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The differential specificity of chymotrypsin A and B is determined by
amino acid 226
PeÂter HudaÂky, Gyula Kaslik, IstvaÂn Venekei and LaÂszloÂ GraÂf
Department of Biochemistry, EoÈtvoÈs University, Budapest, Hungary

The A and B isoforms of the pancreatic serine proteinase, chymotrypsin are known to cleave substrates selectively at
peptide bonds formed by some hydrophobic residues, like tryptophan, phenylalanine and tyrosine. We found,
however, that the B forms of native bovine and recombinant rat chymotrypsins are two orders of magnitude less
active on the tryptophanyl than on the phenylalanyl or tyrosyl substrates, while bovine chymotrypsin A cleaves all
these substrates with comparable catalytic efficiency. Analysing the structure of substrate binding pocket of
chymotrypsin A prompted us to perform an Ala226Gly substitution in rat chymotrypsin B. The specificity profile of
the Ala226Gly rat chymotrypsin B became similar to that of bovine chymotrypsin A suggesting that only the amino
acid at sequence position 226 is responsible for the differential specificities of chymotrypsin A and B isoenzymes.
Keywords: chymotrypsin B; site specific mutagenesis; specificity profile.

Proteinases were evolved to be relatively resistant toward selfcleavage (autolysis). The site specificity of the proteinase action
may be a means to achieve this goal. This `invention' offers a
simple mechanism to control the rate of autolysis (the half life of
proteins in general): the more accessible cleavage sites are on
the surface of the proteinase, the faster the rate of (auto)degradation is. A consequence of the narrow substrate
specificity of the proteinases is that the rapid and complete
degradation of protein substrates requires simultaneous action of
a series of proteinases with different specificities. The pancreatic juice is an example of such a mixture of enzymes (such as,
trypsin, chymotrypsin and elastase) to accomplish efficient
endoproteolysis in the digestive tract. In addition to the major
pancreatic serine proteinases, their isoforms with altered substrate specificities can also contribute to the efficiency of the
proteolysis.
Chymotrypsin, the enzyme investigated in the present study,
was described as the second major proteinase component (trypsin being the first one) in the pancreatic juice [1]. While trypsin
hydrolyses the polypeptide chain at the lysyl and arginyl bonds,
chymotrypsin selectively cleaves peptide bonds formed by
aromatic residues (Phe, Tyr, Trp) [2,3]. Another molecular form
of chymotrypsin was also isolated from beef pancreas and
named first as protein B [4], and later as chymotrypsin B [5,6].
The two isoforms of chymotrypsin were shown to have the same
molecular weight [7] but different electrophoretic mobilities [8].
Furthermore, their retardation on ion-exchange resins [9] and
their sensitivities toward naturally occurring trypsin inhibitors
[10] were also different. Studies on the reaction mechanism and
substrate specificity, however, were almost exclusively performed with the A isoform of chymotrypsin (for review see
[11]). Some early substrate specificity studies on chymotrypsin

A and B revealed only minor differences [5,10], except for an
observation that chymotrypsin B hydrolyses acyltryptophan
ester more slowly than tyrosyl and phenylalanyl esters [12,13].
Some further minor chymotrypsin isoforms were also isolated
from pancreas (chymotrypsin C [13] and CTRL-1, a chymotrypsin-like serine proteinase [14]) and were described as
chymotrypsins with different cleavage site specificities. The
chymotrypsin isoforms have been typified according to their
sequence homology [15,16].
While the pancreatic serine proteinases, trypsin, chymotrypsin and elastase specifically cleave protein substrates at different
amino acids, they have highly homologous primary and tertiary
structures. The cleavage site discrimination is achieved primarily
through selective binding of the amino acid residue in the
substrate that is N terminal to the scissile bond (P1 position). For
efficient catalysis the P1 residue of the substrate must snugly fit
into the S1 substrate binding pocket and establish a number of
contacts with the enzyme.
To explore the structural basis of substrate discrimination by
serine proteinases a large number of chymotrypsin mutants have
recently been constructed in our laboratory [17]. Chymotrypsin
used in these studies was recombinant rat chymotrypsin, that on
the basis of its isoelectric point and amino acid sequence belongs
to the B-type chymotrypsins [18]. A comparison of the substrate
specificities of bovine A and rat B chymotrypsins has revealed a
so far overlooked specificity difference between the A-type and
B-type enzymes. Here we report a thorough characterization of
the substrate specificities of bovine chymotrypsin A and B, and
rat chymotrypsin B, and describe the structural basis for the
observed specificity difference.
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Bovine chymotrypsin A was a commercial enzyme, purchased
from Sigma Aldrich Kft, Hungary (type II).

MATER I A L S A N D METH O D S

Isolation of the bovine chymotrypsin B
Bovine chymotrypsinogen B was prepared from bovine pancreas
according to Laskowski [19]. After activation the enzyme was
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purified on a Toyopearl SP650M cation-exchange column (a
product of Supelco) with a pH gradient, of pH 3.0 (100 mm
acetic acid, 3 mm sodium acetate) to pH 9.2 (100 mm Tris/HCl),
with a flow rate of 0.5 mL´min ±1. One mL fractions were
collected, and their chymotryptic activities were measured by
adding 100-mL aliquots of the fractions to 900 mL of a solution
containing 50 mm Tris/HCl (pH = 8.0), 10 mm CaCl2, 100 mm
NaCl and 50 mm benzoyl-tyrosine-pNa. After 1 h incubation at
37 8C the absorbencies were measured at 410 nm.
The cross-contamination of the chymotrypsin isoforms was
checked by sodium dodecyl sulphate (SDS) and native polyacrylamide gel electrophoresis. Gel concentrations were 12.5%
and 7%, respectively. SDS gel electrophoresis was performed
under nonreductive conditions and native gel electrophoresis in
a Tris/glycine buffer of pH 9.2.
Preparation of recombinant rat chymotrypsin B and its
mutant
In all constructs used in this study the chymotrypsin propeptide
region of the rat chymotrypsinogen B clone was replaced by the
trypsin propeptide and Cys122 was mutated to serine [20].
Oligonucleotide CTTATGTGGGGCCCTCACC was used to
introduce the Ala226Gly mutation into rat chymotrypsinogen B
according to the method of Kunkel [21]. The amino acid
substitution was verified by DNA sequencing. The wild-type
and mutant rat chymotrypsinogens (trypsinogen propeptide constructions) were expressed in a yeast expression system, purified
and activated as described [20].
Enzyme assays and computer graphics
The enzyme concentration was determined by active site titration using 4-methylumbeliferyl p-(N,N,N-trimethyl ammonium)
cinnamate chloride [22]. Initial amide hydrolysis rates were
measured with a SPEX Fluoromax fluorometer at 380 nm excitation and 460 nm emission, in 50 mm Hepes buffer of pH 8.0,
containing 10 mm CaCl2 and 100 mm NaCl, on 37 8C. SuccAla-Ala-Pro-Xaa-AMC (where Xaa were Tyr, Phe, Trp, Lys,
Arg, Leu, Met and AMC is the fluorescent leaving group)
tetrapeptide substrates were used in a 2±200 mm concentration
range. Typical saturation curves were plotted from eight data
points, that were averaged from at least two parallel measurements.
The three-dimensional structures of chymotrypsin and its
mutant were visualized with the MidasPlus 2.0 software [23±
25], on a Silicon Graphics computer. The protein models 6GCH
[26] and 8GCH [27] were taken from the PDB database. The
amino acid replacement was performed without altering the
surrounding structure.

Fig. 1. Cation-exchange chromatography of bovine chymotrypsin A
and chymotrypsin B samples. Absorbencies at 410 nm are given as the
measure of chymotryptic activity in the fractions (see Materials and
methods). Thin line represents chymotrypsin A, and thick line shows
chymotrypsin B. Enzyme activities were measured as described in the
Materials and methods, and the absorbencies of the liberated pNa are shown.

that under the conditions used the two chymotrypsin isoforms
could be separated. When bovine chymotrypsin A was subjected
to chromatography, the main activity peak eluted in fractions
24±28, while the enzyme activity of the bovine chymotrypsin B
preparation was found in fractions 13±18. Gel electrophoretic
patterns (Fig. 2) of chymotrypsin A and B confirmed that the
two isoforms did not cross-contaminate each other.
Substrate specificity of the A-type and B-type chymotrypsins
The specificity profiles of native bovine chymotrypsin A and B
and recombinant rat chymotrypsin B were determined on seven

R E S U LT S
Purification of bovine chymotrypsin B
Chymotrypsins of the same species were used to compare the
substrate specificities of the A-type and B-type chymotrypsins.
In order to minimize the contamination of chymotrypsin B with
the A form we applied an additional purification step on a
cation-exchange FPLC column after the isolation procedure
according to Laskowski (see Materials and methods). Separation
was based on the dissimilar isoelectric points of the A-type
(pI = 8.3) and B-type (pI = 4.7) enzymes [19].
The FPLC chromatography patterns of commercial bovine
chymotrypsin A and the newly isolated B isoform (Fig. 1) show

Fig. 2. Gel electrophoresis of the bovine chymotrypsins. Commercial
chymotrypsin A (lanes A) and purified chymotrypsin B (lanes B) were
analysed on non-reductive SDS (panel 1) and native (panel 2) polyacrylamide gels. Five microlitre samples from 2 mg´mL ±1 protein solutions were
loaded.
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Fig. 4. Sequence comparison of A and B chymotrypsins and pancreatic
elastases 1 and 2. The amino acids forming the specificity pocket are in
bold, the amino acids at site 226 are underlined.

structural effect; therefore, the sequence regions forming the S1
substrate binding pockets (residues 189±195, 214±220 and 225±
228) were compared (Fig. 4). Sequence divergence between
chymotrypsin A and B occurs only at sites 218, 219 and 226.
The chymotrypsin A structures (6GCH [26] and 8GCH [27]
from the Protein Data Bank) show that amino acid side chains in
positions 218 and 219 are turned away from the substrate and
point towards the solvent. We therefore thought it unlikely that
they could significantly affect substrate binding. In contrast, the
modelled side chain of amino acid 226 appeared to extend into
the pocket (see below). The glycine at this site in bovine
chymotrypsin A is in a loose fit with the side chain of Phe and in
a proper fit with that of Trp at P1 position of the substrate. The
distances from the a-carbon of Gly226 are 564 pm and 328 pm
to the nearest carbon of the benzyl ring in Phe, and to that of the
indole ring in Trp, respectively.
To estimate the effect on tryptophan binding of the methyl
group of alanine at site 226 in the bovine and rat B-type enzymes
we introduced an alanine at site 226 in the X-ray structures of
bovine chymotrypsin A complexed with N-acetyl-phenylalanyltrifluoromethyl ketone [26] and with glycyl-alanyl-tryptophan
[27] (the corresponding Protein Data Bank structures are 6GCH
and 8GCH, respectively, Fig. 5). We used the A-type enzyme
for modelling because no structure of a B-type enzyme is
available yet. Reliable information from this modelling can be
derived, however, as site 226 has the same conformation in each
chymotrypsin-like serine-proteinase known. It is in a conservative b-sheet segment (amino acids 220±229) where the corresponding backbone atoms match each other with an average
error of 17 pm RMS when the trypsin (226Gly) [28], chymotrypsin A (226Gly) [26] and elastase 1 (226Thr) [29] models are
superimposed.
The methyl group introduced into the chymotrypsin A
structure by modelling the Gly226Ala substitution did not have
steric conflict with the surrounding protein atoms and did not
seem to interfere with the Tyr (not shown) and Phe side chains
of the bound substrates either (Fig. 5a). Modelled binding of the

Fig. 3. Specificity profiles of wild-type A and B chymotrypsin and
recombinant rat chymotrypsin. The specificity profiles were calculated from
kinetic data on hydrophobic substrates in Table 1. The kcat /Km values of (P1)
Phe, Trp, Leu and Met substrates were compared with that of Tyr substrate.

tetrapeptide amide substrates with different amino acids at the
P1 position.
The specificity profile for the bovine A-type enzyme was
essentially the same as what is known as a chymotrypsin-like
substrate specificity: substrates with aromatic amino acids (Phe,
Tyr, Trp) at the P1 position were hydrolysed with similar catalytic efficiency, leucyl and methionyl substrates were hydrolysed with two orders of magnitude lower rate, while there was a
further two orders of magnitude drop in catalytic efficiency on
the classic trypsin substrates containing Lys or Arg at the P1
position (Table 1, Fig. 3).
Our data for the two B-type chymotrypsins revealed a significant specificity difference from the A-type enzyme. Bovine
and rat chymotrypsin B showed a significant discrimination
against the tryptophanyl substrate as compared with the phenylalanyl and tyrosyl ones: the specific activity of these enzymes
was two orders of magnitude smaller on the tryptophanyl than
on the other two aromatic substrates. This was largely due to a
50±70-fold reduction in catalytic performance (kcat) on the
tryptophanyl substrate. The comparison of kinetic parameters
for the chymotrypsin isoforms suggested that the observed
activity difference was not a species-specific property of these
enzymes, but it was rather due to species-independent structural
difference(s) between the two chymotrypsin types.
Enzyme±substrate contacts in chymotrypsin B
We assumed that the discrimination of the B-type enzymes
against Trp at P1 site is the result of a local rather than global

Table 1. Kinetic parameters of wild-type and mutant chymotrypsins measured on synthetic substrates. Amide hydrolysis rates were determined on SuccAla-Ala-Pro-Xaa-AMC tetrapeptide substrates (see methods).
Bovine A
Bovine B
Rat B
Mut A226G

±1

Xaa=

Tyr

Phe

Trp

Arg

Lys

Leu

Met

kcat
Km
kcat/Km
kcat
Km
kcat/Km
kcat
Km
kcat/Km
kcat
Km
kcat/Km

34.8
32.1
108
13.9
18.2
76.5
37.3
18.7
200
52.7
26.2
202

18.3
42.9
42.7
13.7
25.4
54.0
30.0
22.9
131
36.7
45.4
80.8

8.50
15.9
53.5
0.200
27.2
0.738
0.712
59.5
1.20
11.2
20.9
53.7

0.0202
496
0.0040
0.0630
275
0.023
0.0017
174
0.0098
0.0418
1239
0.0033

0.0547
589
0.0093
0.0418
152
0.027
0.105
451
0.023
0.0873
727
0.012

0.632
110
0.575
1.10
148
0.742
0.387
169
0.228
0.693
123
0.563

1.13
246
0.458
2.44
694
0.352
1.44
50.8
1.70
1.36
33.8
4.02

(£ 10 ±2)
(£ 10 ±2)
(£ 10 ±2)
(£ 10 ±2)

kcat: [s ] Km: [mm] kcat/Km: [s ±1´mm ±1]
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side chain of a P1 tryptophan, however, appeared to be sterically
hindered by Ala226 (Fig. 5b). Thus, we have assumed that the
relatively decreased activity of B-type chymotrypsins towards
tryptophanyl substrates may be due to the presence of Ala
instead of Gly at sequence position 226.

Specificity conversion by mutagenesis
To prove experimentally that the specificity of chymotrypsin
may be modified by the size of residue 226, alanine in this
position of rat chymotrypsin B was replaced with glycine. The
comparison of kinetic parameters of the wild-type and mutant
enzymes on tetrapeptide amide substrates showed that this single
amino acid replacement converted the specificity of the B-type
enzyme to that of chymotrypsin A (Fig. 3, Table 1). Removal of
the methyl group from position 226 led to a 50-fold increase of
enzyme activity (resulting from a 16-fold increase of the rate
constant and a threefold decrease in Km) on the tryptophanyl
substrate reaching the level of activity on the phenylalanyl and
tyrosyl substrates. Activities on other substrates remained the
same with minor differences in some individual parameters.
DISCUSSION
It has been the general notion that chymotrypsin A and B cleave
the phenylalanyl, tyrosyl and tryptophanyl peptide bonds with
about the same catalytic efficiency. Our present study has
revealed, however, a so far overlooked specificity difference
between chymotrypsin A and B. Accordingly, the B-type enzymes
exhibit a two orders of magnitude smaller activity on the tryptophanyl substrate than on the tyrosyl and phenylalanyl ones.
These latter activities are about the same as those of chymotrypsin A on the same substrates. Comparative modelling of the
structures of bovine chymotrypsin A and B suggested, while the
actual substitution of Ala226 in rat chymotrypsin B by glycine
provided evidence that the discrimination of chymotrypsin B
against tryptophanyl peptide bonds is due only to the steric
hindrance between the methyl group of Ala226 in the enzyme
and the P1 site tryptophan in the substrate.
The highly homologous S1 specificity sites of chymotrypsin
and other pancreatic serine proteinases such as trypsin and
elastase are built up from peptide segments 189±195, 213±220
and 226±228. The P1 residue of the substrate is known primarily to contact the main chain atoms of these regions. The
reason for this is that the side chains of most residues that form
the specificity site are rotated out of the pocket. There are only
four residues, at positions 189, 190, 216 and 226, the side chains
of which would point toward the substrate binding pocket.
Residues at positions 189 and 190 are essential in determination
of the trypsin-like and chymotrypsin-like specificities [30,31],
while amino acids at sites 216 and 226 are thought to be the
specificity determinants of pancreatic elastases [32,33]. The
latter enzymes prefer hydrophobic residues of various size at the
P1 site of the substrate. Valine at site 216 and threonine at site
226 in porcine elastase 1 (Fig. 4) reduce the depth of the S1
substrate binding pocket so much that alanine becomes the most
Fig. 5. The effect of an alanine residue at site 226 on the binding of
phenylalanine (A) and tryptophan (B) substrate residues to the specificity pocket of chymotrypsins. Glycine to alanine substitutions were
introduced into the structures of g-chymotrypsin complexed with N-acetyll-phenylalanyl-trifluoromethyl-ketone (6GCH, A) and Gly-Ala-Trp peptide
(8GCH, B). The backbone atoms of amino acids constituting the specificity
pocket are shown. The side chains are displayed only at sites 189, 218, 219,
226 and at the substrate. The van der Waals surfaces are indicated on the
methyl group of Ala226, the CP3 atom of phenylalanyl and CZ3 atom of
tryptophanyl substrate. On showing the van der Waals surfaces the MIDAS
software's default radii were applied. The calculation method assumes that
no explicit hydrogens are present in the models [25]. Surface residues 218
and 219 are blue, Ser 189 pointing towards the substrate is red, the Cys 191±
220 disulphide bridge is yellow and the substrates are magenta.
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preferred P1 site residue for the enzyme [34]. In contrast, human
elastase 2a that contains Gly216 and Ser226 (Fig. 4) cleaves
peptide bonds formed by larger hydrophobic, aliphatic and
aromatic residues but not tryptophan [35]. This similarity of the
specificity profile of elastase 2a to that of rat and bovine
chymotrypsin B suggests that the S1 substrate binding pockets
of these enzymes must also be similar. It follows from the size
difference between the side chains of alanine and serine at
sequence position 226 of chymotrypsin B and elastase 2 that the
latter proteinase may have a shallower specificity pocket.
Our result, that an Ala ! Gly substitution at site 226
converted the specificity of a B-type chymotrypsin into that of
an A-type one, shows that the amino acid at position 226 is not
only one of the determinants of chymotrypsin or elastase-type
specificity, but it is also responsible for the specificity difference
of chymotrypsin isoenzymes. Furthermore, amino acids at site
226 were shown to play important roles in the specificity of crab
collagenolytic serine proteinase 1 [36,37] and mouse granzyme
B [38]. An Asp226Gly substitution in crab collagenase, a serine
proteinase with a broad specificity profile, reduced by about two
orders of magnitude the trypsin-like activity of the enzyme with
a full retention of the chymotrypsin-like one [36,37]. In mouse
granzyme B the arginine residue at site 208 (this position in
granzyme B is analogous to site 226 in chymotrypsin) proved to
play a key role in specificity toward P1 Asp substrates [38].
Conventional distinction of chymotrypsin A and B has so far
been made on the basis of overall sequence comparison of the
different variants. Rat chymotrypsin was named as chymotrypsin B as its structure appeared to be more homologous to bovine
chymotrypsin B than to bovine chymotrypsin A. In this case, as
our present study shows, sequence homology coincides with the
unique substrate specificities of bovine chymotrypsin B and rat
chymotrypsin. Discrimination against tryptophanyl substrates,
however, appears to be determined by a single amino acid residue
at position 226. Based on this criterion, human chymotrypsin
that contains glycine at sequence position 226 [39] should have
an A-type rather than B-type substrate specificity profile. However, based on its sequence homology with bovine chymotrypsin
B, more extended than with the A-type enzyme, it was originally
classified as chymotrypsin B [39]. To avoid further confusion,
we are proposing here that the specificity profile of the newly
discovered forms of chymotrypsin rather than the overall sequence homology to any known variants should be the basis of
classification: chymotrypsins with comparable activity on phenylalanyl, tyrosyl and tryptophanyl substrates would belong to group
A, while chymotrypsins with relatively low activity on tryptophanyl substrates would be classified as B-type enzymes.
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