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ABSTRACT 

Affinity adsorbents for trypsin which were prepared by immobilizing product-type ligands, that is, peptides having C-terminal 
arginine, proved to be effective not only for preparative purposes but also for basic research on molecular recognition. The properties of 
the binding site of trypsin were revealed by chromatographic experiments. Quantitative analysis based on the theory of frontal affinity 
chromatography proved to be extremely effective. As an extension of the product-type ligands, peptide argininals were also used and 
information on the mechanism of action of these inhibitors was obtained. Anhydrotrypsin, which lost the hydroxyl group of Ser183, 
was found to gain increased binding ability for product-type compounds. This inactivated enzyme was also used as an immobilized 
ligand and the unique affinity adsorbent thus prepared proved to be extremely effective for the separation of peptides and recombinant 
proteins based on their C-terminal structures. High-performance affinity chromatography of trypsin and related enzymes using a 
polymer-based support was also developed. 
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1. INTRODUCTION chromatography, was chymotrypsin. Chymotryp- 

One of the target proteins described in the paper 
published by Cuatrecasas et al. [l] in 1968, which is 
now widely recognized as a landmark in affinity 

sin was specifically adsorbed to an agarose deriv- 
ative which had D-tryptophan methyl ester, an 
enantiomer of the substrate of chymotrypsin, as im- 
mobilized ligand. The idea of using substrate ana- 
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logues which are resistant to enzyme action stim- 
ulated us to develop affinity adsorbents for trypsin, 
on which we had been carrying out extensive stud- 
ies. 

Although trypsin itself is only a digestive enzyme, 
a number of related proteolytic enzymes, e.g., 
thrombin, plasmin, kallikrein and acrosin, are very 
important regulatory enzymes. Hence studies of 
trypsin as a model were expected to contribute 
greatly to the understanding of the functions of 
these proteins. The development of affinity adsor- 
bents for trypsin should provide efficient purifica- 
tion procedures and investigative tools from the 
viewpoints of not only basic studies on trypsin-fam- 
ily proteases but also their application. 

Specific ligands used for affinity adsorbents for 
trypsin-family enzymes are roughly classified into 
four categories. The first category includes trypsin 
inhibitors of a protein nature such as soybean tryp- 
sin inhibitor (STI), pancreatic inhibitor and ovomu- 
coid [224]. The second includes inhibitors of low 
molecular mass such as leupeptin and chymostatin, 
produced mainly by Streptomyces. ‘They had not 
been utilized at the time when we bqgan studies of 
the affinity chromatography of proteases. The third 
category is synthetic competitive inhibitors such as 
benzamidine [5,6] and the last are products of tryp- 
sin action. Our first choice of product-type ligands 
strongly favoured the subsequent development of 
the affinity chromatography of trypsin-family pro- 
teases. 

In general, substrates do not seem suitable as li- 
gands for affinity adsorbents because they are con- 
verted into products immediately after contact with 
the target enzyme, except under very limited condi- 
tions such as at very low temperatures and extreme 
pH. On the other hand, products may be more ad- 
vantageous because they will not be: easily trans- 
formed into substrates, especially in the case of pro- 
teolytic enzymes. However, the binding ability of 
products will generally be inferior to that of sub- 
strates in order to ensure turnover at the active site. 
This may be a serious disadvantage of using prod- 
uct-type compounds as immobilized ligands for af- 
finity adsorbents. 

However, with trypsin, it was found that, under 
certain circumstances, product-type compounds in- 
teract strongly with the binding site with an affinity 
comparable to that of substrates [7]. They proved to 

be very efficient immobilized ligands. Affinity ad- 
sorbents of this type became applicable not only for 
preparative purposes but also for basic studies on 
the mechanism of biochemical recognition because 
the ligands were very similar to the natural sub- 
strates. Starting from this type of adsorbent, vari- 
ous aspects of affinity chromatography have been 
revealed and thus accumulated experience and 
knowledge have contributed greatly to the general 
development of this new technique. This paper re- 
views the development of affinity chromatography 
in which trypsin always had a crucial role. 

2. PREPARATION AND PROPERTIES OF AP-AGAROSE 

(ARGININE-TERMINATED PEPTIDE-AGAROSE) 

Fig. 1 shows the general structure of affinity ad- 
sorbents for trypsin which have peptides having ar- 
ginine at the C-terminus (AP-agarose). A ligand 
having such a structure could be easily prepared 
from natural sources. Protamines contained in 
sperm of fish are mixture of extremely basic pep- 
tides. Fig. 2 shows the primary structure of one 
component of salmine, which is a protamine of 
salmon [8]. As about one third of their component 
amino acids are arginine, digestion with trypsin 
gave various small peptides terminated with argi- 
nine. They had favourable properties as ligands for 
affinity adsorbents for trypsin. The C-terminal argi- 
nine should interact with the binding site of trypsin. 
They have free amino groups available for immobil- 
ization reaction with activated agarose. Residues 
prior to the C-terminal arginine will play the role of 
a spacer. A free carboxyl group at the C-termini 
seemed to weaken the specific interactions with the 
binding site, and therefore at first it was planned to 
block them with an appropriate chemical group 
which would not be removed by trypsin action, e.g., 
a secondary amine or proline. 

Salmon sperm salmine was digested with trypsin 
and the fraction composed mainly of di- and tripep- 

P 
NHCH- 

Fig. 1. General structure of AP-agarose. 
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Pro-(Arg),(Ser)s-Arg-Pro-Val-(Arg)s-Pro-Arg-Val- 

ser-(Arg)6-(GlY)~-(Arg)5 

Fig. 2. Primary structure of a component of salmine. 

tides was prepared. These mixed arginine-terminat- 
ed peptides (AP) were immobilized to agarose gel 
by the cyanogen bromide method. The amount of 
immobilized AP could be easily determined by ami- 
no acids analysis of the resulting adsorbents. Usu- 
ally, 1-5 pmol of peptides were immobilized to 1 ml 
of agarose gel. When a solution of commercial bo- 
vine trypsin was applied to an AP-agarose column, 
AP-agarose caused retardation of trypsin (Fig. 3a). 
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Fig. 3. Chromatography of trypsin and other enzymes on AP- 
agarose. The column (7 x 0.6 cm I.D.) was equilibrated and run 
with (a) 0.05 M Tris-HCl buffer (pH 8.2) containing 0.02 M 
CaCl, or (b and c) 0.02 M phosphate buffer (pH 7.3). Arrows 
indicate replacement of the buffers with 5 mM HCl. Flow-rate, 
ca. 10 ml/h. All experiments were carried out at 4°C. 0 = pro- 
tein (A,,,); 0 = trypsin activity; A = chymotrypsin activity; 
0 = ribonuclease activity. (a, b) Bovine trypsin (1 mg); (c) mix- 
ture of 0.7 mg each of bovine trypsin, chymotrypsin and ribonu- 
clease (From ref. 9). 

Material having no enzymatic activity passed 
through the column, but the enzyme activity coinci- 
ded with the second protein peak. Thus, although 
the interaction was not strong enough to cause ad- 
sorption of active trypsin, this adsorbent seemed to 
be effective at least for the removal of enzymatically 
inactive material. In order to obtain stronger ad- 
sorbents, it seemed necessary to block the free car- 
boxy1 group of arginine. 

However, an unexpected observation was made 
when the effect of pH was investigated. The chro- 
matogram shown in Fig. 3a was obtained at the 
optimum pH of trypsin, i.e., 8.2. When chromatog- 
raphy was carried out at lower pH (7.2-4.0) ad- 
sorption, instead of retardation, of active trypsin 
occurred (Fig. 3b). Even after washing with 20 col- 
umn volumes of buffer, active trypsin did not ap- 
pear. Only a more acidic eluent such as 5 mM HCl 
could elute the active trypsin. The purity of the elut- 
ed fraction determined by active-site titration was 
found to have increased by more than 95%. Hence 
AP-agarose proved to be usable as an efficient ad- 
sorbent for trypsin if suitable conditions were se- 
lected. Blocking of the free carboxyl groups turned 
out to be unnecessary. 

Lines of evidence were obtained that indicated 
that AP-agarose functioned as a true affinity ad- 
sorbent, as described below 191: 

(1) Trypsinogen, an inactive precursor of trypsin, 
was not adsorbed. 

(2) Inactivated trypsin derivatives in which either 
Ser183 or His46 was modified with active site-di- 
rected reagents such as diisopropyl phosphofluori- 
date (DFP), phenylmethanesulphonyl fluoride 
(PMSF) and tosyllysine chloromethyl ketone 
(TLCK) were not adsorbed. 

(3) Adsorbed trypsin could be eluted with a com- 
petitive inhibitor such as benzamidine. 

(4) Chymotrypsin was not adsorbed although it 
was slightly retarded in comparison with ribonu- 
clease (Fig. 3~). 

(5) Urea inhibited the adsorption of active tryp- 
sin. This suggested the importance of the native 
conformation, especially the integrity of the active 
site of trypsin. 

The importance of residues other than the C-ter- 
minal arginine of AP was also demonstrated. An 
agarose derivative having a similar amount of argi- 
nine (Arg-agarose) did not adsorb trypsin at any 
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pH tested, This result suggested that residues locat- 
ed at the N-terminal side of the C-terminal arginine 
were essential as spacers in order to assist the access 
of the arginine residue to the active site of trypsin. 

AP-agarose, which was obtainable very easily 
and economically, proved to be veq efficient as a 
purification medium for not only bouine trypsin but 
also other trypsin-related enzymes such as Strepto- 
myces griseus trypsin and plasmin [BO]. 

The basic mechanism of such a pHi dependence of 
adsorption, that is, a low affinity at the optimum 
pH of enzyme action and high affinilty at pH lower 
than the optimum, should be explained. This is un- 
doubtedly related to the fact that the immobilized 
ligands were product-type peptides. It is reasonable 
to assume that there is some mechamism to make 
the affinity of products lower than that of substrates 
in order to ensure the turnover of the active site. 

One of the most significant differences between 
the substrate and the product is that the latter has a 
free carboxyl group which should be negatively 
charged at the optimum pH of trypsin (ca. 8). Prob- 
ably a negative charge will be located in the active 
site very close to the newly formed free carboxyl 
group of the substrate. Hence once the substrate 
has been converted into the product, the latter 
should be subjected to repulsion. This putative neg- 
ative charge does not seem to be a curboxy group, 
because it seemed to have disappeared when the pH 
was lowered from 8 to 7; the pK, of an ordinary 
carboxyl group is usually around 4. Et is more prob- 
able that a group which had a pX, of about 7.5 
became positively charged and neutralized the neg- 
ative charge responsible for the repulsion of the 
product (Fig. 4). In other words, it is not because 
the affinity for the product increased but because 
the factor that had made the affinity ifor the product 

e 4 co@ 

pH>B pH <7 

Fig. 4. Possible explanation of the increase in affinity for prod- 
uct-type compounds at lower pH. 

low was suppressed. The active site maintains such 
a state between pH 7 and 4, whereas below pH 3 the 
conformation of the active site would be destroyed. 
This would result in the release of trypsin from AP- 
agarose. Such a pH dependence for product-type 
compounds was also proved by kinetic experiments 
in which Ki values of soluble product-type com- 
pounds were determined [9]. 

The experiment described above emphasized that 
the most suitable conditions for adsorption and 
desorption should be sought carefully for each af- 
finity adsorbent. The best conditions often depend 
on which ligand one has chosen and they have sel- 
dom studied in detail before. Flexibility in thinking 
is also important because some compound which 
has not been recognized as a suitable ligand might 
become an excellent ligand if good chromatograph- 
ic conditions are established. The observations de- 
scribed here were also instructive because they af- 
forded some valuable information on the nature of 
the active site of trypsin. During the search for suit- 
able conditions for adsorption, pH dependence of 
the interaction between trypsin and its product 
which reflects the state of ionization of the active 
site was revealed unintentionally. Hence affinity 
chromatography proved to be useful not only for 
preparative purposes but also for fundamental 
studies of biomolecules. 

3. ROLES OF THE CATALYTIC RESIDUES OF TRYPSIN 

IN SPECIFIC BINDING 

One of strong supports for AP-agarose being a 
true affinity adsorbent was the observation that on- 
ly active trypsin had been adsorbed whereas trypsin 
inactivated with DFP or TLCK had not. However, 
is it always the case that inactivated trypsin loses 
affinity for AP-agarose? In other words, is catalytic 
activity essential for specific binding? Modification 
of the catalytic residues, serine (Ser183) with DFP 
and PMSF, or histidine (His46) with TLCK, not 
only resulted in destruction of the catalytic activity 
but also may have caused steric hindrance around 
the substrate binding pocket. Hence other modifica- 
tion procedures that destroy only the catalytic ac- 
tivity should be examined. The use of modifying 
reagents that are small enough not to cause block- 
ing of the binding pocket was necessary. 

His46 has been found to be specifically modified 
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Fig. 5. State of the specific binding site of modified trypsins. (a) 
Intact trypsin which interacts with AP-agarose; (b) TLCK-tryp- 
sin; (c) DFP-trypsin; (d) carboxyamidomethyl-trypsin; (e) an- 
hydrotrypsin. 

with monoiodoacetamide in the presence of methyl- 
amine, and the resulting carboxyamidomethyltryp- 
sin (CAM-trypsin) lost catalytic activity [ 111. 
Ser183 can be converted into dehydroalanine [ 121. 
To prepare this derivative (called anhydrotrypsin 
because one water molecule has been removed), 
trypsin was first modified with PMSF, and the re- 
sulting PMS-trypsin was treated with alkali to allow 
p-elimination of the PMS group. Finally, catalyt- 
ically inactive anhydrotrypsin was produced. Both 
of these inactive trypsin derivatives were found to 
be adsorbed to AP-agarose [13]. 

These experiments clearly showed that the two 
sites constituting the active site of trypsin, namely 
the catalytic site and the binding site, function inde- 
pendently. It was evident that DFP, TLCK and 
PMSF had sterically hindered the access of the C- 
terminal arginine to the binding pocket (Fig. 5). 
Both His46 and Ser183, essential residues for catal- 
ysis, were not essential for the specific binding. This 
also suggests that one must be careful that puri- 
fication by affinity chromatography does not neces- 

sarily guarantee that the enzyme preparation is 
100% active. 

However, the following points should be noted. 
These results do not mean that the active site of 
every enzyme can be divided into catalytic site and 
binding site, or that these two sites are always com- 
pletely independent. There will also be many en- 
zymes in which two sites are closely related. Conse- 
quently, when one of them is destroyed, the other 
will also lose its function. Even with trypsin, it was 
found that the two sites are not completely indepen- 
dent (see later). 

4. STRUCTURE OF ARGININE PEPTIDES FAVOUR- 

ABLE FOR BINDING WITH TRYPSIN 

The use of product-type immobilized ligands 
made AP-agarose an efficient tool not only for puri- 
fication but also for investigations of the mecha- 
nism of specific recognition. However, it had a 
drawback for basic studies because the immobilized 
ligands were heterogeneous in terms of both length 
and sequence. Affinity adsorbents having homoge- 
neous peptide would be much more suitable for de- 
tailed studies. 

From a practical point of view, the binding site of 
proteolytic enzymes is often considered to be com- 
posed of hypothetical subsites corresponding to 
amino acid residues of the substrate, as shown in 
Fig. 6. The S1 site is the substrate-binding pocket 
where the specificity-determining residue of the sub- 
strate (Pr) interacts. With AP-agarose, the C-termi- 
nal arginine binds to this site. Residues located at 
the N-terminal side of the arginine (PZ, P3, etc.) 
should interact with SZ, S3, etc., respectively. The 
strength of binding should be influenced by the na- 
ture of these residues. Hence these residues play the 
role not only of a spacer but also of part of the 
specific ligand. 

In order to elucidate the mechanism of interac- 
tion more deeply, a number of affinity adsorbents 
having well characterized arginine peptides were 
prepared [ 14,151. Peptides with different lengths 
having arginine at C-termini were synthesized and 
immobilized to agarose. It was also necessary to es- 
tablish a new methodology to compare quantita- 
tively the binding strengths of these adsorbents. 
Hence the theory of frontal affinity chromatogra- 
phy was originated and applied to this system. Li- 
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Fig. 6. Subsites of proteolytic enzyme. 

gand contents of adsorbents were kept low because 
weak adsorbents were required for this procedure. 

According to the theory of frontal affinity chro- 
matography [l&19], if very dilute enzyme solution 
is applied, the dissociation constant (&) of the 
complex between the affinity adsorbent and the en- 
zyme can be expressed by an extremely simple equa- 
tion: 

Kd = B,/( v - V,) (1) 

where Bt is the amount of the immobilized ligands, 
V is the elution volume of the front of the target 
enzyme and V0 is the elution volume of a substance 
which does not interact with the immobilized li- 
gand. In practice, it is important to use weak affinity 
adsorbents which do not cause adsorption because 
we have to measure the extent of retardation of the 
target enzyme. The affinity of bovine trypsin for 
these adsorbents was analysed quantitatively by 
frontal affinity chromatography (Table 1). 

TABLE 1 

Kd VALUES OF BOVINE TRYPSIN FOR VARIOUS AF- 
FINITY ADSORBENTS HAVING ARQININE-TERMI- 
NATED PEPTIDES (PH 6.0,4”(Z) (FROM REF. 15) 

Immobilized ligand & (mW 

p, p.4 p, p, PI 

Val-Arg 0.35 
Gly-Gly-Arg 0.13 
Gly-Ala-Arg 0.048 
Gly-Val-Arg 0.14 

Gly-Gly-Gly-Arg 0.15 
Gly-Gly-Gly-Gly-Arg 0.11 
Gly-Gly-Gly-Val-Arg 0.10 

Gly-Gly-~-Are 1.2 

K.-I. KASAI 

The effect of the length of peptides can be as- 
sessed by comparison of the Kd values for Val-Arg, 
Gly-Val-Arg, Gly-Gly-Val-Arg and Gly-Gly- 
Gly-Val-Arg [ 151. A marked difference in affinity 
between di- and tripeptides was observed; the Kd for 
Val-Arg was 0.35 mM whereas that for Gly-Val- 
Arg was 0.14 mM. The addition of one glycine re- 
sidue resulted in about a twofold increase in affinity 
for trypsin. This glycine residue at P3 may either 
have a role as a spacer or interact with the subsite S3 
of trypsin. Addition of two or three glycine residues 
did not result in a substantial increase in affinity. 
These results showed that a tripeptide is long 
enough to make the C-terminal arginine accessible 
to the substrate-binding pocket of trypsin (S1 site). 
In other words, the minimum length of spacer that 
can prevent steric hindrance is that of dipeptide. It 
was also concluded that, in the case of trypsin, only 
subsites Si, S2 and S3 are worth considering. 

The Kd values of three tripeptides having differ- 
ent P2 residues (Table 1) also showed the impor- 

trypsin 

agarose 

necessary 

Fig. 7. Interaction of trypsin with AP-agarose. 
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tance of interactions including the SZ site. If the PZ 
residue was either glycine or valine, almost the same 
& value was observed, whereas alanine at a PZ site 
resulted in a significant decrease in &. This obser- 
vation was supported by a kinetic experiment in 
which inhibition constants (Ki) of soluble tripep- 
tides having the same structure except that their 
a-amino group was acetylated were determined. A 
ligand having a C-terminal D-arginine was also ex- 
amined. The Kd of Gly-Gly-D-Arg was about ten 
times of that of Gly-Gly-L-Arg. The binding site of 
bovine trypsin discriminates optical isomers of even 
product-type compounds and has a stronger affinity 
for L-amino acids. 

Fig. 7 shows schematically a summary of the re- 
sults obtained here. These results strongly indicate 
that quantitative affinity chromatography is a pow- 
erful tool for direct investigations of specific inter- 
actions between biomolecules. 

5. ANALYSIS OF EFFECTS OF ENVIRONMENTS ON 

THE INTERACTION BETWEEN TRYPSIN AND THE AF- 

FINITY ADSORBENT 

In the previous section, eqn. 1 was used to com- 
pare the binding abilities of affinity adsorbents hav- 
ing different arginine peptides. The same equation 
can also be applied to study the binding ability of an 
affinity adsorbent under various conditions. Thus, 
Kd values under various conditions were deter- 
mined by using bovine trypsin and Gly-Gly-Arg- 
agarose. This gave almost equivalent information 
to the study by using trypsin and soluble product- 
type compounds [ 171. 

5.1. Eflect ofpH 
Kd values were determined at various pH values 

(Fig. 8a). The Kd values decreased markedly from 
pH 8 to 7 and more gradually below pH 7. The 
minimum value was obtained at pH 4. This result is 
almost consistent with the qualitative observation 
previously obtained with AP-agarose that trypsin 
was adsorbed between pH 7 and 4. The pH depen- 
dence of the interaction between trypsin and a solu- 
ble product-type compound was also studied by ki- 
netic experiments. Inhibition constants (Ki) of ben- 
zyloxycarbonylarginine at various pH values were 
determined. A very similar pH dependence was ob- 
served. Thus, the mode of adsorption of trypsin to 

6 7 8 
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Fig. 8. (a) Effect of pH on the affinity of bovine trypsin for 
Gly-Gly-Arg-agarose. Kd values were determined by frontal af- 
finity chromatography at various pH values. Buffers used: n = 
0.1 M Tris-maleate; a = morpholinoethanesulphonate; 0 = 
acetate; 0 = formate. Temperature, 4’C. (b) Effect of temper- 
ature on the affinity of bovine trypsin for Gly-Gly-Arg-agarose. 
0.1 MTris-maleate buffer containing 0.02 MCaCl, (pH 6.2) was 
used. (From ref. 17). 

Gly-Gly-Arg-agarose proved to reflect exactly the 
interaction between trypsin and soluble product- 
type compounds. 

5.2. Effect of temperature 
Fig. 8b shows the effect of temperature on the Kd 

values of the binding of trypsin to Gly-Gly-Arg- 
agarose. The binding strength was found to be very 
sensitive to changes in temperature; the lower the 
temperature, the stronger was the interaction. The 
Kd value at 15°C was about ten times that at 4°C. 
From this result, it seems desirable to carry out 
chromatography in a cold room from the point of 
view of both the affinity and stability of the enzyme. 

5.3. Other factors affecting afinity 
Frontal affinity chromatography of trypsin on 

Gly-Gly-Arg-agarose was carried out in the pres- 
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TABLE 2 

EFFECTS OF ADDED COMPOUND ON T HE K,, VALUE OF BOVINE TRYPSIN FOR GLY-GLY-ARG-AGAROSE (FROM 
REF. 17) 

Addition 

None 
Sodium chloride 

Thallium formate 

None 
Glycine 

Dioxane 

n-Propanol 
Ethylene glycol 

Concentration 

0.1 M 
0.3 M 
1.0 M 
0.1 M 

0.03 M 
0.1 M 
0.5 M 

1% 
5% 
5% 

10% 

Kd (mW 

0.11 
0.11 
0.16 
0.16 
2.2 

0.16 
0.18 
0.21 
0.38 
0.21 
0.43 
0.14 
0.16 

Eluting buffer 

0.1 M Tris-maleate buffer containing 
0.02 M CaCl,, pH 6.2, 4°C 

Morpholinoethanesulphonate buffer containing 
0.02 M CaCI,, I = 0.24, pH 6.0, 4°C 

ence of various compounds which cause changes in 
the solution environment (Table 2). No detectable 
change in Kd was observed on the addition of 0.1 A4 
NaCl. However, higher concentrations of NaCl 
caused an increase in Kd. This suggests that the ion- 
ic interaction between Asp177 located in the bot- 
tom of the binding pocket of trypsin and the guani- 
dino group of Gly-Gly-Arg-agarose was weak- 
ened. Addition of glycine also caused an increase in 
&. This is also attributed to the deareased interac- 
tion brought about by the increase in dielectric con- 
stant. 

Among the organic solvents tested, dioxane was 
the most effective in increasing &. Because of its 
effect in decreasing the dielectric constant of water, 
the ordered structure of trypsin may be partially 
destroyed. n-Propanol at the same cancentration in- 
creased Kd slightly. Ethylene glycal (lo%), often 
used to dissociate proteins from hydrophobic ad- 
sorbents, had no effect. This suggested that hydro- 
phobic interactions contribute little to the binding 
ability of trypsin. 

Stroud et al. [20] reported an X-ray diffraction 
study indicating that two thallium ions bind to the 
substrate-binding pocket and inhibit trypsin com- 
petitively. In the presence of 0.1 M thallium for- 
mate, an extremely large Kd value (2.2 mM) in com- 
parison with Kd obtained in the presence of the 
same concentration of NaCl (0.11 m&f) was ob- 
tained. This strongly suggests the specific binding of 

thallium ions and supports the results obtained by 
X-ray analysis. 

6. ANALYSIS OF THE EFFECT OF COMPETITIVE LI- 

GANDS 

Competitive elution of adsorbed substances is a 
popular and effective method in affinity chromatog- 
raphy. If we perform frontal affinity chromatogra- 
phy in the presence of a soluble competitive inhib- 
itor, its effect can be quantitatively analysed by 
measuring the extent of the reduction of the elution 
volume of the target molecule (trypsin in the present 
instance). In this instance, an equilibrium constant 
equivalent to the inhibition constant (Ki) obtainable 
by enzyme kinetics is obtained by a simple equa- 
tion: 

6 = v. + Ki . vm - K 
[Ilo 

where yi is the elution volume of trypsin in the pres- 
ence of a soluble competitive inhibitor, V, is that in 
the absence of the inhibitor and [Ilo is the concen- 
tration of the inhibitor. 

If we perform frontal affinity chromatography of 
trypsin with various concentrations of a compet- 
itive inhibitor, measure the elution volumes (Vi) and 
plot these values against (V, - Q/[Ilo, a straight 
line will be obtained and Ki and V. can be deter- 
mined from the slope and the intercept on the ordi- 
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EFFLUENT VOLUME (ml) 

Fig. 9. (a) Effect of benzamidine on the pattern of frontal chro- 
matography of bovine trypsin. A column of GlyGly-Arg-aga- 
rose (10 x 0.6 cm I.D.) was equilibrated and run with 0.1 M 
Tris-maleate buffer containing 0.02 M CaCl, (pH 6.0). Temper- 
ature, 4°C. The concentrations of benzamidine are indicated in 
@4. Concentration of the enzyme, 0.2 PM. (b) Plot of y against 
(V, - Q/[Q for the data obtained from (a). (From ref. 17). 

nate, respectively. Moreover, once V0 and V, have 
been determined, Ki for any competitive inhibitor 
can be obtained by only one operation of chroma- 
tography in the presence of the inhibitor. 

To verify the validity of this theory, the effects of 
competitive inhibitors of trypsin on frontal affinity 
chromatography were studied by using Gly-Gly- 
Arg-agarose [17]. Fig. 9a shows the effect of benz- 
amidine on bovine trypsin. The plot of experimen- 
tal data according to eqn. 2 fitted a straight line very 
well (Fig. 9b). A similar experiment was also carried 
out on S. griseus trypsin. Ki values of benzamidine 
for these two trypsins at pH 6.0 and 4°C were deter- 
mined as 14 and 1.5 PM, respectively. These values 
were also determined by enzyme kinetics although 
the conditions were unfavourable because the en- 
zyme reaction proceeded slowly owing to the low 
pH and low temperature. Values of 15 and 1.0 PM 
were obtained. Thus, Ki values obtained by these 
two completely different methods were very close. 

These results show that affinity chromatography 
can provide almost the same information as enzyme 

kinetics on specific interactions. Moreover, it has 
advantages because it is applicable to systems or 
conditions where enzyme kinetics are no longer ap- 
plicable, e.g., far from the optimum pH or at very 
low temperature. Binding constants for even inacti- 
vated enzymes can be determined. This means that 
it is applicable not only to enzyme systems but also 
to every interacting biomolecule system, e.g., specif- 
ic interactions between lectins and complex carbo- 
hydrates. Frontal chromatography has been ap- 
plied to a variety of interacting systems and has 
contributed to the elucidation of their mechanism 
[21-251. 

7. COVALENT AFFINITY CHROMATOGRAPHY OF 

TRYPSIN BY USING ARGININAL DERIVATIVES 

Leupeptin, which is produced by several strains 
of Streptomyces, was found to have an extremely 
strong inhibitory ability for trypsin-family proteas- 
es [26]. Leupeptin is basically a mixture of deriv- 
atives of leucylleucylargininal. The a-amino group 
is acylated with either an acetyl of propionyl group 
(Fig. 10). The strong inhibitory action is explained 
by the formation of a covalent hemiacetal adduct 
between the aldehyde group in the inhibitor and the 
hydroxyl group of the catalytic Set-183 of trypsin 
[27]. The complex thus formed can be regarded as a 
model of a hypothetical tetrahedral intermediate of 
trypsin action and the bound leupeptin is some- 
times called a “frozen substrate”. It was of great 
interest to use compounds of this type as immobi- 
lized ligands of affinity adsorbents for trypsin-fam- 
ily enzymes, because they are situated between 
product and substrate. It was also expected to be 
able to prepare very strong affinity adsorbents be- 
cause the formation of a reversible covalent bond 
was expected. 
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Fig. 10. Structure of leupeptin. 
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As both the guanidino and aldehyde groups of 
leupeptin are essential for its function, it was neces- 
sary to create a suitable reactive group for an im- 
mobilization reaction. It was considered that if a 
peptide bond in leupeptin could be hydrolysed, a 
free amino group would appear. Then, thermolysin 
was found to hydrolyse exclusively the leucyl-leucyl 
bond [28]. However, the direct thermolysin diges- 
tion of leupeptin gave complex products and yield 
of the expected leucylargininal was very low. This 
was considered to be due the intramolecular reac- 
tion of the exposed a-amino group -with the alde- 
hyde group. Therefore, the aldehyde group was 
protected as a form of dibutylacetal prior to the 
thermolysin digestion and the product was handled 
in the protected form throughout a series of reac- 
tion steps. After the final immobilizahion reaction to 
agarose, the aldehyde group was regenerated. 

Leucylargininal dibutylacetal was, reacted with 
agarose gel derivatives which had been coupled 
with a spacer such as aminohexanoicl acid and Gly- 
Gly by using water-soluble carbodijmide. Affinity 
adsorbents prepared by such a procefdure (LA-aga- 
rose) showed a strong affinity for trypsin-family 
proteases, as had been expected. Enzlyrmes adsorbed 
by LA-agarose were bovine trypsin, Streptomyces 
griseus trypsin, plasmin, kallikrein, ,urokinase, tis- 
sue plasminogen activator and clostripain, etc. 

The importance of the aldehyde igroup for ad- 
sorption was evident. The agarose derivatives ad- 
sorbed proteases only after the regeneration of the 
aldehyde group by acid treatment. The adsorbents 
completely lost their ability when the aldehyde 
group was converted into the corresponding alco- 
hol by treatment with NaBH,. The ‘importance of 
Ser183 for the interaction was also demonstrated. 
Trypsin derivatives which lost the function of 
Ser183, namely DIP-trypsin and anhydrotrypsin, 
were not adsorbed. These results sfirongly suggest 
that adsorption of trypsin is based on both the affin- 
ity of the binding site and the forma&ion of a cova- 
lent bond at the catalytic site. 

The formation of the covalent bond was also sug- 
gested from the observation that elution of ad- 
sorbed trypsin was almost impossible with the pro- 
cedures usually used, such as elev;ation of ionic 
strength, lowering of pH or addition of dena- 
turants. Successful elution was achieired only by the 
addition of leupeptin to the eluent at ilow concentra- 

tion (e.g., 0.2 mM). However, the transfer of ad- 
sorbed trypsin to this mobile phase proceeded only 
slowly, so the flow-rate should be kept very low. In 
practice, a leupeptin-containing buffer was intro- 
duced into the column to fill the void, allowed to 
stand overnight without flow and elution was start- 
ed again the next day. Another difficulty was that 
the eluted trypsin formed a tight complex with leu- 
peptin which could not be removed by dialysis or 
gel filtration. Therefore, leupeptin was inactivated 
by converting its aldehyde group into alcohol with 
dilute NaBHa (e.g., 2 mM). To regain the intact 
enzyme, it is important that the objective enzyme 
tolerates such reductive conditions. Trypsin was 
stable under these conditions, and about 90% of the 
activity originally applied to the column was reco- 
vered. 

It was difficult to determine quantitatively the af- 
finities of the ordinary adsorbents of this type by 
frontal analysis because enzymes were adsorbed too 
tightly. Therefore, an adsorbent of low ligand con- 
tent was prepared and the dissociation constants 
were determined. A preparation of LA-agarose 
whose ligand content was 3.2 nmol/ml (3.2 . 1O-6 
M) was used to determine Kd values for various 
trypsin-family enzymes. The Kd values for bovine c1- 
and p-trypsin and S. griseus trypsin were 1 .l, 0.33 
and 0.025 pLM, respectively, at 25°C and pH 8.2. 
The Kd for bovine trypsin increased slightly when 
the pH was lowered from 8.2. At pH 6 the Kd value 
was 1 pA4 and at pH 4 it was 3.2 pLM, that is, about 
ten times larger than at pH 8.2 [29]. Such a pH 
dependence also suggested that LA-agarose ad- 
sorbed trypsin by a different mechanism from ad- 
sorbents having product-type ligands. 

In place of a leupeptin derivative, a synthetic ar- 
gininal derivative, Gly-Gly-argininal, was also pre- 
pared and used as an immobilized ligand [30]. Gly- 
Gly-argininal-agarose showed very similar proper- 
ties to LA-agarose. Although the importance of 
Ser183 of trypsin was again demonstrated, His46 
proved to be non-essential for the interaction with 
the adsorbent. CAM-trypsin, a catalytically inac- 
tive derivative in which His46 was specifically mod- 
ified, was found to be adsorbed. 

The usefulness of leucylargininal dibutylacetal 
was not limited to the field of affinity chromatogra- 
phy. It was an excellent starting material for a varie- 
ty of reagents for investigation. For example, dan- 
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sylated derivatives were found to be effective fluo- 
rescent affinity labelling reagents for trypsin-family 
proteases [31]. A number of affinity adsorbents and 
soluble inhibitors having different P3 amino acid 
residues were also synthesized. They were used ef- 
fectively to assess the function of proteolytic en- 
zymes in biological regulation such as fertilization 
and development [32,33]. 

8. IMMOBILIZED TRYPSIN AS AN AFFINITY ADSOR- 

BENT 

As demonstrated in the previous sections, quanti- 
tative affinity chromatography became an excellent 
investigative tool for specific interactions of biomo- 
lecules, because the high resolution ability of chro- 
matography and the specific recognition of the af- 
finity technique were effectively combined. In order 
to explore the potential of frontal affinity chroma- 
tography, application to immobilized enzymes was 
undertaken. Interaction of protein molecules in the 
mobile phase with immobilized small ligands had 
been studied, but the reverse case should also be 
possible. Immobilized enzymes have been used for a 
variety of purposes. However, in the present in- 
stance, only the analysis of specific interactions with 
small ligand molecules was considered. Thus, tryp- 
sin was immobilized to agarose gel and the beha- 
viour of small specific ligands was studied. 

Trypsin-agarose was prepared by the ordinary 
cyanogen bromide method [I 81. The amount of 
trypsin molecules retaining their binding ability was 
determined by using soybean trypsin inhibitor 
(STI). In a typical example, 50% of immobilized 
trypsin retained the binding ability for STI. This 
adsorbent was packed in a column and frontal 
chromatography of benzamidine was carried out. 
As indicated in Fig. 1 la, a sharp elution front was 
observed. When benzamidine solution was replaced 
with buffer, the tail was not as sharp as the front. 
These profiles suggested that the adsorption of 
benzamidine to the trypsin-agarose is of Langmuir 
type. In the presence of leupeptin (50 pg/ml), the 
elution volume of the front decreased to almost that 
of the pass-through volume, and long tailing was no 
longer observed (Fig. 1 lb). This suggested that leu- 
peptin had completely inhibited the interaction be- 
tween the immobilized trypsin and benzamidine. 

In the experiments described in the previous sec- 
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Fig. 11. Frontal chromatography of benzamidine on trypsin- 
agarose (a and b). The column (10.5 x 0.9 cm I.D.) was equili- 
brated and run with 0.05 M acetate buffer containing 0.01 M 
CaCl, (pH 6.0). Temperature, 4°C. Fractions of 1 ml were col- 

lected. (a) 21.5 ml of 19.9 PM benzamidine were applied; (b) 
same as (a) except for the addition of leupeptin (50 hg/ml). (c) 
Control experiment using 10 PM glycine. (From ref. 18). 

tion, it had been difficult to analyse the effect of the 
concentration of solute molecules on the elution 
volume, because proteins were used as the target 
molecules. However, if we use a column of immobi- 
lized trypsin, the concentration of a counterpart 
molecule such as benzamidine in the applied solu- 
tion can be varied over a wide range. Thus, elution 
volumes of the front of benzamidine solutions of 
various concentrations were experimentally deter- 
mined and analysed by using the following equa- 
tion: 

where [Alo is the concentration of the interacting 
molecule (benzamidine in the present instance) in 
the applied solution. This equation is equivalent to 
the Michaelis-Menten equation in enzyme kinetics. 
[A],( I/ - VO) represents the degree of saturation of 
the immobilized ligand, which corresponds to the 
velocity in the case of enzyme kinetics. Bt represents 
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the maximum binding ability of the column, which 
corresponds to the maximum veloci:y (I&J. [Alo 
and Kd correspond to the substrate concentration 
and Michaelis constant, respectively. This is not 
surprising because both enzyme kinetics and affinity 
chromatography are based on a Langmuir-type ad- 
sorption phenomenon. Hence the e&t of concen- 
tration on frontal affinity chromatognaphy provides 
almost equivalent information to that from enzyme 
kinetics. 

Elution volumes were determined for various 
[A],, values, and a plot of [A],( V - &) ver.ru.r [A],, 
was made (Fig. 12b). B, and Kd correspond to the 
coordinates of two asymptotes of the hyperbolic 
curve. In Fig. 12b, a procedure for the determina- 
tion of Bt and Kd which was proposed by Eisenthal 
and Cornish-Bowden [34] (direct linear plot) is also 
shown. These value can also be determined by a 
double reciprocal plot (eqn. 4) analogous to a Line- 
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Fig. 12. Plot of the data from Fig. II. (a) Plot of l/LA&( V - I’,,) 
versus l/[A], for benzamidine; (b) plot of [A&,(V - VJ vewu 
[A],, for benzamidine. (From ref. 18). 
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weaver-Burk plot in which data points form a 
straight line (Fig. 12a): 

The Kd value of benzamidine for trypsin at pH 6.0 
and 4°C was 13 @4, which is very close to that 
obtained by competitive elution and enzyme kinet- 
ics described in the previous section. 

The B, value obtained corresponded to 73% of 
the amount of immobilized protein (determined by 
amino acid analysis). This value was large com- 
pared with the binding capacity towards STI, which 
had corresponded to 50% of the total amount of 
immobilized trypsin. This result suggests that a por- 
tion of the immobilized trypsin molecules could 
bind small competitive inhibitors only. These tryp- 
sin molecules might have been immobilized to aga- 
rose in the vicinity of the active site. Hence, al- 
though the interaction with benzamidine was nor- 
mal, that with ST1 was inhibited by steric hin- 
drance. 

9. ANHYDROTRYPSIN-AGAROSE 

As described before, anhydrotrypsin which had 
lost the function of Ser183 still retained a specific 
binding ability to AP-agarose. However, anhydro- 
trypsin turned out to have gained a more interesting 
property. Detailed studies revealed that its binding 
ability to AP-agarose had greatly increased [35-371. 
Careful examination by frontal analysis and other 
methods showed that its binding strength for only 
product-type compounds increased about 50 times 
compared with that of native trypsin. No increase 
in binding ability was observed for both substrate- 
type compounds and small competitive inhibitors 
such as benzamidine. This means that anhydrotryp- 
sin acquired an unusual binding ability only for 
product-type compounds. Hence, although it had 
once been concluded that the hydroxyl group of 
Ser183 does not make any important contribution 
to specific binding, its removal still resulted in mod- 
ification of the binding ability. 

An explanation of this phenomenon has not yet 
been provided on a molecular level. Disappearance 
of the hydroxyl group of Ser 183 may have caused a 
subtle conformational change in the active site and 
the binding site may have gained an ability to at- 
tract the negative charge of the free carboxyl group 
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of the C-terminal arginine of the products, in con- 
trast to the native enzyme which repels the negative 
charge. Anhydrotrypsin did not show an increased 
affinity for arginine residues if they were located in 
internal positions of polypeptides. Thus, anhydro- 
trypsin proved to be a unique tool which is able to 
discriminate arginine residues according to their 
position in a polypeptide chain and binds only the 
C-terminal arginine. Peptides having lysine residues 
were recently also found to be recognized by an- 
hydrotrypsin by the same mode, although the bind- 
ing strength was slightly inferior. To take advantage 
of such unique specificity, anhydrotrypsin was im- 
mobilized to agarose [38,39]. 

9.1. Application to isolation of C-terminal peptides 

r40,411 
The usefulness of anhydrotrypsin-agarose as a 

tool for the isolation and detection of peptides hav- 
ing arginine or lysine at the C-terminus such as 
some peptide hormones has been shown. As it could 
distinguish the peptide derived from the C-terminal 
part of a protein after protease digestion, its useful- 
ness for protein sequence determination and clon- 
ing of cDNA has been demonstrated. If a target 
protein, the C-terminus of which is neither arginine 
nor lysine, is digested with trypsin and the digest is 
applied to an anhydrotrypsin-agarose column, all 
peptides except the C-terminal one will be adsorbed 
or retarded. Hence the pass-through fraction 
should contain almost exclusively the peptide de- 
rived from the C-terminus. This should greatly fa- 
cilitate the isolation and sequencing of the C-termi- 
nal peptide, and consequently cloning of the cDNA 
because cDNA libraries are expected to contain 
more abundantly cDNA fragments corresponding 
to the downstream part of the coding region. Al- 
ternatively, if the C-terminus of a target protein is 
arginine or lysine, only the peptide derived from the 
C-terminal part will be adsorbed to anhydrotryp- 
sin-agarose if the protein is digested with a protease 
other than trypsin. Successful application has al- 
ready been reported for several proteins [42-44]. 

9.2. Application to isolation of recombinant proteins; 
arginine-tail method [45] 

The usefulness of anhydrotrypsin-agarose for the 
specific isolation of recombinant proteins has also 
been demonstrated. This is one variation of meth- 
ods often called affinity tag, affinity flag or affinity 

tail methods. This is based on the introduction of a 
particular amino acid sequence into a recombinant 
protein aiming at its efficient purification by affinity 
chromatography. Such methods will be of great val- 
ue particularly when a target protein loses charac- 
teristic properties such as enzyme activity, specific 
binding ability or antigenicity as a consequence of 
site-directed mutation. This principle was success- 
fully combined with the unique property of anhy- 
drotrypsin as follows: (1) insertion of an arginine 
(or lysine) codon immediately upstream of the ter- 
mination codon of the gene for the target protein; 
(2) production of the mutant recombinant protein 
having arginine (or lysine) at the C-terminus; (3) 
specific adsorption of the mutant protein with an- 
hydrotrypsin-agarose; (4) specific elution of the 
protein; and (5) removal of the added C-terminus 
by using carboxypeptidase B. 

The utility of this procedure was shown in the 
case of a recombinant animal lectin. An expression 
vector for human a-galactoside-binding lectin 
(14 000 dalton lectin) [46-491 which codes 134 ami- 
no acid residues was used. A single arginine codon 
(CGC) was inserted before the termination codon 
by site-directed mutagenesis, and the mutant lectin 
protein (designated as R135) was expressed. The 
mutant protein was purified and used for experi- 
ments aimed at establishing this new methodology 
(R135 retained saccharide-binding ability, hence it 
could be purified by a conventional affinity adsor- 
bent). However, R135 was not adsorbed to anhy- 
drotrypsin-agarose. It might have been difficult for 
the C-terminal arginine of R135 to access the bind- 
ing site of anhydrotrypsin because the C-terminus 
may be only partially exposed or buried between 
the interface of the dimer structure. Therefore, 
RI 35 was dissolved in a buffer containing 4 M urea 
in order to unfold the molecule partially and ap- 
plied to the column. This resulted in adsorption of 
R135, and it was eluted by the addition of a specific 
inhibitor, Bz-Gly-Arg (10 mM). It could also be 
eluted with 5 mA4 HCl. Neither wild-type lectin nor 
R135 treated with carboxypeptidase B was ad- 
sorbed even in the presence of urea. 

When a crude Escherichia coli lysate containing 
R135 was applied to anhydrotrypsin-agarose in the 
presence of urea, R135 was also adsorbed and elut- 
ed with the inhibitor. However, in addition to R135, 
minute amount of several proteins of the host cell 
were also adsorbed. These proteins seemed to have 
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arginine or lysine at their C-termini. By this proce- 
dure, R135 was enriched more than tenfold. For 
efficient removal of the co-purified host proteins, 
use of an adsorbent coupled with antibody for E. 
coli proteins is now under examination. 

One of advantages of this procedure is that both 
the structure and function of the target protein will 
be only slightly affected because a single arginine 
residue is added. Moreover, a hydrtophilic amino 
acid such as arginine or lysine at the C-terminus is 
likely to be exposed on the surface of the protein 
molecule (unfortunately not the case in R135). Al- 
though removal of the added parts from the fusion 
proteins generally requires specific, but unfamiliar, 
proteases such as enterokinase and faxtor X, in the 
present procedure only a widely available exopepti- 
dase, carboxypeptidase B, is needed. 

Anhydrotrypsin thus provided a new concept of 
immobilized ligands for affinity adsorbent. Al- 
though it is derived from an enzyme, not the cata- 
lytic function but only the specific binding ability 
was utilized. Other inactivated enzymes, not limited 
in proteases, may serve as specific reoognition mole- 
cules. The preparation and characterization of an- 
hydro derivatives of other serine prateases have al- 
so been pursued, and it has been shown that both 
anhydrochymotrypsin and anhydnoelastase also 
gained a stronger affinity for C-terminal residues. 
They also proved to become efficient tools for spe- 
cific peptide separations [50-521. 

10. HIGH-PERFORMANCE AFFINITY CHROMATOG- 

RAPHY OF TRYPSIN AND RELATED ENZYMES 

Combination of the principle of specific recog- 
nition with the techniques and equipment devel- 
oped for high-performance liquid chromatography 
should extend considerably the rangy of applicabil- 
ity of affinity chromatography. A rigid and micro- 
particulate matrix instead of agarase gel became 
available as a supporting material’ for affinity li- 
gands in the mid-1980s. As a variety of hydrophilic 
packings for high-performance gel permeation 
chromatography based on synthetia polymer were 
produced by Japanese manufacturers and had ad- 
vantages in comparison with silica-based materials, 
we attempted to develop them as supports for affin- 
ity adsorbents. 

One of the merits of high-performance affinity 

chromatography (HPAC) will undoubtedly be its 
potential usefulness especially for clinical analysis 
because of its rapidly, sensitivity and reproducibil- 
ity. The determination of plasmin and plasminogen 
in human blood was chosen as the first target. Plas- 
min, one of the trypsin-family enzymes playing an 
important role in fibrinolysis, consists of a heavy 
chain (M, 56 000-58 000) and a light chain (25 000) 
held together by two disulphide bonds. It is formed 
from an inactive precursor plasminogen by selective 
cleavage of peptide bonds by urokinase or plasmi- 
nogen activator. Monitoring of the state of this en- 
zyme system is very important from the viewpoints 
of diagnosis, prevention and therapy of various dis- 
orders occurring in blood vessels, such as thrombo- 
sis, myocardial infarction and disseminated intra- 
vascular coagulation syndrome. 

Plasminogen has a lysine-binding site which has a 
key role in the interaction with fibrin. As the lysine- 
binding site is not removed after activation, plasmin 
has two types of specific binding sites, the catalytic 
site in the light chain and the lysine-binding site in 
the heavy chain. Thus, a benzamidine derivative (p- 
aminobenzamidine) was chosen as an immobilized 
l&and because it was expected to have affinity for 
both plasmin and plasminogen. 

First, Toyopearl, a microparticulate hydrophilic 
vinyl polymer gel (particle diameter 40-60 pm) (To- 
so Industry), was used as a support. Toyopearl con- 
tains a considerable amount of hydroxyl groups, 
which were found to be easily activated by methods 
already applied to agarose gel. p-Aminobenzami- 
dine was immobilized to Toyopearl via different 
spacers such as 6-aminohexanoic acid (AHA) and 
chloroacetylglycylglycine. These preparations 
proved to be effective affinity adsorbents for trypsin 
[53]. The time required for one cycle of chromatog- 
raphy was considerably reduced and trypsin was 
eluted from the column as a very sharp peak. Hence 
their application to the analysis of the fibrinolytic 
system seemed promising. 

In HPAC, the importance of rapid and sensitive 
detection is high, in addition to effective separation. 
Moreover, if specific recognition is added to the 
principle of detection, the total system will become 
much more powerful because we can take advan- 
tage of the synergism of specific isolation and spe- 
cific detection. Therefore, an on-line assay system 
for plasmin activity was devised. The effluent from 
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the affinity column was first passed through a detec- 
tor for protein (usually a fluorescence monitor mea- 
suring fluorescence due to tryptophan). Then the 
effluent was mixed with a solution of a specific and 
sensitive substrate (Boc-Glu-Lys-Lys-AMC) for 
plasmin, which produces fluorescence when hydro- 
lysed by plasmin. 

To a column of Toyopearl coupled withp-amino- 
benzamidine via chloroacetylglycylglycine, purified 
plasmin and plasminogen were applied. Both pro- 
teins were adsorbed, and plasminogen was eluted 
with AHA (a competitive soluble ligand). However, 
plasmin was bound much more tightly. It could be 
eluted only after addition of 20 mM AHA solution 
containing 3 M urea. Enzyme activity was found 
only in this fraction. This monitoring system made 
it possible to detect less than 1 pg of plasmin. These 
observations suggested that plasmin interacted with 
the adsorbent through both the lysine-binding site 
and the catalytic site whereas plasminogen interact- 
ed only through the lysine-binding site. 

Adsorbents for plasmin and plasminogen were 
also prepared by using Asahipak GS gel (9-pm par- 
ticles) (Asahi Chemical Industry) [X-56]. Careful 
examination of the conditions for separation re- 
vealed that plasminogen could be resolved into two 
fractions. It was known that the plasminogen prep- 
aration isolated from human blood often contained 
two molecular species, one having N-terminal glu- 
tamic acid (Glu-plasminogen), which is the intact 
molecule, the other lacking a portion of N-terminal 
peptides and with N-terminal lysine (Lys-plasmino- 
gen). The latter has been suggested to be an auto- 
digestion product of the former during the purifica- 
tion process. Although its presence in blood had not 
been confirmed, its detection and determination 
seemed interesting from the viewpoints of diagnosis 
and therapy because it is known that it has a stron- 
ger affinity for fibrin and can be converted into ac- 
tive plasmin much more rapidly than Glu-plasmi- 
nogen. It might have a crucial role in triggering the 
fibrinolytic process. 

The high-performance affinity adsorbent based 
on Asahipak showed an ability to separate these 
two subspecies according to the difference in affinity 
between their lysine-binding sites. Glu-plasminogen 
was bound to the adsorbent more loosely than Lys- 
plasminogen. The former could be eluted from the 
column with more dilute AHA solution. 

Although two plasminogen species were clearly 
separated as far as purified preparations were used, 
the actual detection of Lys-plasminogen turned out 
to be extremely difficult when human plasma was 
directly applied to the system, because its content 
was too low to be detectable even by the fluores- 
cence monitor. Hence a specific and sensitive detec- 
tion procedure should be devised. 

This problem was finally solved by constructing 
an on-line system which carried out successively the 
activation of plasminogen and the specific assay of 
plasminogen [57,58]. Effluent from the affinity col- 
umn was mixed with urokinase solution and plas- 
minogen was activated during passage through the 
activation coil. The activity of the plasmin thus 
formed was monitored by mixing with a fluorescent 
substrate as described previously. The new total 
system, combining specific separation by affinity 
chromatography and specific detection of proen- 
zyme, made it possible to detect and determine even 
the minor component of plasminogen. A human 
plasma sample of only 50 ~1 was sufficient and the 
time required was less than 30 min. Plasma could be 
injected directly into the affinity column without 
any pretreatment. This system first enabled the mi- 
nor component of plasminogen to be detected and 
determined. The content of Lys-plasminogen in 
normal human plasma was determined to be about 
334 pg/ml whereas that of Glu-plasminogen was 
about 0.13-O. 15 mg/ml. This system was further im- 
proved by incorporating an immobilized urokinase 
column instead of addition of urokinase solution 
for activation of plasminogen [59]. This resulted in 
a great increase in reproducibility and at the same 
time a great reduction in the consumption of uroki- 
nase. The principle of this HPAC system should be 
applicable to other regulation systems where activa- 
tion of proenzymes plays a critical role, such as 
blood clotting, renin-angiotensin and comple- 
ments. 

11. CONCLUSIONS 

The experiments on trypsin which began from the 
use of product-type adsorbents led us to consider a 
variety of aspects of affinity chromatography which 
had never been expected. The new findings have re- 
peatedly forced us to change our way of thinking 
and also to invent new methodology. The necessity 
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to analyse the interaction between the binding site 
of trypsin and the product-type ligands gave rise to 
the establishment of the theory of frontal affinity 
chromatography. The use of leupeptin as a starting 
material for adsorbents having peptide aldehydes 
was based on the extension of the product-type ad- 
sorbents. Even the target enzyme trypsin proved to 
be transformed into an extremely unikue ligand an- 
hydrotrypsin, and this provided a nl:w concept of 
ligands for affinity adsorbent. If we had not begun 
these studies with product-type ligands, the peculiar 
properties of anhydrotrypsin might h@ve never been 
found. The series of studies described in this review 
have undoubtedly contributed to the development 
of affinity chromatography in general. However, it 
must also be emphasized that it has become increas- 
ingly evident that affinity chromatogrlaphy is one of 
the most suitable research tools for molecular rec- 
ognition. 
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