
RQDNEY R WALTEECS and RlC!iiARD P. BUCK’ 

Kemnt iEu&ratae of Ckemktry, Fhe Ukern3y of Nortk tJzdihz, CkapeI HiiT& XC. 27SM (U.S.A.) 

(Rex&d August 2ikh, 1979) 

SUMMARY 

Afhity chromatograpbic separations using li_gands chemically bonded to 
supports have been performed for many years; the tkst non-bonded a&&y chro- 
matographic method is reported here. An oil-soluble compound containing ghtcosa- 
mine was synthesized. When dissolved in a grease and coated on a. solid support, this 
compound bound coucanavahn A specikahy. Concanavalin A could be eluted by a 
competitively binding sugar added to the mobile phase. The column separated con- 
canavalm A from bovine serum albumin rapidly and ef&ientIy. The sombility of the 
concanav~m A-ligand complex in the mobile phase and dissociation of the complex 
during washing of the column caused a slow leakage of bound material from the 
cohrmn. and a slow degradation of the column performance. Non-bonded afkrity 
chromatography o&rs a flexible and potentMy important new method of per- 
forming biospecific separations. 

Interest has arisen in the concept of immnno-el~odes in which an antigen or 
antibody is attached to an electrode surface and a patentid is generated when the 
corresponding antibody or antigen from solution binds to the electrode1-3. In this 
laboratory, our approach has been to synthesize a water-insoluble afiinity Iigznd 
that can he dissoived in a suitable polymeric phase and coated on an electrode. As 
a way of *sting the binding ability of this ligand, we prepared an afhnity chromato- 
graphic column from the compound dissolved in a h#rophobic grease, Apiezon L, 
aud coated on a readily available support material, Chromosorb W. In addition to 
aiding the electrochemical study, this chr~matographic method is usefizl in its own 
right as an alternative to the standard chemicaliy bonded afhnity chromatographic 
methodF_ The first test of this method, which we call non-bonded &inity chromato- 
graphy, is described here. 

The concanavalin A-poIysx&aride precipitation reaction has been used as a 



mix33 of iWiiy-antigen mzt.ior&~“_ Conczna~ A (Con A) was chosen for our 
study because it is readily avaikbie in purilied form and because small sugars such 
as gkose behave like haptens and form soluble complex&_ GIucosamine has been 
coupIW: to agarosz &rough a six-carbon space? and used to isolate Con A9_ 
Decanol was chosen to provide the hydrophobic portion of the af&i~ ligzmd in this 
smdy. It was coupled to &aninohexanoic acid via epkhlomhydrin, and finally to 
gkmsmine using dicycIohez@arbodiimide_ 

Con A(grade IV), a-methyl-mmannoside (grade In) and bovine serum albumin 
(fraction V) were obtained from Sigma (St_ Louis, MO., U.S.A.). n-Heptane was 
ttdmid grade_ zznd al! other chemicals were reagent grade. 

i;chloro-2-hyd~o~p~opy~ da@ ether (I, Fig. 1) was prepared by tke me&od 
of Zielinska aud Gasztychf3, as follows. Decanol(1.75 moks), I .OQ mole of epichloro- 
tydrin and 0.0039 snoIe of HCiO, (&IO%) were heated under re&x for 5 h at 
9&110”. After cooling, the reaction mixture was washed with water and allowed to 
equilibrate with 0.01 M NaOH overnight; it was then washed with water until the 
wasb@s were neutz dried over Na,SO, and filtered_ The products were purifkd 
by dis%iiIation under reduced pressure_ Excess decmoi was distilled at 4L-44O at a 
presmre of ca_ 5 mTorr_ Compound I was obtained as a colorless liquid at 94-95” 
in 71% yield. It was idenmed by infkued (IR)xo.x’ and nuclear magnetic resonance 
(NMR, spectroscopy. 
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I&Epoxypropyl. de@ ether (II, Fig_ 1) was prepared by the method of 
zieiinsha and Gasatych’q as follows. A OS-mole portion of I, 52.5 g of 40% 
NaOH sol~tion and 540 ml of dioxane were heated under retiux, with stirring, for 
22 h. The NaCl was G.ltered off, the small aqueous layer was removed, and distillation 
was used to remove &st the dioxane and then ET at 54-64” at a pressure of CQ. 5 
mTorr_ Com_pound 11 was obtained as a colorless liquid in 52 ok yield and was identified 
by IR*“.” and NMR spectroscopy. 

N,N-Bis-]3-decoxy-2-hydroxypropyl]-&minohexanoic acid (DE, Fig. 1) was 
prepared by a method similar to that of Ukperger l*. A O.O79-mole portion of 6-ammo- 
hexanoic acid was dissolved in 60 mI of 5.3% NaQH solution, and while heating at 

80-90” and stirring, 0.079 mole of II was added dropiirise. Heating and stirring were 
maintained for several hours until a heavy white ge! had formed. The gei was 
acid&d with dilute HCI, and the resulting white precipitate was filtered off, air- 
dried, recrystabized from acetone and washed with light petroleum (b-p. 3&60”)- The 
product was isolated as the hydrochloric acid salt of III in 42% yield. 

This product was insoluble in water but somewhat solubIe in ethanol-water 
mixtures. The equivaIent weight was determined by suspending 0.1 to 0.2 g of the 
acidic form of HI in 10 ml of absolute ethanol and 50 ml of water: and titrating the 
suspension potentiometrically with 0.05 i&f NaOH containing 100/d of ethanol until 
the first sharp end-point was seen near pH 7; 250 ml of absolute ethanol were then 
added to decrease the pK, of the protonated tertiary amine, and titration was con- 
tinued to the weak second end-point. 

The titterionic form was isolated by titrating the acidic form in water to the 
first end-point with a calculated amount of NaOH solution. The suspension was 
stirred overnight to reach equilibrium. FiItr&ion and drying produced a fine white 

powder (m.p. 84-90”); IR and NMR spectroscopy supported the proposed structure_ 
This form was used in the subsequent synthesis. 

2-Deoxy-2-amino-~-glucose was coupled to 111 by means of an amide bond. 
The hydrochloric acid salt of this compound, LVa (Fig. l), was synthesized by a 
method similar to that of V&na and Molodtsov I3 To 0.004 mole of r@ucosamine . 

hydrochloride at 0” in 2.0 ml of water were added O.OU4 mole of III suspended in 
10 ml of pyridine, followed by 0.006 mole of N,N’-dicyclohexy!carbo&imide in 2 ml 
of pyridine. IfI was dissolved by diluting the reaction mixture to 30 ml with 
pyridine, and the solution was stirred for IS h at room temperature. Then 80 ml of 
water were added to the cloudy yellow solution. The solution and precipitate were 
evaporated to dryness (rotary evaporator) below 4.5” with care to avoid bumping and 
foaming. The residue was dissolved in 90 ml of absohtte ethanol on a steam bath. 
On cooling overnight, N,N’-dicyc]ohexyhtrea @CD) crystalked out and-was filtered 
off, the remainin g solution was dried over Na,SO, and again evaporated (rotary 
evaporator). The residue was dissoived in LOO ml light petroleum (b-p. 30-60”), and 
the remaining D&U was fibered off. The solution was allowed to evaporate nearly 
to dryness at room temperature. A small amount of Na precipitated as a white gel 
and was Ghered off after cooling. The white waxy solid was obtained in 10% yield 
[mp. = 98-103” [Q]Z = 20” (0.025 g/ml in absolnte ethanol)]. The product slowly 
turned yellow OQ exposure to air- The remaining light petroleum solution was 
evaporated (rotary evaporator) to produce an amber amorphous solid with similar 
optical activity in 73% yieid Both products were identifkd as Iva by IR and 



NMFC methods. By thin-layer chromatography on silica gel, with chloroform+Shanol- 
water (75:25:1.5) as mobile phase, it was shown that the amber solid was mostly 
LVa (RF = 0.2); w-i-& a smail amount of HZ (.RF = 0.3) azd traces of yellow corn- 
pounds fgrobabIy decomposition products of iI% or pyridine). Visualization of the 
ChrOrtISogrZm withpanisidine pht.h&uP showed that IV was a reducing sugar. 

The chromato_gaphic flow system (Fig. 2) consisted of a Gilson Minipuls 2 
p&isi&ic pump with 0.03O-ii. I.D. pump tubing; flow-rates of up to 1.25 ml/min 
co&i be obtained. A Hamiiton 3-way valve was co~ecfxxi before the pump to 
allow switching between two solvents. A glass column (15 cm x 7 mm I.D.) was 
ISXI. Home-made fittings altowed injection of the sample through a septum into the 
flow stream immediately before the column; 0.0304n. I.D. poiyethylene tubing and 
20-gauge syringe needles were used for connections. A home-made flow-through 
ceil ~tith a path of diameter if16 in. and length I cm was used for detection at 280 
nrn in z Be&mm DB-G spectrophotometer with recorder. The system was o~rated 
at room temperature. 

CmA 
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!sy5ngrkitothefl@tigstR2l.n of‘soknt at the top of the COILLW. The bound Cm A was later 
ck%i by saitching the I-my vah+c so that the ehzmt passed through the m!um.~. 

The adsorbent was prepared using the basic form of the &in&y compound, 
IVb. A 0.62-g portion of a solution of IVa in absolute ethanol was stored in a 
f-t. An aliquot of &is was treated with a twofold molar ecccss of 1 M Na,COS 
(pH ll), and the sclution and precipitate were immediatel-7 evaporated (rotary 
evaporator) to dryness below 32”. Heptane was added, and the sohttion was dried 
over Na2S0, and f&ered. This heptane solution of MJ was used to prepare the 
adsorbems. 

Aniezon L (typically 02 g) was dissolved in heptane in a 1(X-ml round- 
bottomed Eask. An aiiquot of the LVb solution (typically containing 0.06413 g of 
IVb) was added, followed by 1.5 g of Chromosorb W (100420 mesh). This mixture 
was evaporated to dryness below 32’, and during evaporation, the f&k was removed 
from the evaporator several times and the walls were scraped with a spatula to 
ensure a utiorm adsorbent. Then 1 M Nat3 was added to the dried packing, and 
the ruixtm was degassed under a 50-Torr aspirator vacuum for sevd minutes. The 
red&g aqueous solution was twice decanted to remove any fines. 

The column was packed as follows. The column was filled to one-third of its 
height with the 1 &S NaCl solvent, then packing was added with a disposable pipette 

_and allowed to settle; any fines that did not settle rapidly were remo-ved with the 



pipette, along with excess of soivenL This was procedure repeakc% until the c&mm 
was full. An a&iitional km length of column was at%ached with a piece of flexible 
tubing to the top of the cohumt and more packing was added as before. When all the 
packing had been add& the c&m.nwas altowed to settle for Zmin, with an oaxsional 
gentle tap &It a finger_ ?%e upper c&mm fitting was then attached to the exten- 
sion, and solvent was pumped through at 0.1 ml/min UntiB settling appeared to have 
stopped. The packing was further set&d by pumping solvent at 0.25, 0.50, 0.75, 
1.00 and 1.25 d/min for 2, 3, 2, 3, and I min, respectively. Gentle tapping on the 
wfumn helped to settle the packing and so produce narrow symmetrical peaks. 
However, too much tapping decmased the permeabifity of tbe cobnnn and caused 
asymmetrical or double peaks. 

The extension and the extra packing in it were then removed, and a piece of 
filter paper was placed at the top of the column so that the packing would not be 
disturbed. The upper column fitting was attached to the column, and solvent was 
pumped backwards through the system to remove air bubbles from the upper fitting. 
The cohmm was then ready for use_ 

A s&.&on (10 mg/ml) of Con A in 1 M NaCl was prepared; it also contained 
1 mM MnC& and 1 m&f Ca(&, as these metals are required for binding15; 
I M Nail was chosen, since Con A is soluble only in high salt concentrationP,_and 
1 M NaCl has been used for most Con A purifications”. The eluting-solvent was 
0.02 M cr-methyl-D-mannoside in 1 M NaCP. 

The procedure for a typical experiment is as follows. Solvent was pumped 
through the column at 1.0 ml/ruin, and 49 ~1 of the Con A soiution (0.49 mg of 
Con A) were injected. AtIer 5 min, any material that did not bind to the column 
began to dute (the coIumn void volume is CQ. 5 ml), as shown in Fig. 3 for a typical 
run. After 15 min, the solvent flow was switched to the eIuting solvent; 5 min 
later, the Con A-was eluted as a sharp peak. When the absorbance had dropped 

. -_ Trne hits of 10 minutes1 

F& Z’A typical injection. 7Fhe Con A solution is injected into 1 M NaCl flowing at 1.0 mUmin. 
~oftfreConAdoesnotbindtothecolumnandbeginsellrtingSminaRerinjection;tdere- 
rsnining Con A is eMed as a sharp peak by changing the sohnt to a compesitively binding sugar 
iQiMN&i. 



nearly to the base-Sine value, the sokent was again switched back to E M NaCL 
Another run could be made 30 to 35 nlin after the previous injection 

Experiments on the specificity of binding and ehrtion, flow-rate, amount of 
IVb~leakageoPboundcon&pN,- Ionic stten_@h and the analytical utility of this 
system a-en PerfomtecL The soIutions 2nd procedure were as described above except 
where otherwise stated. 

Peak areas were measnred with a planimeter. The percentage of Con A bound 
and then eiuted from the coiumn was calcub~ted by comparison with the peak areas 
of totahynon-bound Con A injections; thez values were obtained by injecting Con 
-4 while the eluting solvent was flowing through the coiumn. 

RESULTS AND DiSCUSSXON 

Compounds III and IV are new to the literature. The equivalent-weight 
determinations of Ill gave values of 591 2 11 and 555 2 8 g+quiv. for the first and 
seconds end-points, respaxively. These compare ftiiy well with an expected value 
of 595 and indicate that both amino protons of 6-aminohexanoic acid are sub- 
stitutcd by the epoxy group of’II. This is in agreement with the rest&s of LJl~perger’~, 
who obtaked disubstituted products in similar reactions. The acidic form of Ill 
showed a strong carkxyl stretch at 1710 cm-l, whiIe the xwitterionic and basic 
forms showed this band at 1580 cm-‘. 

The structure of Iva was confkmed by the strong amide bands at i550 cm-i 
and 16m cm-’ and by the broad hydroxyl stretch at 3300 cm-‘. Crystake IVa, 
obtain& in fow yiefd, showed an almost identical IR spectmm, with the amide bands 
shifted slight!y to 1565 and 1625 cm- I_ The non4zrystte product, although not 
conpIetcIy pure, was used in all the chromatography experiments_ It showed de&i t 
surf-t properties when mixed with water, but was soluble in most organs 
solvents_ When converted into the basic form, lVb, it became visibly less soluble ia 
water. 

Both forms of lV tended to become yellower and more oily when exposed to 
air for several days, some batches eventually losing their Con A-binding ability. The 
petroleum ether purhication step greatly decreas4 this problem. However, storage 
under nitrogen or in an ethanol solution was often used as a precaution. Columns 
prepared from lVb retained Con A-binding ability indefinitely when stored in 1 M 
NaCl or dry_ 

In srforming the column chromatographic experiments, it was feared that the 
very hydrophobic stationary phaz, Apiezon L, or the hydrophobic tails of IVb 
would cause severe non-specik adsorption, such as is seen in hydrophobic afhnity 
chromatography’g, particularly since Con A has been shown to have a weak hydro- 
phobic binding sitSO_ Indeed, this efkt was seen for a column containing 0.2 g of 
Apiaon L only. Several injections, for a total of r’o. O-7 mg of Con A, were totally 
or p.artXiy adsorbed on the coIumn_ None of this material could be eiuted with the 
o-methyl-&mannoside solvent. However, columns prepared from Apiezon L with 
XVa or IVb showed no non-specific adsorpticn. The first injection made into these 
coiumns showed the same peak sire as later injections. We hypothesize that the 
hydrophobic tails of IV dissolve in the Apiezon L and cover or deactivate the 
adsorption sites. The hydrophilic heads of IV tend to extend into the aqueous 



mobile pk. As a result_ proteins in the mobile phase “see” only sugar mokcuks, 
just as they would in a conventional agarose gel column, and non-specik adsorp- 
tion remains minimal. 

The specikity of the binding of Con A to cokmns containing IVb was 
tested in several ways. Fnt, it was observed that 0.1 M &n~se or 0.02 M a-methyl- 
n-mannoside would elute the Con A as a sharp peak (Fig. 3). However, D-manaZtol, 
which does not inhibit the precipitation of Con A with dextranL8, also does not 
prevent Con A from binding to the colrrnn when 0-l M man&o1 is present in the 
soivent (Fig. 4, injection on right). Similarly 0.1 _M mannitol does not cause Con A 
to elute from a column to which the latter is already bound (Fig. 4, injection on 
left). This shows that the elution of Con A from the column is the result of a 
specik interaction with the eIuting sugar and is not cafe& merely by a change in 
conce;ltration of the species in the solvent. 
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Fig. 4. Smty of binding and elution. IQ the fist injection, changing the solvent from 1 M NaCI 
totMNaClcontaiuiag0.1 MD man11201 does not cause the Can A to elute. In the second injection, 
the prsence of 0.1 M u-u to1 in the 1 M NaCl solvent does sot prevent the Con A from 
binding to ~.EK~~~III. The small negative peaks are caused by mixing of the two solvents of differ- 
ent concentration in the ffow cell. The much more dilute 0.02 M a-methyl-D-mannoside 1 M NaCE 
solution does not cause a significant change in the baseline. 

The analytical utility, as well as the specificity, of the coiumns was tested by 
separating a mixture of bovine serum albumin (BSA) and Con A.-Portions (300 ~1) 
of L M NaCl containing 2.5 mg of BSA and 0, 0.25, or 0.50 mg of Con A 
were injected into a column containing 0.12 g of IS% and 0.2 g of Apiezon L. 
Fig. 5 shows that this separation can be accomplished quite easily in 20 min, with 

baseline resolution- The BSA peak is_duted at the void volume of the colmnn, with 
no tailing; it is slightly contaminated with Con A that has leaked from the 



coknn e&y. Approximateiy 90 % of the injected Con A remtins and is eluted after 
23 min with a-methyl-D-mamzoside. The lack of any adsorption of BSA on the 
co1umz1 is significant, 2s BSA has considerable hydrophobicityu and is non-specif- 
icalIy z&orbed on gek with hydrophobic arm~~*~. This is fiu-ther evidence that the 
not-specific adsorption sites of the column tie ken inactivated. The ease and speed 
of the separation show that the method is readily appikabte to quantitative analysis 
as well as to pnrifkatioz~ The graph in Fig. 5 shows the linear calibration curves 
okaained for-Con A with this small datz set_ 

The quantitative anaiytical ability of the system was further evaluated on a 
column containing 0395 g of IVb; 25 to 200 pl of a solution (10 mg/ml) of Con A 
were izzjezt with the resuIts shown in Fig_ 6_ The peak heights and areas, and the 
percentage of Con A -bound, were evaluated_ The pezk area calibration CuNe (Fig_ 7) 
is iitxar, with a cord&ion coefiicient of 0.998 and an intercept close to zero_ The 
pe& height calibration curve (Fig. 8) has a correIation coeEcient of 0.999 and an 
intercept of zero_ The percentage of Con A bound was found to be independent of the 
amount of Con A injected within experimental error_ 

Fig_ 6. kiks olaisd fm injcctioas of 25 to 2flOpI of Cix~ A sdutb~ Ihe aahmn contained 
ao9sgofIvband0.2gofApkzlmL. 
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The calibration curves chaaged slightly from day to day as the column SlowIy 
degraded in binding abllity; the per.& height calibration curve also changed as the 
column se&e4 slightly, producing narrower and taller peaks. 

It has been mentioned that some of the Con A injected into the column leaks 
OK Depending on the initial amount of Wb and the length of use of the column, 



typically 6040% of the Con A remains‘bound and can be emted after 20 min. There 
are several possible reasons for this k&age: (I) at the-high fIow-rates used, some of 
the Con A does not have time to reach binding equiIiirium in ffie coIunm; (2) the 
equiliirium constaut for dissociation is too Iarge, and a signifx~t amount of Con A 
is abvays free in the mobile phase; and (3) the UZon A-IS% complex has a signiscano 
solubihty in the mobile phase, and thus the complex it&f leaks off of the cohmm. 
These possiiilities should be kept in mind as the results of the remaining experiments 
are &cussed 

The eE;rt cf flow-rate on Con A binding was studied over the range 0.50 to 
1.25 ml/mitt. me retention volume was fixed at 20 ml for each flow-rate. If the rate of 
binding of Cen A to the column were slow, one would expect d& binding at 
high 3ow-rates_ If the rate of dissociation were slow. one would expect decreazd 
peak heights and broadened peak widths at high flow-rates. The data in Table I 
show that tht amount of Con A bound and the peak heights are independent of 
fIow-rate over the range studied_ One cau concIude from this that the Con A-binding 
reaction is fairly rapid and readily reversibIe. This concIusicn is in agreement with 
experiments that have shown that the binding of 4-methylnmbellifiil-a--a-D-manna- 
pyranoside to Con A in solution requires only 300 msec to reach equilibriunP. 

TABLE I 

EFFECr OF FLOW-RAE ON BI-NDING OF CON A 
The c&aim packing contained 0.06 g of IVb and 0.2 g of Apiczon L The retention volun&was 
keidcozfantat20mL 

COIZ A bomd (‘;) Pe&k+u(nrm) 

75 55 
75 54 
75 55 
73 53 

The tocai and relative amounts of IVb and Apiezon L should affect the binding 
properties of the column_ These two parameters were varied, and the percentages of 
Con A bound to the cohunn were cakuIated and are shown in Table II. The error 
range for each point varies from 2 to SOA, w+h 5% a typical v!ue. Looking across 
Table II at a constant IVb value of 0.058 g it can readily be seen tbat the amount 

TABLE II 

RlMXXG OF CON A TO COLUMNS C9NTAiNING DEFEFEST AMOUNTS OF IVb 
AND APiEzON L 
v&hes WC the pmasmges ofi3onAbomd_Ik_zbntiontimewas2Ominineachinshnce 

C0km.c catlcnt of Wb (g) cokmyr CGlricni of Agkolv L (g) 

G.05 o.zo oa O-40 

0.017 52 - - - 
a033 

-_. n 
74 68 - 

0.058 80 76 
OS95 - - E - 
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Fz_ 9. EEect of amount of IVb m binding of Con A. The amount of Apicznn L varied frcm 0.05 
ro OAog. 

- . 
of Apiezon L is unimportant_ In Fig_ 9, the percentage of Con A bound is plotted 
against the amount of IVb without regard for the amount of Apiezon L. The 
dependence here is dramatic, with more IVb yielding a better column. This same 
effect- is seen experimentally when the equilibrium dissociation constant for the 
complex, KL, is too large or the c~~~~~tration of a&&y &and in the column, &, is 
too smaP_ Graves and Wu’ d have derived equations for the faction of protein 
s-&y bound to the aflkity ligands. A simplitied approximate expression is 
given forf, the fraction bound: 

f= hl 
&d-L, 

w 

The data in Table II give a value of approximately 4. 10m3 M for K’. This compares 
with a Kt value of L-7-IO-” M for free gh.rcosP7 and one of l-l- lo-’ M for an 
O-a-D-glucosyl polyacrylamidegeltp and indicates fairly weak binding. We also note 
that, although the ligand concentration is of the order of IO to 20 mM, possibly 
a considerable fraction of this is buried in the Apiezon L or is otherwise unavailable 
for binding_ The variable orientation of the IVb mokcuks may also be responsible for 
a wide range of KL values in the column. The equation assumes that equilibrium is 
reached, whereas Con A is continually being washed from the column, so dissociation 
of the complex will continue indefiniteely. Hence, the value of I& may not be 
accurate, but disssation of the Con A-NE, complex is certainly a major factor in the 
less-thau-total Con A binding. This problem can be minim&d by increasing the con- 
centration of the a5ity &and in the column aad by washing the cohmm as little as 
possibletg. 

The leakage problem was further e xamined by allowing the Con A to remain 
on the column for longer period.~. Thus, I.U-mg portions of Con A were injected and 
ahowed to remain on the column for 6 to 200 min with 1 M Nail flowing through 
the c&mm aE LO ml/min. Table III shows the percentage of Con A remaining bound 



i?,#doc~(~)’ cdcorrn &a” ConAbocaEd(W 

10 19 9t 
100 192 53 

5 1.2 93 
200 .383 33 
20 3.8 76 

is0 28.8 35 
SO 9.6 46 

to the co!wnn and the number of column volumes of solvent that have passed 
through l &e co!umn at each time-point. The time-points, listed in the order run, 
were staggered to minimize any systematic error caused by degradation of the 
column; the data are plotted in Fig_ IO. if the loss of Con A shown in Fig. 10 is a 
result: of a rektivcly Iarge KL value, the data should fit an exponential decay. If a 
colurm-cbromatography experiment can be approximated by a multiple-batch 
separation, then the concentration of Con A remaining, C, after some number of 
bat&G, n, will be a fumtion of the originai cmcentration, Co: 

c = C,f’ (2) 

‘Ii3m.s. C will decay exponentially- The data in Fig. IO were fitted to an exponentiai 
curve as showm The Ias’, data point, taken af?.er 50 min, was deleted from the fit. 
TSe expone=tiaI fit is rather poor because the binding, which drops OE rapidly at 

‘ 
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6rq appears to level off aronnd 30% at long retention times. ALso, the last three 
data points taken ah lie below the line. This leads to the conclusion that the colzrmn 
performance deteriorated as the experiment progressed. The cdurm, which con- 
tained 0.095 g of IVb, originally bound 89 % of the Con A injected. After 21 injections 
and 4 rqackings, it still bound approximately 80 oA of the Con A injected. Pumping 
L itf NaCl through the column for long periods produced no observable colu.mn 
degradation. However, the 7 injections of this experiment decreased the binding 
ability to less than 60% (based on an injection with the standard 20-mm retention 
time performed immediately after the experiment was completed). 

This deterioration of the afEnity column cannot be explained by an argument 
involving dissociation of the complex. Rather, we note that it is the pre+zce of Con 
A in the column that causes the deterioration. Based on evidence to be presented 
later in this discnssion, we believe that IVb is only marginally insoluble in 1 M NaCl. 
When Con A is bound to A%, the solubility of the complex is large enough to 
ensure that the Con A-IVb complex itself is washed from the column. This source of 
toss of Con A would add a second term to eqn. 2 and thus modify the exponential 
decay. Some IVb may be more strongly attached to the stationary phase by virtue of 
adsorption or the extent to which the hydrophobic groups are dissolved in the 
Apiezon I.. Thus, some Wb-Con A complexes may never become detached from the 
stationary phase, while others are readily lost. Since Con A is tetrameriP, multiple 
binding would also cause some complexes to be more stable- As IVb is removed 
from the column, the fraction of Con A bound (WQ. 1) will also decrease, and the 
column will appear to deteriorate even more rapidly. 

The properties of this afEnity-chromatographic system were further elucidated 
by varying the pH of the mobile phase. Precipitin reactions of Con A with glycogen 
and dextran are observed over a pH range of 5 to 9 (see refs. 31 and 32). Ultraviolet 
difference studieP show that binding of simple carbohydrate haptens extends down to 
pH 2. Maximum binding in all these studies is observed for pH values of ca. 5 to 8. 
Con A binds strongly to Sephadex gel?, and solutions of pH 2.4 will elute the 
Con A, while at pH 8.5 elution is incomple@. Experiments in our laboratory show 
that, at pH 5,7 or 9 in 1 &f NaCl, Con A will bind to Sephadex G-75-120. At pH 
3.5, binding is only partial and the Con A is eluted from the column as a broad 
tailingpeak. 

The effect of pH on the dissolved ligand system was studied on a column 
containing 0.058 g of IVb. Buffers (0.01 84) of NazCO, (PH 1 l-O), NaHCO, (pH 9-O), 
N&&PO4 (pH 7.0) and sodium acetate @H 5.0) were used. The binding of Con A, 
shown pictorally in Fig. 11, exhibited a sharp decrease at pH 9.0 from that with 
I M NaCl only. A return to I &f NaCl restored most of the binding ability. Binding 
decmased still further at pH 7.0 and fell to zero at pH 5.0. A remm to 1 M N&l 
restored only a trace of binding. At pH ILO, no binding was seen, but, when 
the column was returned to I iIf NaCI, considetabIe binding was restored. Soaking 
overnight in pH 11.0 bnffer followed by 1 M NaCl restored much of the original 
binding ability. 

These rest&s follow from the acid-base nature of the athnity &and. The basic 
form was nsed in all the columns so far discussed. When the acidic form, II@ was 
nsed in a column, no Con A was bound. Some retardation of the peak was seen, 
with the Con A tailing off slowly, as shown in Fig. 12. When t&s tz&mn was 



Fii- 12. Mkct of using IVa as A5Gty agas_ Tkc column contained 0.05 g of Wa and 0.2 g of Apiaon 
L. 

soaked overnight in a.1 M Na,cO, of pH I i-0 in 1 M NaCI and then run in 1 M 
NaCl, it too showed Con A-bin&g ability of c4,60%. 

This infomatior; ghs a clearer picture of the efkct of pH changes. At pH 11, 
the sofutiorr is too basic for Con A to be bound. At pH 9, binding is still somewhat 
iqmire& At pH 7, and more so at pH 5, IVb is converted into the acidic form, with 
a loss of binding ability- By deprotonating IVa in a buffer of high pH, some of the 
binding ability is restmed. The inabiiity of Wa to retain Con A on a cohrm has 
two possible ezcplaaations: (I) the positive charge imreases & and thus interfkes 
with the bintig of tie &and to Con A; or (2) tie charge incnsses the solubii~ of 



the z&n&y liw& 2nd of the compleq in water to the point at which the complex 
its&is East &an the co-. 

The chagz OQ Na is separated tirn the gEuco.samine part of the Eigznd by 
the six-ea&or~ spacer. An agzrose coiumn with &ucosamine bound to it through a 
six-carbon spacer is able to bind Con Ag, so it is likely th& if steric hinbce at 
&e end of the spacer is not a problem, then a charge in that position will also not 
a&ct I& We do note, however, that it may not take a very large change in I& to 
decrease considerably the binding in a column chromatography system26 and thus we 
cannot tot&y rule out this possibility. 

AlIillcrease in the solubility of the Con A-IVa complex over thzt of the 
Con A-MB complex could also explain the observed resuIts. The earlier discussion 
noted that the marginal SoIubiEty of the tin A-IWb complex would cause tke tong- 
tam deterioration observed. The even b&her solubility of the Con A-IVa complex 
should cause even greater deterioration in c&mm performance. Since no Con A 
binding is observed, each injection of Con A would remove a corresponding amount 
of Wa Corn the ccl- The solubiiity of IVa its& is probably suEcientiy low to 
ensure that most of it remains on the cohmn except when bound to Con A. Hence, 
a cdumn containing Wa can be made active by a change in pH, even though it has 
already been thoroughly washed with solvent. 

The ionic strength should have a major effect on the solubilities- Con A is 
more soluble at high ionic strer@P, while one would expect IS% to be salted out 
of solution at high ionic strength. A column containing 0.12 g of MJ was re-packed 
and run in i.0 M, 0.5 M and 0.1 A4 N&l (the eluting solvent also contained these 
salt conce~tratios~~). Con A was injected in l M N&I in alI ~QS~~QCXX. The results of 
this experiment are shown in Fig. 13, D tzcreasing the ionic strength to 0.5 M 
deaeaed the binding by about 50%. At 0.1 M, little binding was observed. When 
the column was returned to 1 M N&I, only about half of the initia! binding ability 
returned, indicating that some of the Nb had been stripped from the cuhmn_ 
A blank coIumn containing only Apiezon L showed no apparent loss of stationary 

100-r 
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0 
t’nnspcutiu‘e injectims 

Fs 13. Effea of ionic stnmgth on Ending of Con k The soivent and ehent contained the indicated 
amceatrations of N&L The column was x-packed in each new sohmt and contained 0.12g of 
IVband02gofApkzonL. 
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phase when run in 0.1 M N&IX, so that we conclude that ks of liVb was not 
cased by a concomitant ioss of Apiezon L, but rather by its own intrinsic soIubility_ 

These experiments have indicated many of the properties of this non-bonded 
a5ity chrcmatcgraphic system, which are summarized below_ The a5ie ligand 
IYb wzs held in a hydrophobic stationary phase by means of long hydrocarbon 
tails, the b&-c hydrophilic head projecting into the aqueous solvent_ Under con- 
ditions of high salt concentration and the absence of buffer, this columrr was quite 
stable. Tke many afikity !&ads formed a layer of sugar molecules on the surface of 
‘the stationary phase, which rapidly, spec&aBy and reversibly bound Con A, but 
showed little tendency to adsorb other proteins non-specifically. Some Con A slowly 
leaked from the column as a result of dissociation of the complex and the solubility 
of the complex in the mobiie phase; the leakage could be minim&d by increasing the 
concentration cf IVb. The soiubility problem caused long-term deterioration in 
column performance. lkaeasing the ionic strength OS butTering the mobile phase to 
medium or IoW pH values decreaed retention of Con A, either because of changes in 
the dissociation constant 01’ a change in the solubility of the complex. 

CONCLUSIONS 

The work punted hexe bs demonstrated a new way of performing afiinity- 
chromatographic separations without using ligands chemically bonded to the station- 
ary phase. The non-bonded coated stationary phase is speciic and provides a 
separation that can be repeated at intervals of 35 min or less. Non-specific adsorption 
is very low, and the quantitative analytical ability is excellent_ We believe that 
future app!ications are possible in the areas of enzyme or antibody analysis, with 
immob!lizd inhibitors and haptens, respectively. The major problem of the method 
is the volubility of the l@nd-analyte complex in the mobile phase. The ligand 
synthesis and the chromatographic conditions must be carefully planned and con- 
trolled to produce an insoIuble complex. 

This sytem has several potential advantages over the conventional method. The 
affinity li_gznd can be pm-&d from troublesome impurities before use, since it is not 
attached to a polymeric gel_ For e_xample, ionic side products of the synthesis could 
be removed by ion exchange and thus eliminated as a site for non-specific adsorption. 
A mixture cf a5ity ligands can easiIy be prepared in any concentration simpIy by 
mixing the desired compounds together. It may be possible to elute dif.licult-to- 
dissociate complexes from the column simply by changing the ionic strength, thereby 
increasing the solubility of the complex in 1 he mobile phse. 

U&X improvements may be acbie ied by using standard liquid<bromato- 
graphy packing materials to produce narrower peaks_ It may even be possible tightly 
to adsorb ligands like IVb cn an octadecyl bonded stationary phase, thus eliminating 
the need for an Apiezon L coating. ion-pairing could prove useful for retaining 
char_ged li_mds on the stationary phase, _par&ularly if the charge is not necesszy for 
binding to the complementary protein. 

This work was supported by National Science Foundation, Grant No. 
CHE-7%Xl49 1. 
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