ZAB spectrometer. 
Elemental analyses were performed by Atlantic Micro- 
labs, Norcross, GA. Column chromatography using Ma- 
cherey Nagel silica gel 60 is referred to as "chromatography 
on silica gel". Procedures for the preparation of the 
following compounds were developed concurrently in these 
laboratories but were recently published (14) elsewhere: 
methyl 4-amino-2,3,5,6-tetrafluorobenzoate (2), methyl 
4-azido-2,3,5,6-tetrafluorobenzoate (3), 4-azido-2,3,5,6- 
tetrafluorobenzoic acid (41, and succinimidyl 4-azido- 
2,3,5,6-tetrafluorobenzoate (5). 
Methyl N-(4-Azido-2,3,5,6-tetrafluorobenzoyl)- 

tyrosinate (6). To a solution of 2.05 g (6.21 mmol) of 5 
and 1.58 g (6.83 mmol) of Tyr(OCH&HCl in 50 mL of 
DMSO was added 1.25 g (12.4 mmol) of Et3N. The 
solution was stirred for 23 h a t  25 "C and diluted with 
EtOAc. The organic solution was washed with 2 N HCl 
solution and brine and dried over anhydrous MgS04. The 
crude product was chromatographed on silica gel using 1:l 
EtOAc-hexane to afford 2.33 g (91 96 ) of 6: mp 155-157 
"C dec; IR (KBr) 2112,1717,1649 cm-'; 'H NMR (DMSO- 
d6) 6 2.80-3.08 (m, 2, CH2), 3.67 (s, 3, CH3), 4.55-4.66 (m, 
1, CHI, 6.68 and 7.05 (2 d, J = 8.5 Hz, 4, ArH), 9.27 (s, 1, 
OH), 9.39 (d,  J = 7.9 Hz, 1, NH). Anal. Calcd for 

Methyl N-( 4-Azido-2,3,5,6-tetrafluorobenzoyl)-2,6- 
diiodotyrosinate (7). To a solution of 65 mg (0.16 mmol) 
of 6 in 2.4 mL of a 5:l mixture of MeOH and TRIS buffer 
(pH 7.8) were added at  0 "C 60 mg (0.38 mmol) of NaI 
and 86 mg (0.38 mmol) of chloramine T hydrate. The 
mixture was stirred for 60 min a t  0 "C and concentrated. 
The residue was dissolved in EtOAc, washed successively 
with 5 76 sodium thiosulfate solution, saturated NaHC03 
solution, and brine, and dried over anhydrous MgSO4. The 
product was chromatographed on silica gel using CHC13 
to afford 85 mg (81 %I of 7: mp 168-170 "C dec; IR (KBr) 
2114,1723,1650 cm-l; lH NMR (CD30D) 6 2.83-3.17 (m, 
2, CHz), 3.74 (s, 3, CHs), 4.45-4.63 (m, 1, CH), 7.62 (s, 2, 
ArH). Anal. Calcd for C I ~ H ~ O F ~ I ~ N ~ O ~ :  C, 30.75; H, 1.52. 
Found: C, 30.84; H, 1.56. 

N-( 4-Azido-2,3,5,6-tetrafluorobenzoyl)tyrosine (8). 
To a solution of 1.15 g (2.79 mmol) of 6 in 33 mL of 1O:l 
MeOH-water was added 0.70 g (17 mmol) of LiOHeH20. 
The solution was stirred for 16 h at  25 "C and concentrated. 
The residual solid was acidified with 2 N HC1 solution and 
extracted with EtOAc. The organic solution was washed 
with brine and dried over anhydrous MgS04. The product 
was crystallized from CHCl3 to afford 576 mg (52%) of 
8: mp 147-149 "C dec; IR (KBr) 2114, 1700, 1643 cm-1; 
UV (95% EtOH) A,,, 256 nm (t  19 000) (decay half-life 
was <10 s under 254 nm irradiation); 'H NMR (acetone- 

1, OH), 4.81-4.96 (m, 1, CH), 6.76 and 7.13 (2 d, J = 8.6 
Hz, 4, ArH), 8.13 (d, J = 7 Hz, 1, NH). Anal. Calcd for 

Succinimidyl N-(4-Azido-2,3,5,6-tetrafluoroben- 
zoy1)tyrosinate (9). To a solution of 274 mg (0.69 mmol) 
of 8 in 10 mL of anhydrous THF were added 114 mg (0.99 
mmol) of N-hydroxysuccinimide and 170 mg (0.83 mmol) 
of DCC. After stirring for 22 h at  25 "C, the suspension 

C17H12F4N404: C, 49.52; H, 2.93. Found: C, 49.63; H, 2.99. 

&) 6 2.96-3.30 (m, 2, CHz), 3.40 (br S, 1, COzH), 3.81 (s, 

C ~ ~ H I O F ~ N ~ O ~ :  C, 48.25; H, 2.53. Found: C, 48.41; H, 2.56. 
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was filtered. To the filtrate was added 3 mL of DMSO, 
and the solution was concentrated. The resulting solution 
of the NHS ester 9 was used directly in coupling reactions 
with amines. 
2-(4-Amino-2,3,5,6-tetrafluorophenyl)-4-carboxy- 

4,5-dihydrothiazole (11). A solution of 101 mg (0.53 
mmol) of 4-amino-2,3,5,6-tetrafluorobenzonitrile (lo), 64 
mg (0.53 mmol) of L-cysteine, and 73 mg (0.53 mmol) of 
K2CO3 in 2.0 mL of 1:l MeOH-water was heated a t  65- 
70 "C for 14 h. The MeOH was removed under reduced 
pressure. The aqueous solution was extracted with ether 
to remove any unreacted 10 (19% recovery). The solution 
was acidified to pH 3-4 with 2 N HCl solution and 
extracted with EtOAc while the pH was checked and 
adjusted between extractions to maintain a value of 3-4. 
The EtOAc fractions were combined, washed with brine, 
and dried over anhydrous MgS04. The crude product was 
recrystallized from EtOAc-hexane to yield 63 mg (40% ) 
of 11 as a pale yellow solid: mp 184-186 "c dec; [a]D = 
76.8" (c = 0.95, acetone); IR (KBr) 3000 (br), 1710, 1645 
cm-l; lH NMR (acetone-&) 6 3.77 (d, J = 9.1 Hz, 2, CHz), 
5.34 (t, J = 9.3 Hz, 1, CH), 5.98 (br s, 2, NHz). Anal. Calcd 
for C ~ O H ~ F ~ N ~ O ~ S :  C, 40.82; H, 2.06. Found: C, 40.70; 
H, 2.03. 
2-(4-Azido-2,3,5,6-tet rafluorophenyl)-4-carboxy-4,5- 

dihydrothiazole (12). To a solution of 199 mg (0.68 
mmol) of 11 in 3 mL of TFA a t  0 "C was added 100 mg 
(1.5 mmol) of NaN02. The solution was stirred for 25 min 
at  0 "C and 150 mg (2.3 mmol) of NaN3 was added. The 
solution was stirred an additional 1.5 h a t  0 "C, warmed 
to 25 "C, and concentrated. The residue was diluted with 
20 mL of water, and the pH was adjusted to ca. 4 with solid 
Na~C03. The solution was extracted with EtOAc. The 
combined organic solutions were washed with brine and 
dried over anhydrous MgS04. The EtOAc solution was 
concentrated to afford 198 mg (91 %) of 12: IR (thin film) 
3000 (br), 2135 cm-'; lH NMR (acetone-d6) 6 3.87 (d, J = 
9.2 Hz, 2, CH2), 5.43 (t, J = 9.2 Hz, 1, CH), 6.97 (br s, 1, 
C02H). This material resisted efforts to prepare an 
analytically pure sample and was fully characterized as the 
methyl ester: IR (CHC13) 2135, 1738 cm-'; 'H NMR 
(CDCl3) 6 3.68-3.99 (m, 2, CH2), 3.86 (s, 3, OCHs), 5.34 (t, 
J = 9.5 Hz, 1, CHI; exact mass spectrum calcd for 
CllH6F4N402S 334.0148, found 334.0146. 
2-(4-Amino-2,3,5,6-tetrafluorophenyl)-4-carboxythi- 

azole (13). A suspension of 415 mg (1.4 mmol) of 11 and 
413 mg (2.0 mmol) of 9,lO-phenanthrenequinone (20) in 
8.4 mL of 5% HOAc in CHC13 was refluxed for 15 h. The 
solution was cooled, concentrated, and diluted with EtOAc. 
The solution was washed with several portions of 1 M 
NaOH solution. The combined aqueous solutions were 
extracted with CHC13 to remove much of the 9,lO- 
phenanthrenequinonef -quinol. The aqueous solution was 
acidified to pH 3-4 and extracted with EtOAc while the 
pH was checked to maintain it a t  3-4. These organic 
extracts were combined, washed with brine, dried over 
anhydrous MgS04, and concentrated to afford 430 mg of 
13 that was used directly in the next reaction. In order 
to secure an analytical sample, traces of 9,lO-phenan- 
threnequinonef -quinol were removed by trituration of the 
crude product with CHC13 and a subsequent recrystalli- 
zation from EtOAc-hexane to yield 13 as an amorphous 
solid: mp >230 "C; IR (KBr) 3000 (br), 1704,1655 cm-l; 
'H NMR (acetone-&) 6 3.50 (br s, 1, C02H), 6.04 (br s, 2, 
NHz), 8.60 (5, 1, CHI. Anal. Calcd for C I O H ~ F ~ N ~ O ~ S :  
C, 41.10; H, 1.38. Found: C, 41.17; H, 1.39. 
2- (4-Azido-2,3,5,6-tetrafluorophenyl)-4-carboxythi- 

azoIe (14). To a soIution of 415 mg (1.4 mmol) of 13 in 
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8.0 mL of TFA at 0 "C was added 149 mg (2.2 mmol) of 
NaN02. The solution was stirred for 30 min a t  0 "C, and 
184 mg (2.8 mmol) of NaN3 was added. The solution was 
stirred for 1.5 h a t  0 "C, allowed to warm to 25 "C, and 
concentrated. The oil was diluted with EtOAc and washed 
with half-saturated NaHC03 solution to neutralize the 
residual TFA. The aqueous layer was separated, and the 
pH was adjusted to ca. 3. The aqueous solution was 
extracted with EtOAc. The combined organic solutions 
were washed with brine and dried over anhydrous MgS04. 
The crude product was recrystallized from EtOAc to yield 
172 mg (38%) of 14: mp 172-174 "C dec; IR (KBr) 3105, 
2800 (br), 2130,1680,1640 cm-l; UV (95% EtOH) A,, 280 
nm ( t  17 000) (decay half-life was <10 s under 254 nm 
irradiation); 'H NMR (acetone-&) 6 3.50 (br s, 1, COzH), 
8.74 (s, 1, CHI. Anal. Calcd for CloHzF4N402S: C, 37.75; 
H, 0.63. Found: C, 37.83; H, 0.64. 

Succinimidyl2-( 4-Azido-2,3,5,6-tetrafluorophenyl)- 
thiazole-4-carboxylate (15). To a suspension of 12 mg 
(0.037 mmol, 1.0 equiv) of 14,lO pL (0.13 mmol, 3.5 equiv) 
of anhydrous pyridine, and 1.0 mL of anhydrous CH3- 
CN was added 14 mg (0.05 mmol, 1.4 equiv) of DSO (21). 
The solution was stirred for 18 h at  25 "C, concentrated, 
diluted with 10 mL of water, and extracted with EtOAc. 
The EtOAc solution was separated and washed successively 
with half-saturated NaHC03 solution, water, and brine, 
dried over anhydrous MgS04, and concentrated to afford 
7.6 mg (49y6) of 15. The crude product was sufficiently 
pure to use directly or could be recrystallized from EtOAc- 
hexane to provide an analytically pure sample: mp 175- 
177 "C dec; IR (KBr) 2130, 1775, 1724 cm-'; 'H NMR 
(CDC13) 6 2.94 (s,4,CHzCH2),8.68 (s, 1,CH). Anal. Calcd 
for C14H5FdN504S: C, 40.48; H, 1.21. Found: C, 40.57; 
H, 1.22. 

Preparation of Calmodulin. CaM was isolated from 
bovine testes according to the procedure of Jamieson and 
Vanaman (22). 

Preparation of Porcine Erythrocyte Plasma Mem- 
brane CaZ+,Mgz+-ATPase. The ATPase was isolated 
from fresh porcine blood according to the procedure of Nig- 
gli (23). 

Functionalization of CaM with Succinimidyl2-(4- 
Azido-2,3,5,6-tetrafluorophenyl)thiazole-4-carboxy- 
late (15). CaM was treated with succinimidyl2-(4-azido- 
2,3,5,6-tetrafluorophenyl)thiazole-4-carboxylate (15) in the 
presence of 2 mM CaClz or 2 mM EGTA. Reagent 15 was 
dissolved in HPLC-grade acetonitrile at  a concentration 
of 1 mg/mL immediately prior to use. The reagent solution 
was added to a final concentration of 20 pM to a solution 
of 10 pM CaM, 30 mM HEPES (pH 7.41, and 2 mM CaC12 
(or EGTA). The mixture was incubated at  25 "C for 2 h, 
and the reaction was quenched by adding lysine to a final 
concentration of 10 mM. The mixture was then applied 
to a C-4 column (Vydac bulk resin, 25 cm X 0.4 cm) and 
progress of the reaction was monitored a t  230 nm (protein) 
and 290 nm (tetrafluorinated phenyl azide) as shown in 
the HPLC traces in Figure 1. 

The major calmodulin derivative observed in Figure 1 
was prepared in quantities sufficient for further char- 
acterization and for use in photochemical cross-linking 
studies by increasing the volume of reaction mixtures and 
maintaining concentrations of all components to keep them 
identical with those used in Figure 1 (upper panel). For 
example, 3 mg of CaM was reacted with 133 pg of reagent 
15 in 0.13 mL of acetonitrile in a total reaction volume of 
18 mL. The mixture was then applied to a Pharmacia 
MONO Q anion-exchange FPLC column to separate the 
CaM-reagent 15 monoadduct from native and polymod- 
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Figure 1. Reverse-phase HPLC profiles (C-4 column) of ad- 
ducts of CaM and reagent 15 in the presence and absence of Cat+ 
as monitored at 230 and 290 nm. The latter wavelength indicated 
the presence of the perfluoroaryl azide. Separation of the native 
CaM and its monoadducts was achieved with a 1% per min 
gradient of acetonitrile in 10 mM NaH2P04 (pH 6) and 2 mM 
EGTA in which acetonitrile varied from 20% to 40%. The 
asterisk denotes the monoadduct at Lys-75. The arrow denotes 
the position at which native CaM would elute. 

0 

-lr 

time (min)  0 

Figure 2. Phenyl p Bondpak reverse-phase profiles of the tryp- 
tic digest of CaM-reagent 15 monoadduct as monitored at 290 
nm. The separation was achieved with a gradient (starting at 5 
min) of buffer A (10 mM NaH2P04, 2 mM EGTA). Buffer B (5 
mM NaH2P04, 2 mM EGTA, 50% acetonitrile) was added from 
0 to 50% (at 50% the gradient plateaus for 5 min before beginning 
a column wash cycle). 

ified CaM. This was done with a gradient of buffer A [ lo  
mM TRIS (pH 7.2) and 2 mM EGTA] and buffer B [ lo  
mM TRIS (pH 7.2), 2 mM EGTA, and 0.8 M NaCl] from 
45 to 60% B. The efficiency of the separation was 
monitored on a C-4 HPLC column. 

The CaM-reagent 15 monoadduct was then digested 
with trypsin and applied to a Phenyl p Bondpak HPLC 
(Waters) according to the method of Vanaman (1) in order 
to separate the CaM tryptic peptides. The separation was 
monitored at  290 nm in order to detect the peptide bearing 
the tetrafluorinated phenyl azide group. The resulting 
HPLC trace is shown in Figure 2. The major peak was 
collected, desalted, and applied to an Applied Biosys- 
tems Model 477a protein sequencer equipped for on-line 
HPLC analysis. 
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Figure 3. SDS-Polyacrylamide gel and autoradiogram of cross- 
linking experiments. Lanes 1-3 correspond to the silver- 
stained gel, and lanes 4-6 correspond to the autoradiogram of 
lanes 1-3, respectively. Molecular weight standards were run and 
their position is indicated by the numbers (kDa) at the left of 
lane 1. Lanes 2 and 5 correspond to the photolysis product of 
the 1251-labeled monoadduct of CaM and Ca2+,Mg2+-ATPase in 
the presence of Ca2+. Lanes 1 and 4 correspond to the same 
mixture without photolysis. Lanes 3 and 6 correspond to the pho- 
tolysis in the presence of 10 mM EGTA. The asterisk on the right 
indicates the position of the cross-linked species. The position 
of the non-cross-linked CaM is indicated at the lower right. The 
Ca2+,Mg2+-ATPase runs as a doublet at 138 and 128 kDa, and 
the cross-linked species runs at 151 kDa. 

Preparation of lzI-Labeled Monoadduct of CaM and 
Succinimidyl 2-(4-Azido-2,3,5,6-tetrafluorophenyl)- 
thiazole-4-carboxylate (15). Radioiodination of 1 mg 
of purified, monomodified CaM was achieved with 100 pCi 
of [ 1251]NaI and Enzymobeads (Bio-Rad) according to the 
procedure supplied by Bio-Rad. 

Photochemical Cross-Linking Experiments. A 
solution of 2 pg of Ca2+,Mg2+-ATPase was incubated with 
2 pg of 12514abeled CaM-reagent 15 monoadduct (80 mCi/ 
pmol) in 15 pL of 30 mM HEPES (pH 7.4), 130 mM NaC1, 
2 mM MgC12,0.05% (v/v) Triton X-100,5% (v/v) glycerol, 
0.5 mg/mL phosphatidylcholine containing either 50 pM 
CaC12 or 10 mM EGTA. The solution was photolyzed for 
1 min with a hand-held ultraviolet light with the glass face- 
plate removed (4600 pW /cm2, Model UVS-11, Ultra- 
violet Products, Inc.) a t  a distance of 4 cm. The solution 
was suspended in a protein-solubilizing mixture of 65 mM 
Tris-HC1, 2% (v/v) SDS, 10% (v/v) glycerol, 5% (v/v) 
0-mercaptoethanol, and 0.001 % bromophenol blue, and 
the solution was boiled for 5 min. The products were 
analyzed by 7.5% SDS-PAGE (24). The gel was dried, 
autoradiographed, resuspended, and silver stained. Au- 
toradiography was performed for 4 h. Figure 3 shows the 
results of these experiments. 

RESULTS 
As shown in Scheme I, succinimidyl 4-azido-2,3,5,6- 

tetrafluorobenzoate (5) (14) was prepared from 4-amino- 
2,3,5,6-tetrafluorobenzoic acid (1) and coupled to me- 
thyl tyrosinate to obtain methyl ester 6. Methyl ester 6 
underwent iodination under the usual conditions without 
any potential interference from nucleophilic aromatic 
substitution. Methyl ester 6 was converted to succinim- 
idyl N-(4-azido-2,3,5,6-tetrafluorobenzoyl) tyrosinate (9) in 
the usual fashion. 

As shown in Scheme 11, 2-(4-amino-2,3,5,6-tetrafluo- 
rophenyl)-4-carboxy-4,5-dihydrothiazole ( 1 1) was prepared 
in a condensation of 4-amino-2,3,5,6-tetrafluorobenzoni- 
trile (10) with Cys. Although it was possible to convert 
thiazoline amine 11 to the corresponding thiazolinyl azide 
12, the coupling of the NHS ester of 12 with various amines 
failed to produce the desired amides presumably as a 
consequence of competitive nucleophilic attack at the imino 

Scheme Ia 
CO2R 

NH2 N3 N3 
1: R = H  3: R=Me 5 
2 R=MeJa 4: R=HJ' 

O Y N H Y C O P R  O Y  NH Y O p N H S  

x 
6 R=Me,X=H 9 
7: R = M e , X = I  g 
8: R = X = H  3 

a Reagents: (a) HCl, MeOH; (b) (1) NaN02, TFA, 0 "C, (2) 
NaN3; (c) LiOH*H20,5:1 MeOH-H20; (d) NHS(OH), DCC, THF; 
(e) Tyr(OCH3)*HCl, EtsN, DMSO; (f) NaI, chloramine T, MeOH, 
TRIS buffer; (g) LiOH-H20,10:1 MeOH-H20. 

Scheme IIa 

CN 

NH2 X X 

2 b  
13: X = NH2, R = H 
14: X =  N3, R =  H 

10 11: X=NH 
12: X =  N 3 9  

15: X = N3, R = NHSJd 

a Reagents: (a) Cys, K2CO3, 1:l MeOH-H20, 65 "C; (b) (1) 
NaN02, TFA, 0 "C, (2) NaN3; (c) 9,10-phenanthrenequinone, 5% 
HOAc in CHCl3, reflux; (d) DSO, Py, CH3CN. 

thioester carbon. Consequently, thiazoline amine 11 was 
oxidized to thiazole amine 13 with 9,lO-phenanthrenequi- 
none (20) and thiazole amine 13 was converted to the 
desired succinimidyl2-(4-azido-2,3,5,6-tetrafluorophenyl)- 
thiazole-4-carboxylate (15). 

Figure 1 shows reverse phase (C-4) HPLC separations, 
performed as described in the legend, of the products 
obtained when CaM (10 pM) was treated with a %fold 
molar excess (20 pM) of reagent 15 in the presence of 2 
mM Ca2+ (upper panel) or 2 mM EGTA (lower panel). The 
double arrow denotes the elution position of unmodi- 
fied, native CaM as displayed in a separate analysis. The 
effluent was monitored for UV absorption a t  230 nm to 
detect protein and at  290 nm to detect the tetrafluorophe- 
nyl azide moiety. Calmodulin shows negligible UV 
absorption at  the latter wavelength. 

In the absence of Ca2+, a major peak displaying absor- 
bance a t  230 nm but lacking absorbance at  290 nm was 
obtained that possessed a retention time consistent with 
that of native CaM (Figure 1, lower panel). A number of 
early eluting peaks possessing both 230 and 290 nm 
absorption represented products of reagent hydrolysis and 
reaction with lysine that was added after incubation to 
quench further reaction with CaM. (This Lys adduct peak 
is substantially reduced in the upper trace where sub- 
stantial CaM modification consumed reagent 15 prior to 
the addition of lysine.) 

The reaction of CaM with reagent 15 in the presence 
of Ca2+ yielded a single major product denoted by the 
asterisk above the peak in Figure 1 (upper panel). This 
component, which was present in only small amounts in 
the lower trace, eluted slightly later than native CaM and 
possessed absorbance at  both 230 and 290 nm. Native 
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CaM is nearly absent in the upper trace, indicating that 
chemical modification was nearly complete in the presence 
of Ca2+ under these conditions. A series of lesser peaks 
were also observed in the upper trace that eluted later than 
the major CaM monoadduct and that possessed a much 
higher ratio of the absorbance values a t  290 and 230 nm, 
suggesting that these peaks were polymodified CaM ad- 
ducts. 

The modification reaction was successfully increased in 
scale. An anion-exchange FPLC separation yielded one 
major protein, again possessing both 230 and 290 nm UV 
absorption, that was isolated in a yield of 1.7 mg. An 
aliquot was further analyzed on C-4 reverse-phase HPLC 
(as in Figure 1) to yield a single peak identical in elution 
and UV absorbing properties with that labeled with the 
asterisk in Figure 1. Amino acid composition analysis 
confirmed that this material was a CaM adduct. 

This adduct was digested with trypsin, and the resulting 
tryptic peptides were isolated by Phenyl I.L Bondpak 
reverse-phase HPLC. Figure 2 shows the resulting elu- 
tion profile obtained by monitoring the effluent a t  290 nm. 
A single major peak (1.17 AU) was eluted a t  65 min with 
50P0 buffer B. Only minor peaks (C0.05 AU), probably 
representing Tyr-containing peptides, were observed earlier 
in the trace. I t  should be noted that the scale is magnified 
in the lower absorbance range. The 65-min peak was 
collected, desalted, and directly subjected to sequence 
analysis. The HPLC analysis of cycle 1 yielded no known 
Pth amino acid but had a major peak eluting a t  10.95 min 
that presumably represented Pth-Lys modified by reagent 
15 (vide infra). Cycle 2 gave 6.6 nmol of Pth-Met, and cycle 
3 gave 4.8 nmol of Pth-Lys. The only sequence in CaM 
which could yield this tripeptide is residues 75-77, Lys- 
Met-Lys, with the t-amino group of Lys-75 being the 
presumed site of modification by reagent 15. 

Figure 3 shows the results of SDS-PAGE analysis of 
products obtained on photochemical cross-linking of the 
1251-labeled, Lys-75 CaM-reagent 15 monoadduct and a 
preparation of the porcine erythrocyte membrane Ca2+,- 
Mg2+-ATPase. Lanes 1-3 represent the gel after silver 
staining, and lanes 4-6 display an autoradiogram of the 
same gel that was exposed prior to silver staining. Two 
major protein bands were observed a t  128 and 138 kDa 
in lanes 1-3 representing the two different isoforms of the 
enzyme recently identified in erythrocytes (25). A major 
band of radioactivity is present in lane 5 with apparent 
M ,  of 151 kDa (denoted by the asterisk), which is absent 
in a control sample run without photolysis (lane 4) and 
substantially diminished on photolysis of a sample that 
contained excess EGTA. Consequently, the cross- 
linking was both light- and calcium-dependent. The 
formation of this cross-linked species is also detectable in 
the silver-stained gel in lane 2. Densitometric scans of the 
silver-stained gel indicated that 22 5% of the Ca2+,Mg2+- 
ATPase was cross-linked in the presence of excess CaM 
monoadduct under these conditions. 
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orinated aryl azide that could bear an 1251-radiolabel, and 
succinimidyl2- (4-azido-2,3,5,6-tetrafluorophenyl)thiazole- 
4-carboxylate (15), a perfluorinated aryl azide that could 
bear an 35S-radiolabel, were prepared in a straightforward 
series of operations. The 35S-radiolabeled NHS ester 15 
is particularly attractive since the radiolabel is photo- 
stable whereas the 1251-radiolabel suffers some photodeio- 
dination (9) under certain circumstances. Before applying 
the radiolabeled version of reagent 15 in a detailed 
biochemical study, it seemed prudent to demonstrate that 
the tetrafluorophenyl azide moiety, incorporated into a 
donor protein, was capable of efficient photochemical cross- 
linking to an appropriate target enzyme and to assess the 
efficiency of this photoactive group relative to other 
reagents bearing just a simple phenyl azide. 

In previous studies (2,  3), we have used the calmodu- 
lin (CaM) system to test two related heterobifunctional 
reagents bearing the simple phenyl azide group. These 
and a number of other studies (26,27) demonstrated that 
most hydrophobic acylating reagents modify CaM a t  Lys- 
75 in a calcium-dependent manner and that reagent 15 
demonstrated similar behavior. The photochemical cross- 
linking of the 1251-labeled, Lys-75 CaM-reagent 15 monoad- 
duct to the porcine erythrocyte membrane Ca2+,Mg2+- 
ATPase, shown in Figure 3, provided evidence for improved 
cross-linking efficiency for the tetrafluorinated phenyl 
azide. In our previous work with Lys-75 CaM monoad- 
ducts containing a simple phenyl azide, cross-linking to 
the human erythrocyte membrane Ca2+,Mg2+-ATPase gave 
an 8% yield (3)  of cross-linked material under the same 
conditions where the tetrafluorophenyl azide gave at least 
20% cross-linking. I t  should be noted that these studies 
were performed with a purified membrane enzyme solu- 
bilized in a detergent (Triton X-100) micelle. Assuming 
random insertion of the enzyme into the micelle, simple 
geometry dictates that approximately 50% of the molecules 
would have their cytoplasmic domains (where CaM binds) 
facing the interior and unavailable for interaction with the 
lZ5I-labeled CaM-reagent 15 probe. This suggests that the 
cross-linking efficiency for accessible molecules is 
approximately twice tha t  observed in densitometry 
readings. 

The utilization of the tetrafluorophenyl azides in cross- 
linking agents addresses two other problems encountered 
with simple phenyl azide based cross-linking reagents: the 
selectivity of the reactive intermediate for hydrophobic 
versus hydrophilic amino acid residues in the target protein 
and chemical stability of the covalent attachment generated 
in the cross-linking process. The photolysis of a simple 
phenyl azide generates a substituted dehydroazepine as 
the reactive intermediate (5-8) that selectively traps nu- 
cleophilic substituents in certain hydrophilic amino acids. 
However, protein-protein interactions are largely dictated 
by hydrophobic forces and by van der Waal contacts that 
involve aliphatic and aromatic groups in hydrophobic 
amino acid side chains (28) and it would be preferable to 
have a reactive intermediate capable of intercepting such 
residues. Just such a hydrophobic site lies adjacent to Lys- 
75 in CaM and appears to be responsible for the calcium- 
dependent interaction with target enzymes as well as small 
hydrophobic compounds including the interaction of 
reagent 15 with CaM. Thus, the agents that rely on de- 
hydroazepine-mediated cross-linking are unlikely to make 
efficient probes of protein-protein interaction sites as 
reflected in the minimal cross-linking experienced with a 
mixture of monoadducts of CaM and succinimidyl N-[2- 
(4-azidosalicyl)ethyl]suberamate (3).  

On the other hand, the photolysis of the tetrafluorophe- 

DISCUSSION 

These studies describe a new family of heterobifunc- 
tional, tetrafluorophenyl azide reagents that are designed 
for improved cross-linking efficiently (particularly with 
hydrophobic amino acid side chains) and that are capable 
of bearing a photostable radiolabel. Among the radio- 
isotopes of high specific activity and reasonable half- 
life, lZ5I and S5S are logical candidates for inclusion in het- 
erobifunctional cross-linking reagents. As shown in 
Schemes I and 11, succinimidyl N-(4-azido-2,3,5,6- 
tetrafluorobenzoy1)tyrosinate (91, a photoactive perflu- 
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nyl azide group generates a reactive nitrene capable of 
inserting into carbon-hydrogen bonds in hydrophobic 
amino acid side chains. Photochemical studies with model 
perfluorinated azides in organic solvents have led to similar 
conclusions (13-18). In addition, such carbon-hydrogen 
insertion reactions generate stable adducts that  are more 
likely to survive adventitious hydrolysis during the  
digestion and purification process. The enhanced cross- 
linking efficiency observed in the present study is consistent 
with perfluorinated phenyl azides generating a more 
reactive intermediate capable of covalently linking a wider 
variety of amino acid residues in the target protein than 
the corresponding simple phenyl azides. This study also 
demonstrates tha t  enhanced reactivity is seen with 
interacting proteins even though they are surrounded by 
water as a bulk medium. Clearly, further studies will be 
required to determine the structure of the photoinser- 
tion products obtained in studies of proteins using these 
tetrafluorophenyl azide-based probes. 

In conclusion, we have prepared heterobifunctional cross- 
linking reagents that incorporate perfluorinated phenyl 
azides as the photoactive component and have the capacity 
to bear either an 1251 or 35S radiolabel. One of these 
reagents displayed a cross-linking efficiency that suggest 
these perfluorinated azides will prove effective in 
biochemical studies, and detailed studies along these lines 
are in progress. 
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Carrier Design: Biodistribution of Branched Polypeptides with a 
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The biodistribution has been examined in mice of a range of synthetic branched polypeptides which 
are based on a polylysine backbone but which differ in ionic charge, side-chain structure, and molecular 
size. Polycationic polypeptides, regardless of their size or primary structure a t  the branches, were cleared 
rapidly from the circulation, the liver being the major site of clearance. Polypeptides with glutamic 
acid in the side chain, which would be amphoteric under physiological conditions, showed a significantly 
prolonged blood survival, and this was seen with polypeptides in the range of molecular weights of 46 000 
up to 213 000. Such polypeptides provide a useful system with which to investigate the effect of structural 
parameters on the pharmacokinetic properties of carrier molecules and would allow the selection of 
candidate carriers for a variety of uses. 

INTRODUCTION 

The use of macromolecular carriers for small molecules 
such as drugs has a wide range of applications, particularly 
in the field of drug delivery (1,2). Promising results have 
been reported concerning the alteration of the pharma- 
cokinetics of biologically active compounds by their 
conjugation to macromolecules (3, 4) .  In immunology, 
protein carriers are frequently applied to induce immune 
responses against covalently attached low molecular weight, 
nonimmunogenic epitopes, for monoclonal antibody 
production or for synthetic vaccine construction (5, 6). 
Conjugates of radionuclides and fluorophores to macro- 
molecules could be useful in the development of biosen- 
sors and of various diagnostics. 

Based on results with synthetic branched polypep- 
tides, (7, 8) a model system was established to gain 
information for the rational design of macromolecular 
carriers with desired characteristics required for specific 
purposes. A new group of branched polypeptides was 
synthesized in order to investigate systematically chemical 
(charge, size, primary structure, conformation) (9,10,1I) 
and biological (toxicity, immunogenicity, immunomodu- 
latory potential, pyrogenicity, biodegradation) (12,13,14) 
parameters for an optimal carrier function (15). 

As an extension of this line of research and in respect 
of the possibility of in vivo application of these synthetic 
compounds (and their conjugates), the present studies were 
designed to elucidate correlations between the structural 
features of branched polypeptides and their biodistribu- 
tion profile. We examined the blood clearance, whole- 
body survival, and tissue distribution of branched poly- 
peptides corresponding to the general formula poly[Lys- 
(xi-~~-Ala,)]  or poly[Lys-(~~-Ala,-Xi)]. These polypep- 
tides are composed of a poly (L-LYS) backbone and of short 
side chains containing approximately three DL-Ala amino 
acid residues and one other (X ) amino acid residue. The 
schematic presentation of these structures is shown in 
Figure 1. In order to dissect the effect of size from that 
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Figure 1. Schematic presentation of branched polypeptides with 
poly(~-Ly~) backbone: (a) poly[Lys-(Xi-~~-Ah,)] (XAK), (b) poly- 
[Lys-(~~-Ala,-Xi)] (AXK). 

of other molecular characteristics, two groups of such poly- 
peptides with basically identical side-chain composition, 
but with different size, were studied. In view of the 
importance of the side-chain structure in a-helix formation 
(9,II) or in immunological properties (12,13), we measured 
the biodistribution of polypeptides containing (i) amino 
acid residues of different identity (e.g., Leu, Pro, or Glu) 
at the side-chain terminal position, (ii) amino acid residues 
of different absolute configuration (L-G~u or D-G~u, L-Leu 
or D-Leu), (iii) amino acid residue X at  the side-chain end 
or a t  the position next to the polylysine backbone. These 
comparative studies were used to identify factors which 
could influence the biodistribution of the branched poly- 
peptides. 

EXPERIMENTAL PROCEDURES 
Abbreviations used in this paper follow the rules of the 

IUPAC-IUB Commission of Biochemical Nomenclature 
(16) in accord with the recommended nomenclature of graft 
polymers (I 7). 

Branched polypeptides were synthesized as previously 
described (I1,18,19). Briefly, poly(Lys) was prepared by 
the polymerization of Na-carboxy-N~-(benzyloxycarbonyl)- 
lysine anhydride under conditions that allowed an average 
degree of polymerization of either ca. 80-120 or ca. 400- 
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500. After cleavage of the protecting groups, either poly- 
[Lys-(~L-Ala,)] (AK) was prepared by grafting of short oli- 
gomeric DL-Ala side chains onto the t-amino groups of poly- 
(Lys) or benzyloxycarbonyl-protected leucine was coupled 
by the active-ester method. Poly[Lys-(Xi-~~-Ala,)] (XAK) 
was synthesized by reacting a suitably protected amino 
acid pentachlorophenyl ester to the a-amino groups of AK. 
Blocking groups were removed completely with HBr in 
glacial acetic acid, as confirmed by UV spectroscopy at 254 
nm. Poly[Lys-(~~-Ala,-Xi)] (AXK) was prepared by the 
introduction of DL- Ala oligomers to the previously depro- 
tected a-amino and c-amino groups of poly[Lys-(Le~i)] or 
poly[Lys-(Glui)] by the aid of N-carboxy-DL-alanine 
anhydride. The primary structure of polypeptides were 
studied by amino acid analysis, by the identification of the 
branch-terminating amino acid residue (191, and by the 
determination of the enantiomer composition of the side 
chains (20). The size of these compounds was analyzed 
by sedimentation and gel chromatography (18,21). 

Radio iodina t ion  of B r a n c h e d  Polypept ides .  
Branched polypeptides were labeled (35-40 5% efficiency) 
with [1251]-N-succinimidy1 3-(4-hydroxyphenyl)propion- 
ate (Amersham International plc, Amersham, Bucks) using 
Bolton and Hunter’s procedure (22). Reagent solution (10- 
20 pL) was added to plastic Eppendorf tubes and evapo- 
rated to dryness under a stream of nitrogen. Then 500 
pL of polypeptide solution at 1 mg/mL in 0.1 M borate 
buffer (pH 8.6) was reacted with iodinated ester (2.5 mol 
of ester/mol of polypeptide). The reaction was allowed 
to proceed for 20 min at 0 OC and terminated by adding 
500 pL of 0.2 M glycine in the same buffer for 5 min at 0 
O C .  The lz5I-labeled polypeptide was purified on a G-25 
Sephadex gel column using 0.066 M phosphate buffer (pH 
7.6) containing 0.25% gelatin as eluent. Electrophoresis 
on native polyacrylamide gel with a continuous 8-2576 
gradient (PhastGel gradient 8-25 Pharmacia-LKB, Upp- 
sala, Sweden) was applied to assess the low molecular 
weight labeled product content of the preparation. 

Blood-Clearance and Tissue-Distribution Studies. 
Balb/c mice (female, 6-8 weeks old, Bantin and King- 
man, Hull, UK) were used throughout these studies. 
Drinking water was supplemented with 0.1 % w/v sodium 
iodide. 

Groups of mice (n  = 3) received a single injection (0.2 
mL) of 1251-labeled polypeptide (8 MBq/mg, 50-200 pg/ 
kg) via tail vein. Serial blood samples (10 pL) were taken 
from the tail tip into microcapillary pipets (Drummond 
Microcaps, Drummond Scientific Co, Broomhall, PA), up 
to 6 h after injection. At  this time the mice were killed 
and dissected. The blood samples, visceral organs, and 
residual carcasses were weighed and assayed for radio- 
activity in a conventional y-counter. Results of the blood- 
clearance study were expressed as a percentage of the zero- 
time count rate assuming the blood volume of the mouse 
(mL) to be 11.2% of the body weight (g) (23). Area under 
the blood concentration-time curve up to 6 h following 
injection was calculated by the trapezoidal rule (24 ) .  
Results of the tissue-distribution analysis were expressed 
as (i) percentage of the injected dose of radioactivity per 
gram of tissue or blood and (ii) ratios of radioactivity per 
gram of tissue to radioactivity per gram of blood (tissue 
to blood). Levels of statistical difference between groups 
of animals were assessed by Student’s t test. 

RESULTS AND DISCUSSION 

Chemical Characteristics. A new type of branched 
polypeptide with poly(L-lysine) backbone was used in these 
studies (1 1,18,19). These polypeptides contain short side 
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chains composed of about three DL-alanine residues and 
one other amino acid residue (X) either at the end of the 
branches [poly[Lys-(Xi-o~-Ala,)], XAK] or at the position 
next to the polylysine backbone [p~ly[Ly~-(D~-Ala,-Xi)], 
AXK], where m - 3 and i 4 1. 

These polypeptides represent a significantly modified 
version of multichain polypeptides used for immunological 
investigations by Sela et al. (25). In order to provide a 
simple, but versatile model system suitable for primary 
structure-conformation and chemical structure-carrier- 
function analysis, the length of the poly(DL-Ala) side chains 
has been markedly shortened, and instead of copolymers, 
single amino acids were introduced into the branches. Due 
to the limited solubility of branched polypeptides 
containing even only short side chains of L-Ala or D-Ala, 
racemic oligo(DL-Ala) grafts were applied. 

Depending on the identity of the branch-terminating 
amino acid residue, these compounds have predominantly 
a-amino groups and express polycationic character (e.g., 
X = Leu, D-Leu, or Pro) or have a-amino groups as well 
as y-carboxylic groups and proved to be amphoteric under 
physiological conditions (e.g., Glu or D-G~u). The size of 
these branched polypeptides was defined by the average 
relative molar masses (Mn, M,, Mw), the relative molar mass 
distribution (Mz/Mw),  and the average degree of polymeri- 
zation (DP,) determined by applying sedimentation 
analysis and gel chromatography. It was found that all 
polymers investigated possess a fairly narrow distribution 
of relative molar mass (21). We have attempted to dissect 
the effect of size from that of other molecular charac- 
teristics and therefore two groups of such polypeptides with 
almost identical side-chain composition were prepared. 

The primary structure of these polypeptides was 
characterized by their amino acid composition and by the 
identification of the branch-terminating amino acid residue 
using HPLC analysis of the hydrolysates of dansylated 
polypeptides (20). The enantiomer composition of the side 
chains determined by reverse-phase HPLC and precol- 
umn derivatization with Marfey’s reagent indicated that 
no stereospecific or stereoselective polymerization took 
place during the synthesis and the coupling of D- or L-amino 
acid to the poly[Lys-(~~-Ala,)] (AK) backbone did not 
result in racemization (26). 

Conformational properties of polypeptides, studied by 
circular dichroism (CD) spectroscopy, showed significant 
differences correlating with the identity, hydrophylic or 
hydrophobic nature, and configuration of the side-chain- 
terminating amino acids and to the sequential order of 
amino acid residues in the side chains (9, 11, 27, 28). 
Chemical characteristics of the synthetic polypeptides are 
summarized in Table I. 

At  pH 7.3 in 0.2 M NaCl the CD spectra of polypep- 
tides with oligo(DL-Ala) branches correspond to unordered 
spatial arrangement. Very similar CD properties have been 
observed in case of Pro-containing analogues (poly[Lys- 
(Proi-~~-Ala,)] (28). Polymers with L-Leu and D-Leu in 
the side chain terminal position, which also have polyca- 
tionic character, adopt helical or partially helical conforma- 
tion, respectively (27). In the case of Leu polypeptides, 
reversal of the amino acid sequence in the side chains 
resulted in a pronounced change in the CD spectra a t  acidic 
pH. In spite of the fact that alk showed a stronger 
tendency to form ordered structure, under physiological 
conditions both polypeptides assume helical confirmation 
(11). Polycationic polypeptides used in this study could 
assume helical conformation (Leu-containing polymers) 
and random coil structure (AK/ak and Pro-containing 
polypeptides), while amphoteric polypeptides (L-G~u or 
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Table I. Characteristics of Branched Polypeptides 
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- M W d  
molar ratio of amino acids 

DolvDeDtide abbreviation0 Lvs DL- Ala, X i b  DPn' &5%) 
156 700 poly[Lys-(~~-Ala,)] AK 1 3.1 450 

poly[ Lys-(Leu,-~~-Ala,)] LAK 1 3.1 0.98 450 206 600 
poly[ Lys-(Leui-~~-Ala,)] lak 1 2.94 0.81 100 42 800 
poly[Lys-(~~-Ala,-Leui)] alk 1 2.9 0.79 92 38 900 
poly[ Lys-(~-Leui-~~-Ala,)]  D-LAK 1 3.1 0.98 450 206 600 
poly[Lys-(Proi-~~-Ala,)] PAK 1 3.1 0.96 450 198 700 
poly[ Lys-(Proi-~~-Ala,)] Pak 1 2.94 0.94 100 42 800 
poly[Lys-(Glui-~~-Ala,)] EAK 1 3.1 0.96 450 212 600 

poly[ Lys-(Glui-~~-Ala,)] eak 1 2.94 0.93 100 45 800 
poly[ Lys-(~~-Ala,-Glui)] aek 1 2.67 1.0 100 44 610 

poly[Lys-(~~-Ala,)] ak 1 2.94 100 34 OOO 

poly[ Lys-(~-Glui-~~-Ala,)]  D-EAK 1 3.1 0.95 450 212 000 

a Based on one-letter symbols of amino acids. Capital and small letters denote the size of the polypeptides. X = Leu, D-Leu, Pro, Glu, or 
D-G~u. Number average degree of polymerization. Calculated from the average degree of polymerization of PO~Y(L-LYS) and of the side- 
chain composition. 
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Figure 2. Blood-clearance profiles of lZ5I-branched polypep- 
tides following iv administration to BALB/c mice. AUCoqh 
calculated from these data are given in Table 11. Results are 
expressed as mean i standard deviation for groups of three 
animals. 

D-G~u  at  the end of the side chains) could display di- 
chroic curves relevant to unordered structure (28). 

The branched polypeptides were readily radiolabeled 
by reaction of '25I-labeled Bolton and Hunter reagent with 
their a-amino groups at  the side-chain termini. The 
present studies with polylysine-based branched polypep- 
tides have identified several factors which can influence 
the blood-survival and organ-clearance profiles of these 
carrier molecules. 

Biological Studies. Blood Clearance. The blood- 
clearance profiles from both the large (157-213 kD) and 
small (34-46 kD) relative molecular mass series, up to 6 
h after iv injection, are shown in Figure 2. The AUCmh 
values from these data are shown in Table 11. There was 
no significant difference between the blood survival of the 
large and small relative molecular mass versions of poly- 
lysine with only DL-Ala side chains (AK/ak) or leucine- 
substituted alanylated polylysine poly[Lys-(Leui-DL- 
Ala,)] (LAK/lak). However, for the amphoteric glu- 
tamic acid substituted polypeptide pair poly[Lys-(Glui- 
DL-A~~,) ]  (EAK/eak) the blood survival of eak was longer 
than that for EAK. This was reflected in a significantly 
higher ( p  C 0.01) AUCmh for eak (350 f 24.5% calculated 
t = 0 cpmeh) compared to that for EAK (248.1 f 45.1% 
calculated t = 0 cpm-h). 

Table 11. Biodistribution Parameters of Branched 
Polypeptides 

whole-body 

t = 24 h, 9; 
injected dose 

area under curve survival at 96 doselg 
(0-6 h), % calcd of blood 

t = 0 cpmh, at t = 24 h 
polypeptide (mean f SD) (mean f SD) (mean f SD) 

AK 
ak 
LAK 
lak 
alk 
D-LAK 
PAK 
Pak 
EAK 
D-EAK 
eak 
aek 

28.9 f 2.3 
26.8 f 3.2 
26.9 f 1.8 
21.2 f 1.2 
41.9 f 2.7 

<30 
<30 
<30 
248.1 f 45.1 
235.5 f 45.8 
350.7 f 24.5 
189.9 f 1.7 

15.5 f 1.6 
13.7 f 1.6 
8.9 f 0.5 
9.1 f 0.3 
36.64 f 3.12 
12.6 f 0.19 
6.8 f 0.9 
11.3 f 1.2 
14.9 f 0.74 
22.3 f 3.8 
28.1 f 3.1 
9.8 f 0.8 

0.24 f 0.09 
0.17 f 0.02 
0.03 f 0.01 
0.04 f 0.01 
0.18 f 0.03 
0.02 f 0.01 
0.02 f 0.01 
0.04 f 0.01 
5.64 f 0.67 
5.68 f 1.45 

12.64 3.50 f f 0.13 3.0 

In contrast, changes in side chain terminal amino acid 
in the branched polypeptides, resulting in a change in the 
overall charge of the compounds, had a dramatic effect on 
blood survival (Figure 2). The AUCmh for the relatively 
hydrophobic polycation lak was significantly (p < 0.05) 
lower than for alanylated polylysine (ak) (Table 11). 
Moreover, a 10-fold increase in AUC- was observed when 
glutamic acid was substituted in the terminal position in 
the alanine side chain (eak). This conferred an almost 
neutral charge to the polypeptide. Twenty-four hours after 
iv injection there was over 70 times more eak remaining 
in the circulation compared to ak (Table 11). 

The blood clearance of poly[Lys-(Gl~i-~~-Ala,)] (EAK) 
and poly [ Lys- (~-Glui-~~-Ala,)] ( D-EAK), containing L-G~u 
and D-G~u, respectively, are shown in Figure 3. The 
incorporation of the D-amino acid into the polypeptide had 
no significant effect on blood survival. The AUCmh for 
L-Glu-substituted polypeptide was 248.1 f 45.1 calculated 
t = 0 cpm-h and for D-G~u substituted polypeptide 235.5 
f 45.8% calculated t = 0 cpmh. 

The effect of altering the position of the side chain 
substituted amino acid on the blood survival of the poly- 
peptides was examined, with leucine and glutamic acid 
containing alanylated polylysines with small relative 
molecular mass. For the glutamic acid containing am- 
photeric pair of polypeptides p~ly[Ly~-(Gl~i-~~-Ala~)] 
(eak)/poly[Lys-(~~-Ala,-Gl~i)] (aek) there was a 2-fold 
reduction in AUCO-ch (Table 11) when glutamic acid is 
linked directly onto the polylysine backbone compared to 
substitution in the terminal side chain position (eak) 
(Figure 2). The AUCo-sh for eak and aek were 350.7 f 
24.5% calculated t = 0 cpm-h and 189.9 f 1.7% calculated 
t = 0 cpm.h, respectively (Table 11). In contrast, for the 



428 Bioconjugate Chem., Vol. 1, No. 6, 1990 

300 - 

' 

2oo 

. 

100 - 

Clegg et al. 

spleen 
0 gut 

kidney 
liver 

0 heart 
W lung 

carcass 

100 

k 
0 
0 

0 
P) 

4 

fii 10 
3 
5 
B 

1 

- EAK - D-EAK 

I I I I I 1 

0 1 2 3 4 5 6  
time (h)  

Figure 3. A comparison of the blood clearance of lZ51-labeled 
EAK and D-EAK in Balb/c mice following iv administration. 
AUCwh calculated from these data are given in Table 11. Results 
are expressed as mean h standard deviation for groups of three 
mice. 
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Figure 4. Blood clearance of 1251-labeled eak, aek, lak, and alk 
following iv administration to Balb/c mice. AUCMh calculated 
from these data are given in Table 11. 

leucine-containing polycationic polypeptide pair poly- 
[Lys-(Leui-~~-Ala~)] (lak)/p~ly[Lys-(~~-Ala,-Le~i)] (alk) 
a 2-fold increase in AUCM~ was observed when leucine 
is directly linked to the polylysine backbone (alk) instead 
of substituted into the terminal side chain position (lak) 
(Figure 4, Table 11). Twenty-four hours following injection 
there was a 4-fold difference in the amount of polypep- 
tide surviving in the circulation (Table 11). 

Therefore, the blood survival for the series of branched 
polypeptides used in this study was primarily dependent 
on charge and side chain amino acid sequence. The glu- 
tamic acid containing amphoteric polypeptides showed the 
longest blood survival, the smaller peptide (eak, 46 kD) 
having a significantly higher blood survival than the larger 
peptide (EAK, 213 kD). This effect of size over the range 
34-213 kD was not observed with the polycationic pep- 
tides ak/AK and lak/LAK, which all showed low blood 
survival. Similar observations have been reported with 
polycationic N-(2-hydroxypropyl)methacrylamide (29). 

Tissue Distribution. The structural features of the 
branched polypeptides affecting tissue distribution were 
similar to those altering blood clearance. The effect of size 

300 

; 200 
E 

a 0) 

.z 100 

spleen 
0 gut 

kidney 
liver 

0 heart 

n 
AK EAK LAK PAK 

b,, , 
0 

ak eak lak pak 

Figure 5. Tissue distribution of lZ5I-branched polypeptides in 
Balb/c mice 24 h after iv administration. Results are expressed 
as mean for groups of three animals. 

on tissue distribution 24 h after iv administration is shown 
in Figure 5. The data is expressed as a tissue to blood ratio, 
thus normalizing the results with respect to the absolute 
amount of the injected dose remaining in the blood. No 
significant difference was observed between the large and 
small relative molecular mass compounds of each individual 
polypeptide, but changes in the terminal side chain amino 
acid had a dramatic effect on tissue distribution. Figure 
5 shows that the tissue distribution of eak, 24 h after iv 
administration, was very different from that of the other 
branched polypeptides studied. Alanylated polylysine 
(AK/ak) and the leucine (LAK/lak) and proline (PAK/ 
pak) substituted polypeptides were taken out of the 
circulation, primarily into spleen, kidney, and liver. Much 
higher tissue to blood ratios were observed for LAK/lak 
and PAK/pak than for AK/ak. This is partly a reflection 
of the much lower blood survivals of these polypeptides 
compared to AK/ak (Table 11). However, the glutamic 
acid substituted polypeptide (EAK/eak) was not prefer- 
entially taken up by any of the visceral organs. Tissue to 
blood ratios were less than 0.3 in all cases. 

In contrast to observations in blood clearance studies, 
incorporation of the D-amino acid into the terminal side 
chain position resulted in an increase in the amount of poly- 
peptide retained in the body (Table 11), especially in the 
liver and spleen. This was seen for both amphoteric (EAK/ 
D-EAK) and polycationic (LAK/D-LAK) peptides (Figure 
6). This probably reflects the inability of the body to catab- 
olize D-amino acids. 

The effect of altering the position of the side chain 
substituted amino acid on the tissue distribution of the 
branched polypeptides is illustrated in Figure 7 and was 
in keeping with blood-survival data. For the ampho- 
teric glutamic acid containing pair eak/aek the tissue- 
distribution profile was very similar although the whole- 
body survival for eak was significantly higher than for aek. 
Tissue to blood ratios were <1 in all tissues for both 
branched polypeptides. For the polycationic leucine- 
containing polypeptides the percentage injected dose per 
gram of alk in liver and spleen were much higher than for 
lak. I t  should be noted that although the blood clearance 
profile of ak and alk were very similar (Figures 2 and 4, 
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Figure 6. Effect of absolute configuration of terminal side chain 
amino acid on tissue distribution of 1251-labeled branched poly- 
peptides in Balb/c mice. Results shown are the mean of three 
animals. 
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Figure 7. Effect of position of side-chain substitution on the 
biodistribution of 1251-labeled branched polypeptides (a) eak/ 
aek and (b) lak/alk. Data shown are the mean of three mice. 

Table 11), these two polypeptides showed dramatically 
different tissue-distribution profiles at  24 h. The amount 
of alk in spleen and liver was between 4- and 6-fold higher 
than for ak. 

Whole-Body Survival. The whole-body survival (WBS) 
of the polypeptides 24 h after iv injection is summarized 
in Table 11. There was no significant different in the WBS 
of the large and small relative molecular mass versions of 
alanylated polylysine (AK/ak) and the leucine-substituted 
compound (LAK/lak). However, a significant (p < 0.01) 
2-fold increase in WBS was observed with the small relative 
molecular mass polypeptides containing glutamic acid or 
proline. 

The effect of alterations in charge, configuration of 
terminal amino acid, and side-chain sequence on the tissue 
distribution of the branched polypeptides were reflected 
in the WBS observed for these compounds. Indeed, as 
would be expected from the tissue distribution data the 
amphoteric polypeptides (EAK/eak) exhibited the highest 
WBS 24 h after administration. Incorporation of the 
D-amino acid at  the side chain terminal position resulted 
in a 40-50% increase in WBS for both EAK and LAK. 
The dramatic alteration in blood-clearance and tissue- 
distribution profile observed when the side-chain amino 
acid sequence for the leucine-containing polycationic poly- 
peptides was changed was also reflected in a much higher 
WBS for alk compared to lak. 

In summary, these studies have indicated that it is 
primarily changes in the charge of the branched polypep- 
tides, resulting from alterations in the identity of the 
terminal side chain amino acid, which contributed to the 
blood-clearance and tissue-distribution profiles in vivo. The 
amino acid sequence of the side chains of the branched 
polypeptides was also an important factor for both the 

polycationic leucine-containing peptides and the ampho- 
teric glutamic acid containing peptides studied. There was 
no correlation between conformation and biodistribu- 
tion of the polypeptides, ordered (LAK/lak) and unordered 
polycations (PAK/pak) both being cleared rapidly. 

In conclusion, the branched polypeptides with a poly- 
(L-lysine) backbone described in these studies provided 
a relatively simple system with which to investigate the 
effects of changes in molecular size, ionic charge, and 
primary structure on the biodistribution of carrier 
molecules and would allow suitable carriers to be selected 
according to their intended use. The polycationic pep- 
tides, exhibiting rapid blood clearance and high splenic 
uptake, have potential uses as carriers for haptens in 
antibody production and in the construction of synthetic 
vaccines. The amphoteric glutamic acid containing poly- 
peptides would be good candidates for conjugation to cy- 
totoxic drugs with potential use for site-specific drug 
delivery, either simply as drug-polypeptide conjugates or 
linked to monoclonal antibodies. This application is 
currently under investigation. 
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Enhanced Kidney Clearance with an Ester-Linked 99mTc-Radiolabeled 
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Bifunctional chelators for labeling antibodies with ggmTc based on the N3S core of (mercaptoacety1)- 
triglycine having ester or amide linking moieties were synthesized and site-specifically attached to the 
sulfhydryl groups of the Fab' fragment of antimyosin. Protein labeling was quantitative after 15 min; 
postlabeling purification was not necessary. The radiolabeled conjugates exhibited no loss of immu- 
noreactivity. Under basic conditions, the ester-linked conjugate lost 95% of the radiolabel in the form 
of the 99mT~ complex of (mercaptoacety1)triglycine as determined by RP-HPLC, while the radioactivity 
in the amide-linked conjugate remained completely bound to the protein. In a mouse biodistribution 
study, the ester-linked conjugate showed a 2-fold enhancement in clearance from the kidney when 
compared to the amide-linked product. 

INTRODUCTION 

The use of monoclonal antibodies as carriers of radio- 
isotopes for diagnosis or therapy requires labeling 
methodologies which result in stable products with un- 
compromised immunoreactivity. Ideally, the radiola- 
beled product should be nonimmunogenic and exhibit rapid 
clearance from the blood, nontarget tissues, and excretory 
organs. For radiopharmaceuticals, the use of Fab or Fab' 
fragments of the monoclonal antibody offer several 
advantages over the IgG. These smaller fragments lack 
the Fc region of the IgG molecule and thus circumvent 
possible adverse effects due to this region. The fragments 
are better able to penetrate the target tissues, are less 
immunogenic, and are cleared from the circulation more 
rapidly than the intact IgG. The major route of clearance 
for these -50,000 Da species is via the renal system, 
making the kidneys the critical organs in regard to absorbed 
radiation dosimetry. I t  would be advantageous if a 
mechanism to facilitate clearance from this organ could 
be constructed into the radiopharmaceutical product. 

The goal of our research was to  develop labeling 
methodology with 99mT~ (the radionuclide of choice for 
diagnostic imaging) of antibody fragments which would 
allow quantitative, stable labeling with preservation of im- 
munoreactivity in a short period of time (<30 min). In 
addition, the labeled product should show enhanced whole- 
body clearance, with an emphasis on clearance via the renal 
system. 

Antibodies have been radiolabeled with 9 9 m T ~  by 
attachment of 99mT~ to native cysteine residues (direct 
labeling (1,2)), through the use of bifunctional chelators 
(3-9), and by conjugating a preformed SmTc complex to 
the protein (10). The bifunctional chelator approach was 
chosen to achieve the above objectives as i t  appeared to 
offer the most structural versatility. The bifunctional che- 
lators were to be site-specifically attached to the sulfhy- 
dryls of the C-terminus region of antibody Fab' fragments. 
As these sulfhydryls are located distal to the antigen 
binding region, the immunoreactivity of the product should 

+ Present address: Diatech, Inc., 9 Delta Drive, Londonderry, 
NH 03053. 

be preserved. To enhance the clearance of the radioactivity 
from nontarget tissues, an ester linkage was incorporated 
between the 99mT~ complex and the antibody fragment. 
Mears (11,12) and Paik (13,14) have examined the effect 
of utilizing metabolizable esters when linking "1In 
complexes to antibodies. In these studies, the ester- 
linked labeled conjugates typically exhibited a shorter 
biological half-life and an increase in the target to blood 
ratio. The N3S core of (mercaptoacety1)triglycine was 
chosen to bind the 99mT~,  as this complex has been shown 
to form readily, is stable in vivo, and is rapidly excreted 
through the kidneys (15). Linkage of the chelator to the 
Fab' fragment through esterification of the C-terminal gly- 
cine of the N3S system was proposed, as hydrolysis in vivo 
at  this point would yield the 99mT~ complex of (mercap- 
toacetyl) triglycine, which should be rapidly excreted 
through the kidneys. On the basis of the above consider- 
ations, the ester-linked bifunctional chelator 1 was targeted 
for synthesis, as well as the amide linked analogue 2 for 
comparative purposes. 

I 
CO,H I X = O  

2 X - N H  

Attachment of the chelators to antibody sulfhydryls 
occurs through Michael addition to the N-substituted ma- 
leimides of l and 2. The sulfhydryl group of the N3S core 
required protection during the synthesis and subsequent 
protein conjugation step due to the presence of the ma- 
leimide. The S-isophthaloyl ester was chosen for this 
purpose to increase the hydrophilicity of the compound, 
as the protein conjugation was to be done under aqueous 
conditions. Solubility considerations led to the choice of 
the ether group in the chelator-antibody linking chain. An- 
timyosin antibody RllDlO Fab' was chosen as the model 
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antibody for this study, as lllIn-labeled antimyosin Fab- 
DTPA has demonstrated utility in imaging myocardial 
necrosis (16). 

This report describes the synthesis of chelators 1 and 
2, their conjugation to antimyosin Fab', the deblocking of 
the sulfhydryl of the N3S core, and subsequent 99mT~ 
labeling. The labeled conjugates were compared in terms 
of immunoreactivity, stability in serum, and their  
susceptibility toward hydrolysis under basic conditions. 
Biodistribution studies in mice were also performed to 
determine the effect of the ester function on the clearance 
of the radiopharmaceutical. 

Weber et al. 

Boc-glycine (20.0 g, 114 mmol) and N,N-diisopropyleth- 
ylamine (19.9 mL, 114 mmol) in methylene chloride (350 
mL). After stirring a t  room temperature for 2 h, the 
mixture was washed with water (2 X 400 mL) and the 
organic phase was dried (Na2S04). Removal of the solvent 
under reduced pressure gave an oil which was chromato- 
graphed (Si02, hexanes/ethyl acetate gradient) to provide 
ester 6 (9.6 g, 25%), as a watery white oil: NMR (CDC13) 
6 1.45 (s, 9 H), 3.66 (m, 6 H), 3.94 (d, 2 H), 4.26 (t, 2 H), 
5.14 (m, 1 H), 6.74 (8, 2 H). 

2- (2-Maleimidoet hoxy )et hyl Glycinate (7). t-Boc 
derivative 6 (8.3 g, 24 mmol) was stirred in trifluoroace- 
tic acid (30 mL) for 1 h. Removal of excess TFA under 
vacuum gave amine 7 in quantitative yield as the TFA salt 
which was used directly in the coupling reaction with active 
ester 13: NMR (DMs0-d~)  6 2.58 (m, 6 H), 3.84 (s, 2 H), 
4.24 (m, 2 H), 7.04 (8, 2 H). 

S uccinimidyl 3- ( tert-B ut yloxycarbon yl) ben zoate 
(9). A solution of mono-tert-butyl isophthalate (8 (19); 
66.5 g, 300 mmol) in THF (1 L) was treated with N-hy- 
droxysuccinimide (34.4 g, 300 mmol) followed by dicy- 
clohexylcarbodiimide (60.9 g, 300 mmol). After stirring 
for 4 h, the mixture was allowed to  stand a t  room 
temperature for 3 days. The precipitated urea was 
removed by filtration and the filtrate was concentrated 
under reduced pressure to give an oil which crystallized 
from 2-propanol to provide active ester 9 (67.7 g, 71 96 ): 
mp 112-113 OC; NMR (CDCl3) 6 1.61 (5, 9 H), 2.94 (s, 4 
H), 7.60 (m, 1 H), 8.30 (m, 2 H), 8.73 (m, 1 H). Anal. 
(Ci6Hi7NOd c ,  H, N. 

2- [ [ 3- ( tert-Butyloxycarbonyl)benzoyl]t hiolacetic 
Acid (10). To a solution of NHS ester 9 (67.2 g, 210 mmol) 
in methylene chloride (500 mL) was added 2-mercap- 
toacetic acid (14.6 mL, 210 mmol) followed by 4-(dimeth- 
y1amino)pyridine (51.4 g, 420 mmol). After stirring a t  room 
temperature for 3.5 h, the mixture was washed with 1 N 
HC1 (2 X 250 mL). The organic phase was dried (Nan- 
SO4) and the solvent was removed under reduced pressure. 
The resulting oil was chromatographed (SiOz, ethyl 
acetate/hexanes containing 1 % acetic acid gradient) to 
provide acid 10 (29.5 g, 47%) as an oil which solidified upon 
drying under vacuum: mp 96-98 OC; NMR (CDCl3) 6 1.62 
(s, 9 H), 3.96 (s, 2 H), 7.55 (m, 1 H), 8.05 (m, 1 H), 8.24 
(m, 1 H), 8.57 (m, 1 H). Anal. (C14H1605S) C, H, S. 

Succinimidyl 2-[ [3- (tert-Butyloxycarbony1)- 
benzoyl]thio]acetate (11). A mixture of acid 10 (28.3 
g, 95 mmol), N-hydroxysuccinimide (11.1 g, 95 mmol), and 
dicyclohexylcarbodiimide (19.8 g, 96 mmol) in THF (300 
mL) was stirred at  room temperature for 3 days. The urea 
was removed by filtration and the solvent was removed 
under reduced pressure. The resulting oil was crystallized 
from 2-propanol to yield 31.7 g (85%) of active ester 11: 
mp 118-120 "C; NMR (CDC13) 6 1.62 (s, 9 H), 2.86 (s, 4 
H), 4.21 (s, 2 H), 7.56 (m, 1 H), 8.12 (m, 1 H), 8.24 (m, 1 
H), 8.56 (m, 1 H). Anal. (CleH1gN07S) C, H, N, S. 

[2-[ [ 34 tert-Butyloxycarbonyl)benzoyl]thio]acetyl]- 
glycylglycine (12). To glycylglycine (12.3 g, 93 mmol) 
and NaHC03 (39 g, 464 mmol) in water (300 mL) was 
added NHS ester 11 (36.5 g, 93 mmol) in THF (300 mL). 
The resulting mixture was stirred at  room temperature for 
1 h followed by removal of the T H F  under reduced 
pressure. The solution was then diluted to 800 mL with 
water and acidified to pH 2 with 4 N HC1. The precipitate 
which formed was collected and recrystallized from aqueous 
acetone to afford dipeptide 12 (19.2 g, 50%): mp 188- 
189 "C; NMR (DMSO-&) 6 1.58 ( ~ , 9  H), 3.78 (m, 4 H), 

EXPERIMENTAL PROCEDURES 

Melting points were determined in open capillaries with 
a Thomas-Hoover melting point apparatus and are un- 
corrected. 'H NMR spectra were recorded a t  300 MHz 
on a General Electric QE-300 spectrometer and are 
reported in ppm (6 units) downfield of internal tetra- 
methylsilane. Elemental analyses were performed by Gal- 
braith Laboratories, Inc., Knoxville, TN. High-resolution 
FAB mass spectra were obtained a t  the University of 
California, Berkeley. Antimyosin (R11D10) F(ab')z was 
obtained from Centocor Europe, B.V. Phosphate buffer 
refers to 0.1 M sodium phosphate, pH 7.0, containing 1 
mM EDTA. Protein concentration was determined from 
the absorption a t  280 nm, = 1.4. Equivalents of sulf- 
hydryls were determined by Ellman's assay (I 7). Analytical 
gel-filtration HPLC was performed on a Waters unit with 
a Du Pont Zorbax GF-250 column, with both UV and ra- 
diometric detection. The running buffer was 0.2 M sodium 
phosphate, pH 6.8. Samples having free thiol groups were 
blocked with N-ethylmaleimide prior to injection. For 
reverse-phase HPLC, a Brownlee Labs ODS-MP Spheri-5 
(100 X 4.6 mm) column was used; the running buffer was 
5% ethanol in 0.01 M sodium phosphate, pH 6.5. Silica 
gel impregnated paper (Gelman, cut to 1 X 10 cm) was used 
for ITLC. After development, the strips were cut in half 
and the two halves counted in a well counter. Non protein 
bound 99mT~ was determined by ITLC in 0.1 M citrate, 
pH 5.0, where the radiolabeled protein remained a t  the 
origin. Chromatographically immobile 99mT~, assumed to 
be 99mT~ colloids (e.g. TcOz) were assayed for by ITLC in 
water/ethanol/aqueous ammonia 5:2:1. In this procedure, 
the ITLC strip was spotted with 5% bovine serum albumin 
(BSA) in phosphate-buffered saline (PBS, Dulbecco 'A') 
(20 pL) prior to application of the radiolabeled-protein 
solution (10 pL). In this system the %Tc-labeled proteins 
migrated with the solvent. 
2-(2-Maleimidoethoxy)ethanol(5). A solution of 242- 

aminoethoxy)ethanol (4; 1.35 g, 13 mmol) in saturated 
NaHC03 (65 mL) was cooled in an ice bath and treated 
with N-(methoxycarbony1)maleimide (3; 2.00 g, 13 mmol). 
After 20 min, the ice bath was removed and the solution 
was stirred at  room temperature for 30 min. The solution 
was extracted with chloroform (3 X 50 mL) and the 
combined extracts were dried (Na2S04). Removal of the 
solvent under reduced pressure gave maleimido alcohol 
5 as an oil (1.70 g, 71%) (18): NMR (CDC13) 6 2.32 (t, 1 
H, OH), 3.54 (m, 2 HI, 2.64 (m, 6 H), 6.72 (s, 2 H). 
2-(2-Maleimidoethoxy)ethyl N-t-Boc-glycinate (6). 

A solution of maleimido alcohol 5 (21.2 g, 114 mmol) in 
methylene chloride (550 mL) was cooled in an ice bath and 
treated with 2,6-di-t-butyl-4-methylpyridine (23.4 g, 114 
mmol) followed by trifluoromethanesulfonic anhydride 
(19.2 mL, 114 mmol). After stirring a t  0 "C for 1 h, the 
resulting precipitate was removed by filtration. The filtrate 
containing the triflate was then added to a solution of N-t-  
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3.94 (s, 2 H), 7.73 (m, 1 H), 8.20 (m, 2 H), 8.27 (m, 1 H), 
8.39 (m, 1 H), 8.58 (m, 1 H). Anal. (C18H22N207S) C, H, 
N, S. 

Succinimidyl [2-[[3-( tert-Butyloxycarbony1)- 
ben zoyllt hiolacet yllglyc ylgl ycinate ( 13). A solution 
of dipeptide 12 (18.9 g, 46 mmol), N-hydroxysuccinim- 
ide (5.3 g, 46 mmol), and dicyclohexylcarbodiimide (9.5 
g, 46 mmol) in DMF (200 mL) was stirred a t  room 
temperature for 20 h. The precipitated urea was filtered 
off and the DMF was removed under vacuum. The 
resulting oil was recrystallized from 2-propanol to afford 
active ester 13 (10.5 g, 45%)  mp 122-124 "C; NMR 

(m, 2 H), 4.31 (m, 2 H), 7.73 (m, 1 H), 8.20 (m, 2 H), 8.39 
(m, 1 H), 8.65 (m, 2 H). Anal. (C22H25N304S) H, N, S; 
C: calcd, 52.07; found, 51.21. 
2-(2-Maleimidoethoxy)ethyl[2-[[3-( tert-Butyloxy- 

carbonyl) ben zoyllt hio]acetyl]glycylglycylglyci- 
nate (14). 2-(2-Maleimidoethoxy)ethyl glycinate 7 (5.8 g, 
24 mmol free base based on 6) was mixed with a solution 
of NaHC03 (20.4 g, 243 mmol) in water (200 mL), followed 
by addition of active ester 13 (10.0 g, 20 mmol). After 
stirring at  room temperature for 1 h, water (300 mL) and 
chloroform (300 mL) were added. An emulsion formed 
which was treated with water (100 mL), brine (50 mL), and 
2-propanol (100 mL). The organic layer was separated, 
washed with brine, and dried (Na2S04). Removal of the 
solvent gave crude material which was chromatographed 
(Si02, chloroform/2-propanol gradient) to provide 4.2 g 
(33%) of maleimido tripeptide 14 as a waxy white solid: 
mp 98-100 "C; NMR (DMSO-ds) 6 1.58 (s, 9 H), 3.57 (m, 
4 H), 3.83 (m, 8 H), 3.95 (m, 2 H), 4.12 (m, 2 H), 7.05 (s, 
2 H), 7.73 (m, 1 H), 8.20 (m, 2 H), 8.30 (m, 2 H), 8.39 (t, 
1 H ) ,  8.56 ( t ,  1 H) ;  exact  mass (FAB) calcd for 
C28H34N4011S (MH+) 635.2022, found 635.2034. Anal. 
(CzaH34N40iiS) C, H, N, S. 
5-(N-Maleimido)-3-oxapentyl [2-[ (3-Carboxyben- 

zoyl) thio]acetyl]glycylglycylglycinate ( 1). t er t -  
Butyl maleimido ester 14 (3.8 g, 6 mmol) was stirred with 
trifluoroacetic acid (30 mL) for 1 h a t  room temperature. 
The TFA was removed under reduced pressure and 
crystallization from aqueous acetone yielded bifunctional 
chelator 1 (2.70 g, 78%): mp 169-172 "C; NMR (DMSO- 

2 H), 7.04 (s, 2 H), 7.71 (m, 1 H), 8.20 (m, 4 H), 8.44 (t, 1 
H), 8.55 (t, 1 H); exact mass (FAB) calcd for C~HzN4011S 
(MH+) 579.1396, found 579.1404. Anal. (C24H26N4011S. 
1.7H20) C, H, N, S, H2O. 

2- [ N- ( tert-B utyloxycarbonyl)amino]et hyl Cyano- 
methyl Ether (16). A solution of N-t-Boc-ethanola- 
mine (15,12.9 g, 80 mmol) in THF (400 mL) under Ar was 
cooled in an ice bath and treated dropwise with a solution 
of sodium bis(trimethylsily1)amine (85 mL of 1 M in THF, 
85 mmol) with mechanical stirring. Upon completion of 
the addition, the mixture was stirred an additional 15 min 
and treated dropwise with bromoacetonitrile (9.6 g, 80 
mmol) in T H F  (50 mL). After warming t o  room 
temperature, the solvent was removed under reduced 
pressure and the residue was taken up in ethyl acetate and 
washed several times with water. The organic phase was 
dried (Na2S04) and removal of the solvent gave an oil which 
was chromatographed (Si02, hexanes/ethyl acetate 
gradient) to afford nitrile 16 (5.3 g, 33%) as an oil: NMR 

2 H), 4.94 (s, 1 H). 
2- [N- (  tert-Butyloxycarbonyl)amino]ethyl 2'- 

Aminoethyl Ether (17). A solution of nitrile 16 (3.9 g, 
19.5 mmol) in acetic acid (60 mL) was treated with Pd/C 

(Dh'fS0-d~) 6 1.58 (s, 9 H), 2.82 (s, 4 H), 3.83 (m, 2 H), 3.94 

d6) 6 3.56 (m, 6 H), 3.83 (m, 6 H), 3.94 (s, 2 H), 4.12 (m, 

(CDCl3) 6 1.54 (s, 9 H), 3.42 (t, 2 H), 3.70 (t, 2 H), 4.33 (s, 
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(0.8 g of 5%)  and hydrogenated on a Parr apparatus a t  
45 psig for 1 h, during which time the shaker bottle was 
repressurized as necessary. The catalyst was removed by 
filtration through Celite and the majority of the acetic acid 
was removed under reduced pressure. The residue was 
taken up in water and the acidic solution was extracted 
twice with methylene chloride, and the extracts were 
discarded. The aqueous solution was brought to pH 12 
with 50% NaOH and extracted with methylene chloride. 
The combined extracts were dried (Na2S04) and removal 
of the solvent gave amine 17, (3.0 g, 76%) as an oil: NMR 
(CDCla) 6 1.56 (s, 9 H), 2.92 (t, 2 H), 3.39 (t, 2 H), 3.58 (m, 
4 H), 5.12 (s, 1 H). 

N-[5-[ ( tert-Butyloxycarbonyl)amino]-3-oxapentyl]- 
maleimide (18). Amino ether 17 (2.0 g, 10 mmol), in 
saturated aqueous NaHC03 (50 mL) was cooled in an ice 
bath. N-(methoxycarbony1)maleimide (3; 1.6 g, 10 mmol) 
was added in one portion. After stirring for 30 min, the 
ice bath was removed and stirring was continued for an 
additional 30 min. The aqueous mixture was extracted 
with methylene chloride, and the combined extracts were 
dried (Na~S04), concentrated, and chromatographed (Si02, 
hexanes/ethyl acetate) to yield maleimide 18 (1.7 g, 60%): 
NMR (CDC13) 6 1.53 (s, 9 H), 3.28 (m, 2 H), 3.53 (t, 2 H), 
3.62 (t, 2 H), 3.75 (m, 2 H), 4.95 (8 ,  1 H), 6.72 (s, 2 H). 

N-( 5-Amino-3-oxapenty1)maleimide Trifluoroace- 
tate (19). N-Boc derivative 18 (1.6 g, 5.6 mmol) was stirred 
in TFA (10 mL) for 1 h. Excess TFA was removed under 
vacuum to give an oil which crystallized from ether to 
provide 1.5 g (90%) of amine salt 19: NMR (DMs0-d~)  
6 2.94 (m, 2 H), 3.60 (m, 6 H), 7.07 (s, 2 H). 

[2-[ [3-( tert-Butyloxycarbonyl)benzoyl]thio]acetyl]- 
glycylglycylglycine (20). A solution of triglycine (4.1 
g, 22 mmol) and N d C 0 3  (9.07 g, 108 mmol) in water (100 
mL) was treated with THF (100 mL) followed by active 
ester 11 (8.5 g, 22 mmol). After st irring a t  room 
temperature for 1.5 h, the THF was evaporated under 
reduced pressure. The aqueous solution was diluted with 
water (350 mL) and the pH was brought to 2.5 with 4 N 
HC1. The resulting precipitate was collected and recrys- 
tallized from aqueous acetone to provide 5.5 g (54%) of 
triglycine derivative 20: mp 189-190 "C; NMR (DMSO- 

H), 8.20 (m, 4 H), 8.38 (t, 1 H), 8.55 (t, 1 H). 
Succinimidyl [2-[[3-( tert-Butyloxycarbony1)- 

benzoyl]thio]acetyl]glycylglycylglycinate (21). To 
triglycine 20 (1.8 g, 3.8 mmol) in DMF (20 mL) was added 
N-hydroxysuccinimide (0.44 g, 3.8 mmol) followed by di- 
cyclohexylcarbodiimide (0.9 g, 4.3 mmol). After stirring 
at room temperature overnight, the mixture was filtered 
and the DMF was removed by vacuum pump. The oil 
which resulted yielded a precipitate from 2-propanol of 
the NHS ester 21 (1.4 g, 64%): NMR (DMSO-&) 6 1.58 
(s, 9 H), 2.82 (s, 4 H), 3.80 (m, 4 H), 3.94 (s, 2 H), 4.29 (d, 
2 H), 7.72 (t, 1 H), 8.19 (t, 2 H), 8.30 (t, 1 H), 8.38 (s, 1 
H), 8.53 (m, 2 H). 
N- [ 2- (2 -Maleimidoet hoxy )et hyl][ 2- [ [ 3- (tert-but- 

yloxycarbonyl) benzoyl] t hio]acetyl]glyc ylglycylgly- 
cinamide (22). Maleimide 19 (0.3 g, 1 mmol) in THF (20 
mL) was treated with diisopropylethylamine (210 pl, 1.2 
mmol) followed by active ester 21 (0.57 g, 1 mmol) in 
dichloromethane (20 mL). After stirring a t  room 
temperature for 1.5 h the mixture was filtered and 
concentrated. Chromatography (Si02, dichloromethane/ 
methanol gradient) provided amide 22 (0.25 g, 41 % ), which 
crystallized during removal of the solvent: mp 164-166 

(m, 6 H), 3.67 (m, 2 H), 3.79 (m, 4 H), 3.98 (m, 2 H), 7.03 

d6) 6 1.58 (s, 9 H), 3.77 (m, 6 H), 3.94 (s, 2 H), 7.73 (t, 1 

"C; NMR (DMSO-&) 6 1.60 (s, 9 H), 3.18 (s, 2 H), 3.48 
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(s, 2 H), 7.74 (m, 1 H), 7.82 (m, 1 H), 8.13 (m, 1 H), 8.22 
(m, 3 H), 8.40 (m, 1 H), 8.59 (m, 1 H); exact mass (FAB) 
calcd for C Z S H ~ ~ N ~ O ~ O S  (MH+) 634.2182, found 634.2195. 
N-( 5-Maleimido-3-oxapentyl) [2-[ (3-carboxybenzoy1)- 

thio]acetyl]glycylglycylglycinamide (2). tert-Butyl 
ester 22 (0.12 g, 0.19 mmol) was stirred in TFA (2 mL) a t  
room temperature for 4 h. Removal of the TFA under 
vacuum afforded amide 2 (0.1 1 g, 100 % ) as a white solid: 
mp 177-180 “C; NMR (DMSO-&) 6 3.17 (m, 2 H),  3.41 
(m, 2 H), 3.57 (m, 4 H), 3.75 (m, 6 H), 3.96 (s, 2 H), 7.02 
(s, 2 H), 7.75 (m, 4 H), 8.09 (t, 1 H), 8.22 (m, 3 H), 8.44 
(s, 1 H) ,  8.53 ( t ,  1 H);  exact mass (FAB) calcd for 
C Z ~ H ~ ~ N ~ O I ~ S  (MH+) 578.1556, found 578.1569. 

Preparation of Antimyosin Fab’. Antimyosin F(ab’)z 
(5-10 mg/mL) was reduced with dithiothreitol(10 mM) 
for 1-1.5 h a t  room temperature. The antibody fragment 
solution was desalted by Sephadex G-25 chromatography 
with phosphate buffer. Protein-containing fractions were 
combined; GF-HPLC indicated complete reduction. 

General Procedure for Preparation of the Antimy- 
osin Fab’ Conjugates of 1 and 2. The antimyosin Fab’ 
(2-6 mg/mL) in phosphate buffer was treated with a 
solution of ester 1 or amide 2 (10 equiv per antibody SH) 
in DMF such that the final concentration of DMF in the 
antibody solution was 4 9; or less. After standing a t  room 
temperature for 1.5 h, the excess reagent was removed by 
gel filtration on Sephadex G-25 (medium). The antibody 
conjugate was eluted with phosphate buffer; no sulfhy- 
dryls were detected by Ellman’s assay. 

General Procedure for Cleavage of the Thiol Esters. 
The antimyosin Fab’ conjugates were mixed with equal 
volumes of a solution of 1.0 M hydroxylamine in 0.5 M 
HEPES, at  pH 7.5 (adjusted with 50% NaOH). After 
standing a t  room temperature for 5 min, the deblocked 
conjugate was purified by Sephadex G-25 (medium) 
chromatography with phosphate buffer. Protein-contain- 
ing fractions were assayed for sulfhydryl content; typically 
1.5-2.5 mol of SH/mol of Fab’ were found. 

SmTc Labeling of the Antimyosin Conjugates. A vial 
was charged with 1 mL of a solution containing potassium 
D-glucarate (12 mg/mL) and stannous chloride (100 pg/ 
mL) in 0.2 M NaHC03 at  pH 6.8. Following lyophiliza- 
tion, the mixture was treated with sodium [99mTc]- 
pertechnetate solution (1 mL, 25 mCi, diluted with saline 
if necessary) from a wMo/99”Tc generator. After standing 
a t  room temperature for 15 min, an aliquot of the 99mT~ 
glucarate solution was mixed with an equal volume of the 
deblocked antimyosin Fab’ conjugate in phosphate buffer 
(1 mg/mL). The solution was mixed and allowed to stand 
a t  room temperature for 15 min. A t  this time, ITLC 
indicated that 99% of the radioactivity was protein bound 
(10050 by HPLC, t R  = 9.7 min). No 99mT~ colloids were 
observed by ITLC. 

Immunoreactivity of the 99mTc-Labeled Antimyo- 
sin Fab’ Conjugates. The 99”Tc-labeled antibodies were 
diluted to 5 pg/mL with 1% BSA in PBS. A 100-pL 
aliquot was applied to an affinity column (1-mL bed 
volume, canine heart myosin coupled to CNBr-activated 
Sepharose 6B), which had been equilibrated with 1% BSA 
in PBS. After 15 min the column was eluted with 10 mL 
of 1% BSA in PBS followed by 10 mL of 0.1 M glycine, 
pH 2.5. Aliquots (1 mL) of both 10-mL fractions were 
counted in a NaI (Tl) well counter. The percent immu- 
noreactivity was calculated as 

YO immunoreactivitv = 

Weber et al. 

total n& counts eluted by glycine 
total net counts eluted by glycine and BSA 

Evaluation of the Stability of the 99mTc-Labeled 
Conjugates and Base-Hydrolysis Studies. An aliquot 
of the g9”Tc-labeled RllDlO conjugate was mixed with an 
equal volume of saline or fresh human serum (prepared 
from freshly drawn blood by centrifugation after clotting). 
The samples were then incubated a t  37 “C. Aliquots were 
removed a t  various times and analyzed by HPLC. For the 
base-hydrolysis study, the radiolabeled Fab’ fragments were 
buffer-exchanged into 0.1 M sodium phosphate pH 10 by 
passage through preequilibrated Sephadex G-25 columns. 
The samples were incubated a t  37 “C and analyzed after 
24 h by GF-HPLC, ITLC, and RP-HPLC. 

Biodistribution Studies. Normal CF-1 female mice 
(8-10 weeks old) were injected intravenously via a lateral 
tail vein with 0.1 mL of each of the radiolabeled prepara- 
tions (100 pCi/5 pg). Mice were killed by cervical 
dislocation a t  0.5, 1,2,5,  and 24 h after injection in each 
of the studies (three mice per time point) and the following 
organs sampled: blood, heart, lung, liver, spleen, kidneys, 
stomach, small intestine, large intestine, muscle, and skin/ 
fat. Tissue samples were rinsed of residual blood and 
blotted dry prior to weighing and counting for activity in 
a multichannel y-scintillation counter (LKB). Data were 
calculated and represented as percent of the injected 
activity per gram (mean f 1 SD). 

RESULTS AND DISCUSSION 
The syntheses of the bifunctional chelators are outlined 

in Schemes I and 11. The initial plan called for the 
construction of the tripeptide chelator followed by 
formation of the linker bond with the appropriate male- 
imide. The maleimides were readily prepared from 
N-(methoxycarbony1)maleimide (3) and the corresponding 
amine according to the method of Keller and Rudinger (20). 
While this approach proved satisfactory for amide- 
linked ligand 2, the direct esterification of triglycine 
derivative 20 gave poor yields of product and was difficult 
to scale up. The modified route illustrated in Scheme I 
was then developed. In this sequence, N-Boc-glycine was 
esterified via the triflate of alcohol 5,  followed by reaction 
with a diglycine derivative. The m-carboxyl of the S-iso- 
phthaloyl group was protected as the tert-butyl ester during 
the course of the syntheses, as the increased lipophilic- 
ity simplified manipulation of the intermediates. 

The Fab‘ fragment of antimyosin was generated from 
the F(ab’)z by reduction with dithiothreitol and typically 
contained 3-4 SH/Fab’. Although the inter-(truncated)- 
heavy-light chain disulfide bridge may be reduced, the 
strong interchain hydrophobic interaction causes the two 
chains to remain associated on GF-HPLC and in vivo (21). 
The Fab’ sulfhydryls were alkylated by treating a buffered 
solution of the antibody fragment a t  pH 7 with a 10-fold 
excess of the ligand. By conducting the conjugation 
reaction at  neutral pH, only the protein sulfhydryl groups 
will react with the maleimide; lysines will not be alky- 
lated. This then limits the number of chelators which are 
attached to the antibody to the number of available sulf- 
hydryls. Following the removal of excess chelator, no sulf- 
hydryls were detected by Ellman’s assay, indicating that 
all of the available sulfhydryls had been alkylated. The 
thiol esters of the antibody-chelator conjugate were cleaved 
through aminolysis with hydroxylamine (22), which 
typically yielded 1.5-2.5 SH/Fab’ following gel filtration. 
In a control study, antimyosin Fab’ was reacted with N-eth- 
ylmaleimide to block the sulfhydryls. Exposure of this 
material to hydroxylamine as above failed to produce any 
sulfhydryls, indicating that the sulfhydryls produced from 
the conjugated material must be from the ligands. This 
is of importance as any nonligand-associated thiols can 
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Figure 1. Structure of the Fab'-chelator conjugate. 

successfully compete for the 99mT~ during the radiolabel- 
ing procedure. The structure of the conjugates after de- 
blocking the ligand sulfhydryl is illustrated in Figure l. 

The 99mTc labeling of the conjugates was accomplished 
by ligand exchange. Pertechnetate from a commercial 
SMo/WTc generator was reduced with stannous chloride 
in the presence of the weakly chelating ligand D-glucar- 
ate. The solution of ggmTc glucarate thus formed was 
mixed with the antimyosin Fab' conjugates and incubated 
at room temperature. After 15 min, the progress of the 
radiolabeling was checked by ITLC and GF-HPLC (Figure 
2). Both of these methods revealed that essentially all of 
the %Tc was now protein bound. The small (4% ) amount 

Table I. Stability of s s m T ~  Antimyosin Fab' Ester and 
Amide-Linked Conjugates in Serum, Saline, and at p H  10, 
37 "C 

% protein-bound radioactivity 
l h  4 h  20 h 

BmTc Fab' ester saline 100 99 80 
conjugate serum 95 95 92 

pH 10 5 
B m T ~  Fab' amide saline 100 100 100 

conjugate serum 97 96 100 
pH 10 100 

of 99mTc-labeled F(ab')n observed for the ester-linked 
conjugate probably resulted from reoxidation of the Fab'. 
It is noteworthy that a purification step after the radio- 
labeling procedure is unnecessary. The immunoreactiv- 
ity of the labeled antimyosin conjugates was determined 
by a canine myosin affinity column binding assay. Each 
of the two labeled conjugates retained 99% of their im- 
munoreactivity in this assay. 

To evaluate the stability of the 99mT~ label, samples of 
the  radioactive ester- and amide-linked Fab' were 
incubated for varying times in fresh human serum or saline. 
The results are presented in Table I. While the radiola- 
bel of the amide-linked conjugate remained bound to the 
protein during the course of this study, the ester-linked 
conjugate showed a modest loss of the 99mT~ from the 
protein. This is presumably due to hydrolysis of the ester. 

To confirm that the ester-linked conjugate could undergo 
hydrolysis and to determine the nature of the hydrolysis 
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Table 111. Mouse Biodistribution of "Tc Antimyosin Fab' 
Amide 2. 

15 min 1 h 2 h  5 h  24 h 
blood 25.9(1.2) 13.2(1.4) 6.7(0.4) 2.8(0.4) 1.3(0.3) 
heart 6.3(2.1) 3.5(0.3) 2.4(0.3) l.O(O.2) 0.4(0.1) 
lungs 5.3(0.8) 3.6(0.3) 2.3(0.4) l . l (O .1 )  0.5(0.1) 
liver 5.8(0.5) 4.2(0.6) 2.6(0.2) 1.3(0.2) 1.5(0.1) 
spleen 3.3(0.3) 2.0(0.3) 1.2(0.3) 0.6(0.03) 0.5(0.2) 
kidneys 30.4(2.9) 33.8(5.9) 27.5(4.6) 18.7(2.4) 10.2(0.1) 
stomach 1.2(0.1) 1.4(0.6) 0.8(0.2) 0.7(0.2) 0.4(0.1) 
small int 2.5(0.4) 4.7(0.9) 2.9(0.6) 1.6(0.2) 0.5(0.1) 
large int 0.8(0.1) O.g(O.3) 3.0(1.5) 6.9(0.9) 2.3(0.7) 
muscle 0.5(0.02) 0.6(0.1) 0.5(0.1) 0.4(0.03) O.l(O.03) 
skin/fat 1.8(0.2) 1.3(0.1) 1.4(0.1) l.l(O.3) 0.3(0.1) 

Percent dose/gram; average f SD, n = 3. 

80 Amide 
Direct 

13.3 9.1 

Figure 2. Radiometric GF-HPLC traces of %Tc Fab' ester (A) 
and amide (B) linked conjugates and ester (C) and amide (D) 
linked material after 24 h at pH 10, 37 "C ( t R  in minutes). 

Table 11. Mouse Biodistribution of 99mT~ Antimyosin Fab' 
Ester 18 

blood 
heart 
lungs 
liver 
spleen 
kidney 
stomach 
small int 
large int 
muscle 
skin/fat 

15 min 
26.6(2.5) 
6.3(1.1) 
6.9 (1.5) 
5.5 (0.5) 
3.6(1.0) 

29.4(4.0) 
O.g(O.3) 
2.5(0.3) 
O.S(O.2) 
0.5(0.07) 
1.4(0.2) 

l h  
13.7(0.8) 
4.2(0.3) 
3.4(0.2) 
3.2(0.3) 
l.g(O.3) 

20.3(2.9) 
0.8(0.1) 
4.7(1.8) 
0.8(0.2) 
0.5(0.02) 
l . l ( O . 1 )  

2 h  
8.0(0.8) 
2.6(0.5) 
2.4(0.2) 
2.3(0.1) 
l . l ( O . 1 )  

12.8(1.4) 
0.8(0.3) 
2.8(0.2) 
5.3( 1.8) 
O.S(O.06) 
1.6(0.3) 

5 h  
3.6(0.6) 
1.2(0.2) 
1.2(0.1) 
1.4(0.2) 
0.7(0.1) 
8.4(0.6) 
2.0(0.7) 
l.g(O.3) 
7.2(2.4) 
O.S(O.06) 
l.O(O.2) 

24 h 
0.75(0.1) 
0.2(0.02) 
O.a(O.02) 
0.7(0.03) 
O.a(O.02) 
4.4(0.2) 
0.3(0.04) 
0.3(0.01) 
l.O(O.2) 
0.06(0.01) 
0.2(0.1) 

Percent dose/gram; average f SD, n = 3. 

product, the two radiolabeled proteins were subjected to 
basic conditions (pH 10, 37 "C, 24 h). Analysis by GF- 
HPLC (Figure 2) and ITLC revealed that 95% of the 
radioactivity was no longer bound to the protein of the 
ester-linked conjugate, being in the form of low molecular 
weight species, while the amide-linked material showed 
no loss of the radiolabel (see Table I). No Tc colloids were 
found by ITLC in either case. RP-HPLC was used to 
characterize the hydrolysis product. Direct injection of 
the ester-linked conjugate reaction mixture produced a 
single peak (radiometric detection) having t~ = 1.75 min. 
An authentic sample of the 99mT~ complex of (mercap- 
toacety1)triglycine was prepared from [ (benzoylthio)- 
acetyl] triglycine and [99mTc]pertechnetate by dithionite 
reduction according to the procedure of Fritzberg (15), and 
on RP-HPLC, this preparation yielded a major peak of 
t~ = 1.75 min. Coinjection of the authentic %Tc complex 
of (mercaptoacety1)triglycine and the hydrolysis product 
of the ester-linked conjugate again produced a single peak, 
thus confirming that in this experiment cleavage of the 
ester bond occurred and the expected 99mT~ complex was 
obtained. 

Biodistribution studies in mice were performed on the 
99mTc-labeled ester- and amide-linked antimyosin Fab' 
conjugates; the results are presented in Tables I1 and 111. 
Uptake by the major organs was very similar for the two 
products with the exception of the kidneys. In the kidneys, 
the ester and amide showed similar uptake a t  15 min; 
however, at later time points the radioactivity from the 
ester-linked conjugate cleared the kidneys about twice as 
rapidly as that from the amide ( p  < 0.01). This result 
suggests that the ester linkage undergoes metabolic hy- 
drolysis in the kidneys to produce a species which is readily 
excreted. The similar blood clearance observed (Tables 
I1 and 111) for both of the labeled conjugates indicates that 
metabolism of the ester does not occur in the plasma. This 
is in agreement with the observed stability of the labeled 
ester-linked conjugate upon incubation in serum (Table 
I). Similarly, there is no significant difference in the levels 
of radioactivity found in the liver, or later, in the GI tract, 

E 60 . 8 
8 40 n 
b? 

20 

0 1  I I 

0 1 0  20 30 

Time, hrs 
Figure 3. Mouse biodistribution kidney values. 

which suggests t ha t  t he  hepatobiliary uptake and 
metabolism of the two labeled conjugates is equivalent. 
The kidney clearance is depicted graphically in Figure 3 
along with data for antimyosin Fab' labeled directly with 
99mT~ via the native sulfhydryls (23). It can be seen from 
these data that the amide-linked conjugate also showed 
improved clearance kinetics from the kidney compared to 
the direct-labeled material. This effect may be due to the 
stability of the WTC-N~S complex which forms on the che- 
lator conjugate as opposed to the complex which forms 
upon direct labeling of the native protein sulfhydryls. It 
has been suggested (2) that the 99mT~ which is released 
from the direct-labeled Fab' in the kidneys is taken up by 
metal-binding proteins in the tubules, resulting in the 
observed retention. As the kidney is the major organ for 
uptake of Fab' antibody fragments, the use of the ester- 
linked conjugate reduces the radiation dose to this organ 
and results in faster whole-body clearance. This effect has 
also been observed when ester 1 or related esters are used 
to radiolabel other antibody fragments such as antifi- 
brin T2GlS (24). 

In conclusion, we have developed a general method for 
labeling antibody Fab' fragments with -Tc based on the 
ester-linked bifunctional chelator 1. The technology has 
been used successfully to prepare 99mTc-labeled antimy- 
osin Fab' and may be applied to  any antibody Fab' 
fragment as it is independent of the amino acid sequence. 
The use of the (mercaptoacety1)triglycine type ligand 
resulted in quantitative radiolabeling; thus eliminating the 
need for a postlabeling purification step. Exchange labeling 
with D-glucarate allowed for rapid labeling at room 
temperature by a simple procedure which can be performed 
routinely in a clinical setting. The stability of the labeled 
conjugates in saline and in serum indicated the absence 
of "nonspecific" binding of the 99mTc to other sites on the 
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protein. The immunoreactivity of the product is preserved 
by the site-specific attachment of the chelator to the Fab’ 
sulfhydryls. The  presence of the ester linkage in 1 
produced a 2-fold increase in the rate of clearance of the 
radioactivity from the kidneys over the corresponding 
amide-linked material, thus demonstrating that the bio- 
distribution of 99mTc-labeled antibodies may be modified 
by the nature of the linking moiety. 
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