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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 (i.e., 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 (1, 2), group-selective reagents which react exclu-
sively (or at least predominantly) with one particular type
of amino acid side chain (see below, especially Table II),
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, 10), to increase
and decrease susceptibility to proteolysis (11-13), 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,
23), 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 at 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
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type examples target enzymes reaction characteristics refs cited
a-halocarbonyl TPCK chymotrypsin addition to nucleophilic groups, 58
RCOCH,X especially His and Cys(SH), also COO-
3-bromo-2-ketoglutarate isocitrate dehydrogenase 59
chloroacetol sulfate triose phosphate isomerase 60
epoxide 1,2-anhydromannitol glucose 6-phosphate addition to various nucleophilic 61
R—CH—CH, 6-phosphate isomerase groups, COO-, Cys(SH
~o” glycidol phosphate triose phosphate 62
isomerase, enolase
sulfonyl fluoride §'-[(fluorosulfonyl)benzoyl} glutamine synthetase, etc. addition to various nucleophilic groups, 63
RS%)QF -adenosine Cys(SH), Lys, His, etc.
2',3’-dialdehydo-ATP pyruvate carboxylase synthesized by periodate oxidation of ATP, 64, 65

aldehyde
RLYH=O

pyridoxal phosphate

adenylate cyclase, etc.

glycogen phosphorylase,
gutamine synthetase,
NA polymerase, etc.

addition to amino oug? e?ecially
in the presence of NaBH,, dialdehyde
derivatives of other nucleotides and
nucleosides may be employed similarly
reaction with Lys in PLP and phosphate 66-68
binding sites; irreversible, in the
presence of NaBH, or NaBH3(CN)

azido 8-azido-ATP F1-ATPase requires UV irradiation; by addition 69
RN, to nucleophiles and double bonds,
(photoaffinity insertion into C-H and O-H bonds,
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 1I, 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, 50). 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-

1 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 at 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 (56), 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, at 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 II. Useful Side Chain Modification Reagents®

side chain or group reagent or procedure optimum reaction pH, side chain selectivity, and other comments refs cited
amino (Lys + a) amidination (ethyl pH ~9, no other side chains react, positive charge maintained, other 4,71
acetimidate) imido esters are available, extent of modification may be determined
with TNBS
reductive alkylation pH ~9 with NaBH,, pH ~7 with NaBH,CN; reaction is much slower 5, 25
(forma.lde}gde + NaBH, under the latter conditions; no other side chains react; positive charge
or NaBH,CN) 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
acylation (acetic pH ~8 and above, Tyr residues also modified, elimination of positive 72
anhydride) charge, extent of modification may be determined with T'
(succinic anhydride) same as above, Tyr residues undergo slow deacylation above pH ~5, 73
replaces positive charges with negative charges
trinitrobenzenesulfonate pH ~8 and above, also reacts slowly with thiol groups, eliminates positive 47,74
charge and introduces large hydrophobic substituent, extent of reaction
may be determined spectrophotometrically
carboxyl water-soluble carbodiimide pH ~4.5-5, some side reactions with Tyr and thiol groups, other 45,75
(Asp + Glu) + nucleophile (EDC carbodiimides are available, many other nucleophiles (amines) may be
+ glycine ethyl ester) used to either maintain or alter the charge, extent of reaction may be
determined by amino acid analysis or from incorporation of radiolabel
guanidino dicarbonyls [2,3-butanedione, pH ~7 or higher, reaction promoted by borate buffer, no major side 76-79
(Arg) phenylglyoxal, and reactions; partially reversible upon dialysis, eliminates positive charge,
(p-hydroxyphenyl)glyoxal] extent of reaction can be determined from incorporation of radiolabel
or by amino acid analysis, other dicarbonyl compounds can also
be used (i.e., cyclohexanedione, glyoxal, etc.).
imidazole diethyl pyrocarbonate pH ~4-~5, side reactions with Lys kept to minimum by low pH, extent of 80, 81
(His) (ethoxyformic anhydride) modification may be determined by spectrophotometric measurement,
reversed in the presence of NH,0
indole (Trp) N-bromosuccinimide usually pH ~4 or lower, higher pH values can be used; thiol groups are 82
rapidly oxidized; Tyr and His react more slowly; extent of modification
may be determined spectrophotometrically or by amino acid analysis
2-hydroxy-5-nitrobenzyl pH <7.5, slight reaction with thiols, strong visible absorbance, can be used 83, 84
romide to determine the extent of reaction
phenol (Tyr) iodination (I3, pH ~8 or higher, many different procedures and reagents, His also reacts 18, 85, 86
chloramine T + I-, IC], but usually to a lesser extent, thiol groups are rapidly oxidized, both
lactoperoxidase + I~, mono and diiodo derivatives are formed, the extent of reaction
and H,0,) can be estimated spectrophotometrically or by amino acid analysis,
widely used for radiolabeling of proteins
tetranitromethane pH ~8 or slightly higher, thiol groups are also rapidly oxidized, some 87
nitration of Trp, extent of reaction may be determined
spectrophotometrically or by amino acid analysis
thiol carboxymethylation pH ~7 or higher; no effect on other residues under appropriate 88, 89
(Cys-SH) (iodo- and bromoacetate and conditions; Lys, His, Tyr and Met react slowly witg excess reagent and
iodo- and bromoacetamide) long reaction times; extent of reaction may be determined with DTNB,
by the incorporation of radiolabel, or by amino acid analysis
N-ethylmaleimide pH ~6 or higher, reaction with Lys and His are much slower at pH 7 and 90, 91
usually of no importance, the extent of reaction may be determined
from incorporation of radiolabel or by amino acid analysis
5,5’-dithiobis(2-nitrobenzoic pH ~7 or higher, no other side chains react, reversible in presence of 48, 92
acid) (Ellman’s reagent) excess low MW thiol, the extent of modification can be determined
spectrophotometrically
thioether (Met) oxidation (H,0,) pH ~1 and higher, thiol groups also react very rapidly, reversed by 93

treatment with low MW thiols, extent of modification may be
determined by amino acid analysis after alkaline hydrolysis or by
carboxymethylation followed acid hydrolysis

% 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 II 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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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-n . oms f. P-S—S—O—Noz
NTE' oN N;B'
P-s-can (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, 96), 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 e-amino
groups in tuna heart cytochrome ¢ 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 (103, 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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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 at 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 Fe®* 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 (117,
118). lodoacetamidofluorescein, 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-1-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
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Table III. Homobifunctional and Heterobifunctional Protein Cross-Linking Agents®

agent

description refs cited

Homobifunctional

glutaraldehyde

available as 25% aqueous solution, very effective reaction with amino 137

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
dimethyl suberimidate (DMS)

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

138, 139

eliminate their cationic charﬁeé geactcilo%at (?H 8 or above (optimal at
.5 an °C;

pH ~9); t, /2 ~ 46 min at p
?’l different spans, some readily cleavable, are available or

reagents wit,

~11-A span; many related

can be easily synthesize

disuccinimidyl suberate (DSS)

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

140, 141

water-miscible organic solvent; reacts with amino groups at pH 7 or
%1 p

above; reaction rates increase with pH; ¢, 5 = 4-5

at pH 7; ~11-A

span; many related reagents with different spans; hydrophilic spacer
arms, some cleavable and water-soluble; sulfosuccinimide esters are

available
bismaleimidohexane (BMH)

a water-insoluble solid, must usually be dissolved in DMF or other

142, 143

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

p-phenylenemaleimide

a water-insoluble solid, must usually be dissolved in water-miscible organic

144-146

solvent, reacts with thiol groups at pH ~6-8; ~12-A span, ortho and
meta isomer are also available, less stable than aliphatic maleimides

Heterobifunctional

m-maleimidobenzoic acid
N-hydroxysuccinimide ester (MBS)

a water-insoluble solid, must usually be dissolved in water-miscible organic
liquid, initial reaction with amino group component at pH ~7-8

147, 148

followed by coupling with thiol component at pH ~6-8, ~10-A span,
more water soluble sulfosuccinimide ester is also available

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

a water-insoluble solid, must usually be dissolved in water-miscible organic
solvent, reaction characteristics very similar to those of MBS, ~12-A

149, 150

span, more water soluble sulfosuccinimide ester is also available

N-succinimidyl
3-(2-pyridyldithio)propionate (SPDP)

a water-insoluble solid, must usually be dissolved in a water-miscible
organic solvent, initial reaction with the amino component at pH

151, 152

~7-8.5 followed by either coupling to thiol component at 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

2-iminothiolane (“Traut’s reagent”)

153, 154

eliminating their charge; reaction may be followed with DTNB; ~8-A
span; may be coupled directly to MBS-, SMCC- or SPDP-treated

proteins

¢ 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 e-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 III. 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, e-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 a-
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-succinimidyl 4-azi-
dobenzoate, N-succinimidyl 6-[(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 *I-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 at 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 at 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 at 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 (168), (S-acetyl-
thio)succinic anhydride (169), S-acetyl N-succinimidyl-
thioacetate (170), 2-iminothiolane (153), and N-succin-
imidyl 3-(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 «-halocarbonyl groups includ-
ing, for example, those of certain protein-maleimidyl con-
jugates as follows (171, 150):

¢ o
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o]}
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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):

o]
N
P-N)j\/\s's + P—sH —=
s WAL

(o] H,
P_N)l\/\s_s_Pv + 8 N (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, it reacts rap-
idly with amino groups at pH 7 (or preferably a little
above), and it 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 «-halocar-
bonyl groups, as follows (173, 154):

P-nH, + ES>=NH2‘ pH>7

NH,* NH,* o)
P_N)K/\/S'H P-N)k/\/s\)\ P 4)
‘H 7w
P ~
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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

Means and Feeney

on this subject, where more complete information can
be obtained (174-183).
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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 moab’s 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 drug/linkage 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.

II. 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 IT immune response gene products (10).
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 (T})
which express receptors for the antigen in the context of
the class II self-determinant become activated through
the synthesis and secretion of IL-1 (interleukin 1) (10).
This cytokine, in turn, activates those clones of T, cells
to produce and express receptors for IL-2 (interieukin
2), 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 (Tpry) (10). 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
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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).
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III. 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 (Cy) to the heavy chain first con-
stant region (Cyl). The amino terminus of each chain
is located at the variable portions of both the heavy and
light chains, Vi and V,, respectively. The C terminus
of the light chain is located at the C;, domain and that
of the heavy chain is at the C3 domain (11). The immu-
noreactivity of the moab is controlled by the variable
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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 Cy and C, regions. In addition, classes
of moab’s such as IgM and IgE differ from IgA, IgD, and
IgG by the addition of Cy4 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 Cy2 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
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Figure 7. Moab sites of agent attachment and chemical meth-
ods for moab agent modification. Goals: (1) attach agent to
moab without altermg 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
at 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 ¢
amino groups of the lysine residues (approximately 90
lysines in a moab) and the carbohydrate moiety of the
Cy2 domain (15). One can imagine oxidizing the carbo-
hydrate to generate aldehyde functions from the vie-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).



16 Bioconjugate Chem., Vol. 1, No. 1, 1980

Linker Agent
1. MoAB-Lys- NTE-CHZ-CHZ—%tO— Agent Vinblastine
Hio 0
R
2. MoAB-Lys-N lﬁ:_/l?( Ricin A. Diphtheria toxin A,
H 0 545- Agent Abrin A

3. MoAB-Lys-N+C OCHT%S Ricin A, Alkaline
uil N-Lys-Agent phosphatase
o] o H

4. MoAB-Carbohydrate §C=N-N-ﬁingem Vinblastine hydrazide,
H
o

Methotrexate hydrazide

5. MoAB-Lys- l‘lliu'i: —Aconitate-ﬁtl‘ﬁ-.ﬂgenl Anthracycline
. H

Hio
6. MoAB-Lys- P_qli[l;.?a-ﬂgant Indium and Yttrium chelates
His

7. MoAB-Lys- 'ﬂf?‘@‘c =N-N-C-Agent Metal chelates
Hio Ho

8.MoAB-carbohydrate tﬁ- N=N= LI‘.-Agent Anthracycline
H
o R

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-(methylenemaleimido)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 at 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 adriamyecin 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°T and '*!1 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 at NeoRx have reported
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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 at 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. at 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. THE CHEMISTRY AND BIOLOGICAL ACTIVITY OF
MOAB-DRUG CONJUGATES

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, i.e., 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 at 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 at 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) (185, 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 11, Prelinical pharmacology: nude mice efficacy mod-
els.

Concentration % Inhibition vs.

Drug (ng/mi) Control
VLB .00015 0
VLB .0015 80
VLB .015 87
KS1/4-DAVLB A 8
KS1/4.-DAVLB .25 38
KS1/4-DAVLB 5 71
KS1/4-DAVLB 25 84

Figure 12. In vitro potency analysis of vinblastine (VLB) and
KS1/4-DAVLB (39a), as determined by a proliferation assay
utilizing the PBAUCLA 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 at 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 PSUCLA tumor and treated with
[*HIDAVLB at 5 mg/kg and KS1/4-[?*H]DAVLB at 5
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Figure 13. Effect of KS1/4-DAVLB on the growth of estab-
lished xenografts (39a).
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Figure 14. Analysis of the biodistribution of tumor tissue of
{*H]DAVLB and KS1/4-[*H]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 7-8% 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 at
doses ranging from 40 to 240 mg. Nine patients received
multiple iv infusions at 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 at 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
oceur.

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.

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 KS1/4-DAVLB 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 II) (32).

As outlined in Scheme III, 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 KS1/4-S2-DAVLB hydrazide (9) vs uncon-
jugated DAVLB hydrazide (6) on growth of established PBUCLA
lung adenocarcinoma xenografts in nude mice (44): (0) 9 at 2
mg/kg (vinca content), (@) 6 at 2 mg/kg, (®) control. Each
point is the mean £ SE of N = 5 (treatment group) or N = 10
(control group).

Scheme III.
Construction

Moab-DAVLB Hydrazide Conjugate

(4
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of KS1/4 (see Scheme III) (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 P3UCLA 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 at
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.

V1. THE SYNTHESIS OF A MONOCLONAL
ANTIBODY-ENZYME CONJUGATE FACILITATING
SITE-SPECIFIC PRODRUG ACTIVATION

One of the most innovative applications of targeting
has been in the area of enzyme-catalyzed prodrug acti-
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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-(methylenemaleimido)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 1:1 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
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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, (O) etoposide, (m) 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)
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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-
yl)cyclohexanecarboxylate; and SMPT, (N-succinimid-
yloxycarbonyl)-a-methyl-a-(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-rgp120, (ii) molecular
exclusion chromatography on Sephacryl S-200HR, 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 gp120-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-1-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-

1 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; LDyg,, 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; rgpl120, 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-a-(2-pyridyldithio)tol-
uene; T1/2, half-life.

© 1990 American Chemical Society



Characterization of rCD4-dgA Conjugates

pared as previously described (3). The absorption coef-
ficient (A 1%, 1 ¢m/280 nm) and molecular mass used
for rCD4 were 15 and 45 kDa, respectively. rCD4 was
labeled with Na'?*I (Amersham, UK) and the I0DO-
GEN reagent (Pierce, Rockville, IL) (4). The specific activ-
ity was approximately 1 uCi/ug. 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 at 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 at 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
Na!?*I using the IODO-GEN reagent as described previ-
ously (7) and the specific activity was approximately 1
uCi/ug.

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 uL, of SATA (Calbiochem, La Jolla, CA) (8) dis-
solved in DMF at 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 Na!®l,

Preparation of rCD4-dgA with the (N-Succini-
midyloxycarbonyl)-a-methyl-a-(2-pyridyldithio)tol-
uene (SMPT) Cross-Linker. rCD4 (1 mL) dissolved in
PBE, pH 7.5, at 4 mg/mL was mixed with 10 uL of SMPT
(9) dissolved in DMF at 10 mg/mL (molar ratio SMPT/
rCD4 = 2.9) and the mixture was incubated at 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) at 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-um filter,
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the mixture was incubated at room temperature for 48 h
before purification. In some experiments, one of the two
proteins was labeled with Na'?I,

Preparation of rCD4-dgA with the N-Succinimi-
dyl 4-(Maleimidomethyl)cyclohexanecarboxylate
(SMCC) Cross-Linker. rCD4 (1 mL) dissolved in PBE,
pH 7.0, at 2 mg/mL was mixed with 10 uL of SMCC
(Pierce, Rockville, IL) (10) dissolved in DMF at 10 mg/
mL (molar ratio SMCC/rCD4 = 6.8) and the mixture
was incubated at 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) at 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 at 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-HCI buffer with 1 mM CaCl,, MgCl,, and
MnClL, pH 7.0, and the OVA-dgA conjugate was eluted
with 0.25 M methyl a-pD-mannoside in Tris-HCI buffer.
These conjugates were used as controls in the in vitro
cytotoxicity assay.

Molar Ratios of rCD4/dgA. The molar ratios of dgA
chain to rCD4 were calculated from the specific radioac-
tivities of [*®I]dgA or of [*¥I]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 NaCl.

Affinity Chromatography on Sepharose-rgpl120.
The recombinant form of the viral envelope glycopro-
tein gp120 (rgp120; 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 rgp120/
mL of packed gel. The Sepharose-rgp120 bound 0.125
mg of rCD4/mg of rgp120. The rCD4 and rCD4-dgA
conjugates bound to a Sepharose-rgp120 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-200HR. 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
(10%/0.1 mL) were treated with various amounts of
[1251]rCD4 (1-500 ng/0.1 mL) or biotinylated rCD4 (0.1-
25 pg/0.1 mL) for 3 h or 30 min, respectively, at 4 °C.
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 uxg/0.1
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 rgpl120 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 ug/mL in PBS,
pH 7.5; 1% BSA; and 0.02% azide (PBSA). rCD4-
biotin (3 mL) at a concentration of 9 ug/mL in PBSA
was added followed by 0.03 mL of rgpl20 at a concen-
tration of 15 ug/mL in PBSA. The reaction mixture was
incubated for 3 h at room temperature with mixing. Free
and bound rgp120 were immunoprecipitated from the reac-
tion mixture with anti-rgp120 monoclonal antibodies
(MoAbs) adsorbed to polystyrene beads. For the immu-
noprecipitation, 0.02 mL of these anti-rgp120 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 0.056% 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 Na'?I by the IODO-GEN
technique and were injected into the retroorbital sinus
of mice (approximately 4 X 10 cpm/5 ug per animal).
The 1 levels were determined in heparinized samples
(75 uL) 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 (7 /2)
for both the - (30 min) and B-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 107 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 10* cpm/
ug). 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 ug/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-200HR (SATA-
derived conjugate) (1) aggregated rCD4-dgA, (2) rCD4~dgA
(molecular mass 80 kDa), (3) dgA; (c) Sepharose-rgp120 (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 rCD4-dgA, (2) rCD4-dgA (molecular mass
82 kDa), (3) rCD4, (4) dgA.

ing 5%, 10%, and 20% of the LDy, 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 at 5 um 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 (). 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 10° cells/mL and the plates were incubated for 36 h
at 37 °C (6% CO,). Cells were then pulsed for 6-8 h
with 1 uCi of [*H]thymidine and harvested on a Titer-
tek automatic harvester. [*H]thymidine incorporation
was determined on an LKB B-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-200HR, (b) Blue
Sepharose /Sepharose-rgpl120, 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 1a). 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
% yield® 19.5 17.5 20.8
% purity® 90.0 90.0 80.8

molecular composition 1.0 1.25 £ 0.15 ND™

(dgA/rCD4 ratio)

affinity for gpl20 44205 49 02 ND
(X 107 M)©
% stability in vitro? 53.0 £ 7.0 36.0 £ 6.0 ND
% stability of vivo® 18.6 44 1.0
half-life,  min
a-phase 45,0 £ 10.06  60.0 £ 11.08  40.0"
§-phase 177.0 £ 24.0¢  209.0 £ 21.08 225.0"
LDg,,' 1g/g (mouse) 100.0 116.0 £ 259 ND
inhibition of protein 1.6 1.2 >1000
synthesis (ICg, X
1071 My

cytotoxicity on HIV- 1.7 £ 1.0% 2.0 £ 1.0¢ >5000

infected HI cells
(ICso X 1071® M)

¢ 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. ° After 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 £ 0.5 X 10° M (mean of three experi-
ments). @ Cytotoxic activity after 16-h incubation at 37 °C. The
ICg, of freshly thawed conjugate used in the same assay was taken
as 100%. Mean of three experiments. © Percentage of free dgA
chain released at 4 h after injection of the radiolabeled conjugate.
fThe a-phase is the first 30 min and the 8-phase is the next 8 h.
For dgA, a = 20 min; 8 = 228 min. For rCD4, « = 10 min; 8 = 105
min. # Mean of three experiments. * Mean of two experiments.
{The LD, of dgA was 30 ug/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 NaCl. Residual dgA remaining in the
rCD4-dgA preparations after Blue-Sephaross chroma-
tography could be removed either by gel filtration on
Sephacryl S-200HR (Figure 1b) or by affinity chroma-
tography on Sepharose-rgp120 (Figure 1¢). Asshown by
the chromatographic profiles (Figure 1b), 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 1d)
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-200HR 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 L.

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—d%A labeled either in the rCD4
or the dgA moiety with 5] 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-rgp120 and eluted at pH
3.0 (Figure 1¢). 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 + 0.02. Another possible explana-
tion for the existence of the protein doublet was that
one species contained rCD4-dgA, (slow band) and the
other contained rCD4-dgA, (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 at 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 rgpl20. 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 (Kj)
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 (I) 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/rgp120 competitive binding assay. The per-
cent inhibition of the fluorescent signal was calculated as 100%
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competitors were rCD4-SATA-dgA (m), r*CD4-SMPT-dgA (D),
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105

100

50

Percent of control

Log concentration (M)

Fig