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Affinity chromatography is a certain type of adsorption chromatography. 
Figure 1 shows how affinity chromatography works. It is based in most cases 
on a biospecific interaction between a ligand, which is bound by a spacer to 
an insoluble matrix, and a macromolecule in solution. The spacer is neces- 
sary to prevent  a steric hindrance of the complex formation. When a solution 
that contains a macromolecular  substance is poured over a column that 
contains a corresponding affinity resin, the macromolecules are retained 
when the dissociation constant of the complex is 10-4M or less. 
Contaminations are washed from the column by the starting buffer. In order  
to elute the macromolecules, the complex must be decomposed. Therefore ,  
the pH value of the elution buffer is altered or its ionic strength or its 
temperature  is raised. Competitive elution is possible too, e.g., the elution of 
an enzyme by its coenzyme or its substrate. If the complex is very tight, 
denaturing substances such as urea or guanidinium chloride will be useful 
under  the condition that they do not destroy irreversibly the macromole-  
cules to be isolated. 

The most important prerequisite for the preparation of a good affinity 
resin is an appropriate carrier, which must have the following properties.  
The  carrier must be insoluble in water but hydrophilic, that is, it is easily 
wetted. The carrier must have good mechanical properties, that is, particle 
size and compressibility must allow good flow properties of the packed 
column; the matrix must not be too fine and too soft. The carrier must be 
macroporous,  so that the ligands which are bound inside the pores are also 
accessible to the macromolecules. The carrier must be inert, and especially it 
should not be hydrophobic and not an ionic exchanger. This has nothing to 
do with the spacer, as discussed below. 

IThis paper was presented at the symposium on "Hydrophobic and Biospecific Affinity 
Chromatography" held at Ruhr-Universit~it Bochum, West Germany, October 4, 1978. 
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binding of a ligand without a spacer; 
steric hindrance of complex formation 

FIG. 1. Scheme of affinity chromatography. 

The carrier must be stable chemically and biochemically, and especially 
it must not be hydrolyzed at pH values between 2 and 12 and must be inert 
against microbial digestion. For binding ligands, the carrier must have 
enough functional groups. These groups must be located at the ends of 
spacers in order to prevent as much as possible steric hindrance between the 
carrier bound ligand and the macromolecule in solution. Of course, this part 
of the ligand, which is important for the interaction, must be freely available 
after the ligand is bound to the matrix. Thus, the point of attachment of the 
ligand to a carrier can influence the complex formation. Table 1 shows the 
interaction of some dehydrogenases with the general ligand AMP, the 
"half-molecule" of NAD, which is bound in different ways to agarose: in one 
case through the amino group in position 6, and in another case by the 
carbon atom in position 8 (C8). The table shows that alanine-DH and MDH 
from B. subtilis form stronger complexes with AMP, which is bound by the 
C8 atom, than with AMP, which is bound through the amino group. On the 
other hand, ADH, LDH, and MDH from animal tissues form stronger 
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TABLE 1. Complex Formation of Some Dehydrogenases 
with Two Different AMP-Agaroses 

Binding point of AMP 

Enzyme C(8) N(6) 

Alanine-DH + + + + 
ADH + + + 
LDH (M4) + + + + 
LDH (H4) + + + 
MDH - + + 
MDH (B. subt.) + - 
D-Gal-DH - - 
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c o m p l e x e s  wi th  A M P ,  which  is b o u n d  th rough  the  a m i n o  g r o u p  in 
p o s i t i o n  6. 

A d e n o s i n e  d e a m i n a s e ,  which  ca ta lyzes  the  change  of  the  a m i n o  g r o u p  
at  t he  pu r ine  r ing (adenos ine)  to  a hyd roxy l  g roup  (inosine),  f o rms  a s t ab le  
c o m p l e x  with  ca r r i e r  b o u n d  a d e n o s i n e  on ly  in the  case tha t  the  p u r i n e  r ing  is 
f r ee ly  ava i lab le .  Tha t  m e a n s  a d e n o s i n e  mus t  be  b o u n d  t h r o u g h  the  r i bose  
rest .  A l s o ,  the  spacer ,  which  was ini t ia l ly  i n t roduc e d  to p r e v e n t  s te r ic  
h i n d r a n c e  of the  complex  f o r m a t i o n ,  can inf luence the  course  of  affinity 
c h r o m a t o g r a p h y  by  its hyd roph i l i c  o r  h y d r o p h o b i c  charac te r .  T a b l e  2 shows  
the  inf luence  of  di f ferent  space r s  on  the  complex  f o r m a t i o n  of  L D H  wi th  
A M P - a g a r o s e .  T h e  spacers  a re  h e x a m e t h y l e n e  d i amine ,  ad ip ic  ac id  d i h y -  
d r az ide ,  and  2 , 3 , 4 , 5 - t e t r a h y d r o x y - l , 6 - d i a m i n o h e x a n e .  T h o u g h  the  fou r  

TABLE 2. Influence of Spacer and Charge on Complex Formation 

Conditions 
Affinity resin of elution 

~NH2 II 
(1) A - - - - - - O - -  C--NH--(CH2)6--NH - AMP(N6) 

pK=9.4 
NH O O 
II LI II 

(2) A------O--C--NH--NH--C--(CH2)a--C--NH--NH~AMP(N6) 
pK = 4.2 

~NH2 
II 

(3) A - - - - - - O - - C - -  NH--CH2--(CH)4--CH2--NH ~ AMP(N~) 

OH 
pK = 9.4 

KCI+NADH 

KCI 

No binding 
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spacers are all equal in length, the complexes that the resins form with LDH 
have different strengths. The reason is that the spacers have different 
hydrophilicity or hydrophobicity and either have or lack ionic groups. 

The resin that contains AMP bound by hexamethylene diamine forms 
the strongest complex, as the conditions of elution show. Raising the salt 
concentration of the elution buffer is not enough; NADH must also be 
present in order to remove the enzyme by competition. The strength of this 
complex is explained by an additional hydrophobic interaction between the 
hydrophobic spacer and a hydrophobic part of the enzyme molecule as well 
as by an additional ionic interaction between the positive charge of the 
isourea group (pK 9.4) and a negative charge of the enzyme. These inter- 
actions are present at pH 7, the pH value of the working buffer. In addition, 
AMP, which is bound by hydrophobic hexamethylene diamine, stands away 
from the particles of the resin and is easily accessible. 

If adipic acid dihydrazide is used as a spacer, there is no positive charge 
at pH 7, because of the low pK value of 4.2. Thus, the complex gets weaker. 
It is enough to raise the salt concentration for eluting the enzyme. When the 
hydrophilic tetrahydroxyaminohexane is used as a spacer, the affinity resin 
no longer binds LDH. Indeed, the positively charged isourea group (pK 9.4) 
appears again, but the hydrophilic side chain is closely adsorbed to the 
surface of the gel particles, so that the ligand is not accessible to the 
macromolecule. 

Thus, the main biospecific interaction may be strengthened by ionic 
and/or hydrophobic interactions in-some cases in a desired manner, a 
phenomenon called compound affinity. Of course, the biospecific 
component must be dominant in affinity chromatography. This can be 
demonstrated by control experiments (see below). A separation that is 
realized mainly by hydrophobic interaction is called hydrophobic chroma- 
tography (see the paper of H. P. Jennissen in this issue). From these 
considerations about the spacer and the binding manner of the ligand, it 
follows that every affinity resin can be optimized by varying the chemical 
nature of the spacer arm and the binding manner of the ligand. 

Agarose is the carrier that is mostly used in affinity chromatography. 
Dextran, cellulose, polyacrylamide, porous glass, nylon, and vinyl polymers 
are also employed for this purpose. None of these carriers shows all 
properties an ideal carrier should have (see above). 

Functional groups of the carriers that are convenient for binding ligands 
are as follows. First, there are the amino, the hydroxyl, and the carboxyl 
groups, which can form carbonic acid amide and carbonic acid ester bonds. 
Next, there is the sulfhydryl (--SI-I) group, which can form thioester bonds 
and disulfide (--S--S--) bridges. Third, there is the vinyl group, to which, 
e.g., amines can be added. Fourth, there is the aldehyde group, which can, 
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for instance, be formed by perjodate oxidation of carbohydrate residues on 
polysaccharides (e.g., starch) and which can form azo methines (Schitt's 
bases) with amines. Finally, there is the oxirane ring, which is introduced in 
hydroxyl groups containing carriers by epichlorhydrine. The three- 
membered ring can be opened by nucleophilic reagents; for instance, by 
amines, and by aromatic amino and aromatic hydroxyl groups, which can be 
diazotized and used for diazo couplings. In the following chapter, some 
reactions are discussed that are used mainly for activating carriers and for 
covalently binding amino groups containing spacers and macromolecules. 

The activation of agarose and dextran or cellulose by cyanogen bromide 
is shown in Fig. 2. Recent investigations (J. Kohn and M. Wilchek, personal 
communication)i show that the hydroxyl groups of the carriers are converted 
to cyanate ester groups, which react directly, or in the case of dextran and 
cellulose via imidocarbonate, with amino groups containing substances to 
form isourea derivatives. High molecular weight amino groups containing 
ligands, which must not be attached to a spacer, can be bound directly to 
cyanogen bromide activated carriers. The reaction with a,w-diamino alkane 
or with e-aminocaproic acid introduces spacers with amino or carboxyl 
groups at their free ends. ~,~o-Diaminoalkane must be used abundantly in 
this case, so that only one of the two amino groups may react with the 
activated carrier, while the second one remains free for coupling a ligand. 
Thus, crosslinking of the carrier is avoided, which would diminish its 
porosity. Binding ligands by canogen bromide results mainly in the forma- 
tion of isourea derivatives. This may be proved by aminolytic cleavage of 
carrier-bound ornithine, which is fixed by its 8-amino group and mainly 
forms free arginine. Besides derivatives of isourea, derivatives of carbamate 
and imidocarbamate are formed too. 

NH 

+ +CN -----> ) C=NH R-NHr > 
OH 

dextran cyanate ester imidocarbonate lsouPea 
cellulose 5~embered ring 

NH 

HO + +CN R-NH~ 

agar0se cyanate ester isourea 

FIG. 2. Activation of agarose, dextran, and ce|]ulose by 
cyanogen bromide (CNBr) [after KOHH, J., and WILCHEK, M. 
(1978) Biochcm. Biophys. Res. Commun. 84 : ?-14]. 
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A'IzC-~H-CHz-CH-CHz-tIt-CHz-CH-CIIz-~F,- 

I 

Z = -NH-NH= I']NOzs -H= Hz~I-(CH2)n'NHz I, -NH-(CHz)n-NH = 

Z = -NH-CHa'-CH~x~I 
.A. HzN-.,R 

"" -NI~H=-CH~"' Rxn-- ~ .-NH--CH=-Ot=~-R 
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! ~ - ~ -  

z. .~-c, -c=,  z .  -u,-c,-c t ~  
,.k~ ,.H 

FIG. 3. Crosslinked polyacrylamide. 

A disadvantage of agarose resins is their increasing hydrolysis at pH 
values above 7, mainly in the presence of nucleophilic buffer substances such 
as triethanolamine. The application of multivalent spacers that form several 
bonds with the carrier avoids bleeding of ligands. It is also useful to avoid 
nucleophilic buffer substances. 

Figure 3 sho~ws crosslinked polyacrylamide. "Z"  means functional 
groups that are suitable for covalently binding spacers and macromolecular 
ligands. Some functional groups are described as follows. First, there is the 
aromatic residue, which may be diazotized and/or coupled to other aromatic 
groups. Second, there is the carbonic acid hydrazide rest, which can be 
converted to a reactive acid azide group by nitrous acid. The reaction with 
a,aJ-diaminoalkane forms spacers with amino groups at their free ends in 
this case too. The acetic aldehyde group in the hydrated form reacts with 
amino groups containing ligands to form azo methines (Schiff's bases), which 
may be reduced to stable amines by sodium borohydride. Two aldehyde 
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H=IC VH~ 
-CHz-IC-CHz-~-CH =- 

&o, o 
I I 
H z HzC-CHz-OH 

ICH= H= IC-CH=-OH 

-H= C-C-CHz-C-CHz-C-CH=-C- 
I I I I 
CH3 O,#C~ CH3 

I 
H=C-CH~-OH 

BrCN > 

~H~ 
. . . .  _HzC_C_.... 

I 

/,o 
I 

Ha C\O_E_.~_. M 

Variante: 

. . . .  -CHz-IC-- 

O#'~O--(CHz),-O-~NHz 

F I G .  4.  C r o s s l i n k e d  p o l y h y d r o x y e t h y l m e t h a c r y l a t e .  

groups may react with one amino group to form a tertiary amine; the 
cysteine residue may form disulfide (--S--S--) bridges with sulfhydryl 
(--SH) groups containing substances; and the reactive thiolactone may be 
opened by nucleophilic reagents such as amines to form carbonic acid 
amides. 

Figure 4 shows polymethacrylates, which are rich in hydroxyethyl 
groups and may be activated by cyanogen bromide, corresponding to 
agarose. In this case, functional groups may be introduced by copolymeriz- 
ing with appropriate acrylic acid derivatives, as is shown here for the 
aromatic amino group. This method has the advantage of avoiding the 
hydrolyzable isourea derivatives that are formed by the cyanogen bromide 
activation. 

Figure 5 shows the derivation of cellulose carriers. Cellulose is changed 
to carboxymethyl cellulose by chloroacetic acid. Then carboxymethyl cellu- 
lose is esterified by hydrochloric acid in methanole, and the ester is trans- 
formed to the carbonic acid hydrazide by hydrazine, which is converted to 
the carbonic acid azide by nitrous acid. Reaction with amines forms carbonic 
acid amides. The reaction with abundant o~,oJ-diaminoalkane again intro- 
duces spacers with amino groups at their free ends. 

Cellulose can also be activated with triazines such as cyanuric chloride 
or dichlorotriazines, which contain solubilizing groups such as carboxy- 
methoxy or carboxy-methylamino groups. The reaction proceeds in two 
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A: 
OH + CI-CHz-C~oH 

HzN-NH = 
) 

HzN-(CHz)n-RHz 

) O-CH=-C ~0  
""OH 

~-O.-CH=-C ~/0 
"~ NH_(CHz}n_NH = 

h~l 

HNO z 

B: 
CI 

R 

R = -O-CH=~OOH 
R = -NH-CHz-COOH 
R = -CI 

C1 

R 

,H=_Rt (b) 

NH-R' 

FIG. 5. Derivation of cellulose: (A) via carboxymethyl cellulose; 
(B) via triazine. 

steps: (a) rapid reaction of one  of the chlorines in a few minutes with the 
cellulose matrix to give monochloro-s-tr iazinyl-cel lulose ,  and (b) a s lower 
reaction with strong nucleophiles  such as the primary amino groups of 
spacers or protems.  

Figure 6 shows the reaction by which an amino group containing spacer 
is bound to porous  glass. Hydroxyl groups on the surface of the glass 
particles react with T-aminopropyltriethoxy-si lane to form the so-called 
"alkylamino-glass." 

If nylon (as a net or a tube) is used as a carrier, the surface of the nylon is 
first edged on by a hot methanol ic  solution of calcium chloride. Then the 

~ 1 7 6  ~'cHz-c~ I 
t-OH + H2N-(CH=)s-St-O-CH2-CI~ > C-Si-~-Si-CCH=)~-HH= 

O-CH=-CH 3 0 0 
/ J  I J I 

y-am|nopropylt r iethexy-st  lane a]kylamino-glass 

F I G .  6. Conversion of glass to alkylamino-glass. 
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nylon is partially hydrolyzed by hydrochloric acid to get functional carboxyl 
and amino groups. 

From the group of vinylpolymeric carriers, polystyrene and polyvinyl 
alcohol may be mentioned. Functional groups at the benzene ring of 
polystyrene are, for instance, amino and isothiocyanato groups. Polyvinyl 
alcohols, which are crosslinkedby terephthalic aldehyde, may be activated 
by triazines, as already described for cellulose. However, polystyrene and 
polyvinyl alcohol are less qualified for affinity matrices because of their 
relatively strong hydrophobic character. 

A presentation of reactions that are important for binding ligands to 
amino groups containing carriers is shown in Fig, 7. Carboxyl groups 
containing ligands can be bound directly by water soluble carbodiimides. 
For binding amino groups containing ligands, first the amino groups of the 
carrier must be derived. There are different methods for doing so. Carboxyl 
groups may be introduced by succinylation. Then, the amino groups 
containing ligands can also be bound as carbonic acid amides by water 
soluble carbodiimide. Another method is the preparation of the bromo- 
acetamidoalkyl carrier with O-bromo-acetyl-N-hydroxysuccinimide. The 
amino group of the ligand reacts with the bromoacetyl rest while hydro- 
bromic acid is split off. 

Bifunctional reagents are also used for binding amino groups contain- 
ing ligands. When the amino groups of the carrier are reacted with an 
abundant amount of divinylsulfone or glutaraldehyde, one of the two 
functional groups reacts with the amino group of the carrier. The second 
functional group remains available for binding the ligand. If the activation is 
done by glutaraldehyde, azo methines (Schiff's bases) are formed, which 
may be reduced to stabile alkylamines by sodium borohydride. A thiol 
(--SH) group may be introduced by reacting the amino group of the carrier 
with N-acetylhomocysteine thiolactone. Thereby the thiolactone ring is 
opened. Thiol groups containing affinity resins retain thiol groups containing 
substances by forming disulfide (--S--S--) bridges. Thiol (--SH) groups 
containing macromolecules that are isolated in this manner are bound 
covalently to the resin. Thus, this sort of affinity chromatography is also 
called "covalent chromatography." 

The introduction of an aromatic amino group is done by p-nitrobenzoic 
acid azide. The nitro group is reduced to the amino group by sodium 
dithionite (Na2S204). The aromatic amino group can be diazotized and 
coupled to aromatic rests of ligands. It may also be converted to iso- 
thiocyanate by thiophosgene. Then the amino group of a ligand may be, 
added to the isothiocyanate. This is only a partial presentation of methods 
for synthesizing affinity resins (Fig. 7). In principle, any chemical reaction 
may be used that does not alter the carrier in an unsuited manner. 
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///,,.(~ l 
/1 1/  t /N-O-C-CH=-Sr 0 0 
,~I-~I~H= , ], ~/NH-C-CIIz-Br H' N-L ) ~H-C--CHz-NH-L 

,-,~IH-CHa - ( CH= ~=-CHz_~;H_ L 

H=C CHz-SH 

§ 14-Sll 1 Na2$zO' 

HN-CH 

$-M " ~  Q 

I 
L 

L 

FIG. 7. Binding ligands to amino groups containing carriers. 

In our laboratories at E. Merck, Darmstadt, we use a special cellulose 
carrier that is made from a nonfibrous, highly substituted, water soluble 
CM-cellulose. The degree of substitution is 0.85 carboxyl groups per glucose 
unit, which means 3.2 meq per g of substance. The CM-cellulose has a 
degree of polymerization that is 1,500 units of glucose per cellulose mole- 
cule. The CM-cellulose is converted to aminododecyl-CM-cellulose (n = 
12) by the reactions shown in Fig. 5A. Carboxyl groups as functional groups 
may be introduced by succinylation (see also, Fig. 7). The carrier con- 
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veniently satisfies the conditions listed earlier in this paper. It is mechanic- 
ally stable, hydrophilic, macroporous,  and insoluble in water. The spacer 
and the ligand are bound to the cellulose by stable ether and carbonic acid 
amide bonds, and therefore resist hydrolysis at pH values from 2 to 12. The 
spacer, which has an amino or a carboxyl group at its free end, is a 
hydrophobic hydrocarbon arm, standing away from the cellulose particles. 
Ligands that are bound to its ends are very accessible. 

The macroporosity of the carrier was determined by comparison with 
an equal agarose resin. Figure 8 shows the striking experiments. L-arginine- 
4-nitroanilide (Argpa), a low molecular weight substrate of trypsin, was 
covalently bound to succinylated aminohexyl agarose (SAHA) and to 
succinylated aminohexyl CM-cellulose (SAHC). The carrier-bound L- 
arginine-4-nitroanilide was hydrolyzed chemically by sodium hydroxide 
(NaOH) and enzymatically by trypsin. The amounts of 4-nitroaniline, which 
were set free by sodium hydroxide, were taken as 100% in both cases. Then 
the kinetics of the enzymatic hydrolysis were measured. In both cases the 
concentrations of substrate and enzyme were the same. Again, in both cases, 
65% of the carrier bound substrate was split off after several hours, which 
means that 65% of the carrier bound 4-nitroanilide is accessible for trypsin. 
(The endpoint  for the tryptic h37drolysis of SAHA-bound  Argpa is not 
shown in Fig. 8.) The tryptic hydrolysis in the case of the SAHC-bound  
substrate is evidently faster than in the case of the SAHA-bound  one, which 
means that the substrate molecules bound inside the pores of the cellulose 

100' 

50. 

Argpa sp]it 

~ SAHC 

AHA/GDA 

6'0 120 180 min 
time 

FIG. 8. Demonstration of the macroporosity of 
the cellulos~ carrier by enzymatic hydrolysis of 
three samples of carrier bound L-arginine-4- 
nitroanilide by trypsin. 
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/ J  0 0 0 

o _0_CH _C_NH_(CH,) _NH_C_CHz_CH2_C_NIq_ 

,,B / o~  
I 
OH 

FIG. 9. SADC-bound 3-aminophenyl boronic acid. 

carrier are more  accessible for typsin that those bound inside the pores of 
agarose. Thus, the pores of the cellulose carrier are larger than those of the 
agarose, 

The third curve of this figure shows the hydrolysis of Argpa, which was 
bound to aminohexyl agarose by glutaraldehyde activation. In this case, only 
3% of the insoluble substrate could be hydrolyzed enzymatically, although 
the time of incubation was several hours. This means that the carrier was 
crosslinked in spite of the abundance of glutaraldehyde, and its pores 
became inaccessible for the trypsin molecules. The same is the case when 
divinylsulfone is used as activator. 

Finally, I describe an affinity resin that works in two different ways: 
3-aminophenyl boronic acid covalently bound to succinytated aminodode cyl- 
CM-cellulose (SADC). On the one hand, the resin works by forming 
complexes with hydroxyl groups containing substances such as ribose and its 
derivatives; on the other  hand, it is an inhibitor of serine proteases such as 
chymotrypsin,  subtilisin, etc., and retains these proteases. 

The ligand 3-aminophenyl boronic acid is bound to the carrier (SADC) 
by the carbodiimide reaction as carbonic acid amide (Fig. 9). The degree of 
substitution, which is determined by boron analysis, is 780/xmol  of 3- 
aminophenyl boronic acid per g of dry substance or 80 /zmol /ml  bed 
volume, as 1 g of dry resin corresponds to 10 ml bed volume. Figure 10 
shows how the SADC-bound 3-aminophenyl boronic acid forms complexes 

ii OH- H + 

.•C-CH20H 
HO-CH 

+ [ o 
HO-CH 

"~"~HC-nucTeob~se 

NH /--~ I~Hc-cH20H 

~B\ p ) 
HO O- CH... / 

~C-nuc]eobase 

FIG. 10. Complex formation of SADC-bound 3-amino- 
phenyl boronic acid with derivatives of ribose that contain 
two free hydroxyl groups in the 2'- and the 3'- positions. 
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J 

\ 

(a) 

elua~e 

(b) 

I _ 

eluate 

FIG. 11. (a) Separation of two nucleosides, 
adenosine and 2'-deoxythimidine, by affinity 
chromatography on SADC-bound 3-amino- 
phenyl boronic acid. (b) Control experiment with 
a "mock resin"; for details, see text. I: solution of 
adenosine and 2'-deoxythymidine in 0.05 M 
morpholine buffer, pH 8.5. II: Elution of 
adenosine with 0.05 M MES buffer, pH 5.0. 

with substances that contain 2 vicinal, cis-standing hydroxyl ( - -O H )  groups. 
The complexes are formed in weak alkaline solution, for instance, at pH 8.5, 
and are split again by weak acid solution, for instance, at pH 5. Strong 
complexes are formed with carbohydrates in the furanose form, which is also 
the cyclic conformation of ribose. Thus, components of nucleic acids may be 
separated by this resin: ribonucleosides with free hydroxyl groups in the 2'- 
and 3'- position from those which are substituted in these positions [2'- 
deoxyribonucleosides; 2', (3')-ribonucleotides]. Also, oligo- and poly- 
nucleotides up to the molecular size of t -RNA may be separated by this 
boronic acid resin. 

Figure 11 shows in its upper part the separation of two nucleosides, 
namely, 2 '-deoxythymidine and adenosine. 2 '-deoxythymidine passes 
through the column at pH 8.5 without any retardation (P1), while adenosine 
is retained. For its elution, an acid buffer (pH 5.0) is necessary (P2). The 
lower part of the figure shows the chromatography of the same nucleosides 
at a so-called "mock resin," which contains ethanolamine instead of 3- 
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(a) 

I 

.0 "C CH H2C'o 

"O-H . . . . . . . .  " . - o > - H  . . . . .  
H R 

Asp-f02(32) His-57(64) 

Ser-lg5 (221) 

(b) 

I 

0 ~ H2C~^ Ser-195 (22J) 
-C" ,C=CH u ~  

" .- ......... a ..,. N-H ......... O-B-OH 
~" C"  H~ 

II R' 
/sp-102(32) His-St(B4) 

FIG. 12. (a) Substrate complex. (b) Inhibitor 
complex of boronic acid with chymotrypsin 
and subtilisin (numbers in brackets). 

aminophenyl boronic acid as a ligand: The unspecific interactions (hydro- 
phobic and ionic interactions) between the "mock resin" and the substances 
to be separated are the same as in the case of the affinity resin. Of course, the 
specific interaction is missing. The nucleosides are not separated by the 
"mock resin," which means that the separation by the affinity resin is based 
on the specific interaction between the boronic acid and the hydroxyl groups 
of the ribose moiety and not on unspecific interactions. The performance of 
an analogous control experiment is necessary for each affinity chromato- 
graphic separation, in order to exclude the possibility that a separation is 
based on unspecific interactions, and not on the desired bio- 
specific ones. 

The described interaction between the boronic acid resin and the ribose 
derivatives is applied in the analysis of rare nucleobases in the urine of 
cancer patients, for the isolation of ADP-ribosylated nucleoproteins, for the 
determination of the activity of ribormcleoside-disphosphate reductase, and 
for the isolation of epinephrine and norepinephrine from urine. 

Figures 12 and 13 show the affinity chromatographic purification of 
serine proteases with the insoluble 3-aminophenyl boronic acid resin, which 
depends on the fact that the ligand is an inhibitor of serine proteases. Figure 
12 shows the substrate and the inhibitor complex with boronic acid as 
inhibitor. Both complexes occur in the case of chymotrypsin and subtilisin, 
and are formed by the same amino acid residues, namely, serine, histidine, 
and asparaginic acid. Besides chymotrypsin and subtilisin, the boronic acid 
resin also retains proteinase K. This is an extracellular serine protease 
produced by Tritirachium album, which is isolated from the culture broth of 
this organism. The enzyme is useful for the isolation of macromolecular 
nucleic acids. Its purification by affinity chromatography is shown in Fig. 13. 
Proteinase K is retained by the SADC-bound 3-aminophenyl boronic acid 
at pH 6.5 and eluted at pH 11. 

As already mentioned, the affinity resins based on CM-cellulose are 
very stable. Thus, one and the same contents of a chromatography column 



AFFINITY CHROMATOGRAPHY, CARRIERS, AND LIGAND BINDING 185 

o 
cq 

o:4O 
t 

! 

o- 

2o- 

r 

"7, i 

"~ 60. 

I 

J 

(a) 

, 

.g 

eluate 

(b) 

~. ~_ ~ _~ 

eluate 

FIG. 13. (A) Affinity chromatography purification of 
proteinase K on SADC-bound 3-aminophenyl boronic 
acid. (B) Control experiment with a "mock resin" 
(see also, Fig. 11). I: solution of proteinase K in 0.1 M 
tris/HCl buffer, pH 6.5, containing 1 mM CaCI2. II: 
washing with 0.1 M morpholine/HCl buffer, pH 9. III: 
elution with 0.1 M triethylamine/HC1 buffer, pH 11.0. 

was used more than 50 times within 2.5 years without any reduction of 
capacity or in achievement  of separation. 

ADH 
AHA 
AMP 

Argpa 
CM-cellulose 

DH 
GDA 
LDH 

MDH 
NADH 

NAD 
SAHA 
SAHC 

LIST OF A B B R E V I A T I O N S  

alcohol dehydrogenase 
aminohexyl agarose 
adenosine 5'-monophosphate 
arginine 4-nitroanilide 
carboxymethyl cellulose 
dehydrogenase 
glutaraldehyde 
lactate dehydrogenase 
malate dehydrogenase 
dihydronicotinamide adenine dinucleotide 
nicotinamide adenine dinucleotide 
succinylated aminohexyl agarose 
succinylated aminohexyl CM-cellulose 
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