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Mutant rat trypsin selectively cleaves tyrosyl peptide bonds
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Abstract
A double mutant of rat trypsinogen (Asp189Ser, DAsp223) was constructed by site-directed mutagenesis. The recombinant
protein was produced in Escherichia coli under the control of a periplasmic expression vector. The puriﬁed and enterokinase-activated enzyme was characterized by synthetic ﬂuorogenic tetrapeptide and natural polypeptide substrates and by a recently developed method. In case of this latter method the speciﬁcity proﬁle of the enzyme was examined by simultaneous digestion of a
mixture of oligopeptide substrates each diﬀering only at the P1 site residue, and the results were analyzed by high-performance liquid
chromatography. All these assays unanimously demonstrated that the recombinant proteinase lacks trypsin-like activity but acquired a rather unique selectivity: it preferentially hydrolyses peptide bonds C-terminal to tyrosyl residues. This narrow speciﬁcity
should be useful in peptide-analytical applications such as sequence-speciﬁc fragmentation of large proteins prior to sequencing.
Ó 2003 Elsevier Inc. All rights reserved.
Keywords: Tyrosyl peptide bond cleavage; Peptide sequencing; Limited proteolysis

Although nowadays the complete primary structure
of a protein is typically obtained by deducing it from the
sequence of the encoding gene rather than sequencing
the entire protein, direct sequencing of polypeptides remains an important tool. For example, it is still essential
to provide partial sequence information for the design of
oligonucleotide probes that can be used to screen genomic or cDNA libraries when searching for the encoding gene. Direct peptide sequencing is also a very
important and powerful technique to localize posttranslational modiﬁcation sites, analyze partially digested products of proteins to localize potential domain
borders, or determine connectivity patterns of cysteine
residues in disulﬁde-containing proteins. However, the
longer the polypeptide chain the less feasible is direct
sequencing of the entire molecule.
There are at least four chemical procedures and about
10 proteinases commonly used for sequence-speciﬁc
fragmentation of the polypeptide chain [1]. With
chemical methods, cleavage of the peptide bond at
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Met-X (with CNBr), Trp-X (with BNPS-skatole), AspPro (with mild acid treatment), and Asn-Gly (with hydroxylamine) can be achieved.
Several proteinases catalyze more or less selective
cleavages of the following peptide bonds: Arg-X and
Lys-X (trypsin); Glu-X and Asp-X (V8 protease); Lys-X
(endoproteinase Lys-C); Arg-X (endoproteinase Arg-C);
X-Asp and X-Cys (endoproteinase Asp-N); X-Phe
(thermolysin); Ala-X and Gly-X (elastase); Pro-X (prolyl endopeptidase); and Trp-X, Phe-X, Tyr-X, and
Leu-X (chymotrypsin). The letter ‘‘X’’ denotes any
amino-acyl residues, usually other than Pro.
The above selection might seem to be satisfyingly
large, but in reality it is rather limited and biased. For
example, there are no known methods or enzymes that
would cleave at small hydrophilic residues such as Ser or
Thr or could cleave peptide bonds exclusively at certain
hydrophobic residues such as Val, Ile, Leu, Tyr, or Phe.
Eﬀorts to discover or engineer enzymes with new speciﬁcities would promise not only theoretical but also
practical beneﬁts, since peptide chemistry could substantially gain from these additional types of selectivity
traits.
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The majority of the enzymes mentioned above (trypsin, chymotrypsin, elastase, V8 protease, prolyl endopeptidase, and endoproteinase Lys-C) belong to the
serine proteinase family. Since this group of proteinases is
perhaps the most thoroughly characterized one by means
of structural, functional, and mutagenesis studies, serine
proteinases might represent the most promising targets to
design more selective enzymes by protein engineering.
On the way to deciphering the structural backgrounds that ensure characteristically diﬀerent substrate
speciﬁcities for trypsin and chymotrypsin, large numbers
of trypsin mutants have been constructed and analyzed
in our laboratory. These variants are routinely tested in
several assays to determine their respective catalytic
parameters and substrate speciﬁcity traits. One of these
mutants stood out with a remarkably narrow speciﬁcity
toward the cleavage of tyrosyl peptide bonds. In this
article we describe a number of experiments that illustrate this unique selectivity and discuss the potentials of
the enzyme as an analytical tool for peptide and protein
chemists.
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Site-directed mutagenesis
The standard techniques of molecular cloning were
performed essentially as described [4,5]. The oligonucleotide used as primer for the mutagenesis reaction had
the following sequence: 50 -GCCCTGCCAAACCCT
GGTGTGTAC-30 . It was synthesized on an Applied
Biosystems automated DNA synthesizer. The oligonucleotide was designed such that it deleted the triplet of
Asp223 in the rat trypsinogen gene. The gene of the
Asp189Ser mutant rat trypsinogen [2] was subcloned
into the replicative form of the M13 mp18 vector between HindIII and SacI restriction sites. Uracil containing single-stranded template DNA for in vitro
mutagenesis was prepared by using the CJ236 (dut ,
ung ) E. coli strain. The mutated strand was selected for
in XL1 Blue (dutþ , ungþ ) cells as described by Kunkel
[6]. The mutant gene was then subcloned into the expression vector, pTrap [7], and sequenced before use.
The clone is available on request.
Heterologous expression

Materials and methods
Bacterial strains, vectors, enzymes, and chemicals
Escherichia coli strains XL1 Blue and CJ236 (dut ,
ung ) were purchased from Stratagene and Bio-Rad, respectively. Fractogel TSK-DEAE 650 (S) and TSK-CM
650 (S) were obtained from Merck. CNBr-activated
Sepharose 4B, T7 sequencing Kit, and reagents for oligonucleotide synthesis were purchased from Pharmacia.
DNA-modifying enzymes were obtained from Amersham, Boehringer, and Promega while GeneClean was
from Bio101. The ﬂuorescence turnover substrates
with aminomethylcoumarine (AMC)1 leaving group,
N -succinyl-Ala-Ala-Pro-Tyr-AMC,
N -succinyl-AlaAla-Pro-Phe-AMC, N -succinyl-Ala-Ala-Pro-Trp-AMC,
N -succinyl-Ala-Ala-Pro-Leu-AMC, N -succinyl-Ala-AlaPro-Lys-AMC, and N -succinyl-Ala-Ala-Pro-Arg-AMC,
were synthesized as described previously [2]. High-purity
bovine enzymes, trypsin (Tosyl Phenylalanyl Chloromethyl Ketone (TPCK) treated) and a-chymotrypsin
(Tosyl Lysyl Chloromethyl Ketone (TLCK) treated),
horse cytochrome c, and 4-vinylpyridine were purchased
from Sigma. Synthetic human b-endorphin was a gift
from the late Professor Choh Hao Li (University of California, San Francisco) [3]. Recombinant desulfatohirudin was from the Institute for Drug Research (Budapest,
Hungary). All other chemicals were reagent grade or the
best commercially available.

1
Abbreviations used: AMC, aminomethylcoumarine; Mes, 2-(NMorpholino)ethanesulfonic acid; TFA, triﬂuoroacetic acid.

In the expression vector, coding sequence of trypsinogen is fused to DNA sequences encoding the signal
peptide [8] and regulatory regions of bacterial alkaline
phosphatase as described [9]. The signal peptide of the
alkaline phosphatase replaces the original signal peptide
of pretrypsinogen and directs the recombinant protein
into the periplasmic space. E. coli SM138 strain [7] was
transformed with the expression vector. This strain ensures constitutive expression of the gene and secretes the
zymogen into the periplasmic space.
Protein puriﬁcation
The periplasmic protein fraction of E. coli was isolated by osmotic shock and dialyzed against 2.5 mM
HCl. Precipitated proteins were removed by centrifugation (20,000g, 15 min) and the sample was dialyzed
against 30 mM MeS, pH 6.0, 10 mM CaCl2 buﬀer (buﬀer
A). Precipitated proteins were removed as before and
the supernatant was loaded onto a TSK-DEAE 650 (S)
column (1  15 cm) equilibrated with buﬀer A. Proteins
were eluted by linear salt gradient using 30 mM MeS,
pH 6.0, 10 mM CaCl2 , 0.5 M NaCl solution (buﬀer B).
Fractions were collected and checked on 15% SDS–
PAGE [10] and Western blot.
The trypsinogen-containing fractions were pooled,
dialyzed against 30 mM Na-citrate, 10 mM CaC12 , pH
3.0, buﬀer, and loaded onto a TSK-CM 650 (S) column
(1  15 cm) equilibrated with the same buﬀer. Proteins
were eluted by NaCl gradient using 30 mM Na-citrate,
10 mM CaC12; 0.5 M NaCl, pH 3.0, solution (buﬀer B).
The trypsinogen-containing fractions were identiﬁed
using a combination of 15% SDS–PAGE and Western
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blot analysis as above, pooled again, and dialyzed
against 2.5 mM HCl. Trypsinogen was then activated by
puriﬁed porcine enterokinase (1:50 wt/wt enterokinase/
trypsinogen ratio) in 30 mM MeS, pH 6.0, 10 mM CaCl2
buﬀer. The activated forms were separated by aﬃnity
chromatography on a column containing soybean
trypsin inhibitor covalently immobilized to CNBr-activated Sepharose 4B matrix. Purity of the recombinant
trypsin was veriﬁed on 15% SDS–PAGE. The concentration of the enzyme was determined by UV absorption
(e280 ¼ 38:000 M1 cm1 ) and by the method of Bradford [11].
Characterization of the enzyme on synthetic ﬂuorogenic
substrates
Enzyme activity assays were carried out in 30 mM
Tris–HCl, pH 8.0, 10 mM CaCl2 buﬀer at 37 °C. The
concentrations of ﬂuorogenic substrates (Suc-Ala-AlaPro-Xaa-AMC) were 0.025, 0.05, 0.075, 0.1, 0.2, 0.4,
and 0.6 mM. The excitation and emission wavelengths
were 366 and 440 nm, respectively. Fluorescence intensities were converted to product concentrations by using
standard solutions of AMC. The kinetic parameters Km
and kcat were determined by nonlinear regression analysis of the data.
Characterization of the enzyme on natural polypeptide
and protein substrates
A natural polypeptide (human b-endorphin) and two
reduced and pyridylethylated [12] proteins (recombinant
desulfatohirudin and horse cytochrome c) were used as
substrates for the Asp189Ser, D223Asp mutant rat
trypsin. From b-endorphin and desulfatohirudin 50 lg
of the polypeptides was digested in 50-ll ﬁnal volumes.
From cytochrome c 500 lg was digested in a 500-ll ﬁnal
volume. The digestion reactions were carried out in
0.1 M ammonium bicarbonate, pH 8.0, 10 mM CaCl2
buﬀer at room temperature. The enzyme/substrate ratio
for the mutant enzyme was 1:10 (wt/wt). To get similar
rates of substrate consumptions, 1:1000 (wt/wt) wildtype trypsin or chymotrypsin had to be added (data not
shown). To search for the optimal digestion times, the
reactions were terminated at various time points (5, 20,
60, and 240 min and 16 h overnight) by transferring 10
or 100-ll (for cytochrome c) aliquots into reaction tubes
containing an equal volume of 5% TFA. Then 10-ll
aliquots from b-endorphin and desulfatohirudin and
100-ll aliquots from cytochrome c of the TFA-treated
digestion mixtures were loaded onto the Aquapore
OD300 reverse-phase column (2.1  220 mm) of a 140B
ABI HPLC system. For elution, acetonitrile gradient in
0.1% (v/v) aqueous TFA was applied. The detection
wavelength was 220 nm. Digestion products were collected and identiﬁed from the best chromatographic

separations corresponding to the optimal reaction times
as indicated under Results.
Amino acid composition of the fragments was determined using a Waters workstation and a PicoTag
HPLC system (Millipore Waters Chromatography
Corp.). The peptides were hydrolyzed in 6 M HCl in the
presence of crystalline phenol at 110 °C for 18 h, and
their amino acid composition was analyzed after derivatization with phenylisothiocyanate [13]. Aliquots of the
digestion mixtures and/or their HPLC-separated components were sequenced using a 471A pulsed-liquidphase protein sequencer of ABI employing an Edman
degradation program [14].
Characterization of Asp189Ser, D223Asp mutant rat
trypsin by using competing oligopeptide substrates
Characterization of the mutant trypsin on competing
oligopeptide substrates was done as described in detail
[15]. Brieﬂy, the enzyme reaction was monitored on a
mixture of seven oligopeptide substrates that had the
overall sequence His-Ala-Ala-Pro-Xxx-Ser-Ala-Asp-IleGln-Ile-Asp-Ile. The individual peptides diﬀered only at
the potential P1 site (according to the nomenclature of
Schechter and Berger [16]) denoted as Xxx. In the individual peptides this position carried a residue Lys,
Arg, Tyr, Leu, Phe, Trp, or Pro, respectively. An equimolar mixture of the seven components was made from
1 mg/ml stock solutions of the oligopeptides dissolved
directly in the reaction buﬀer, 0.05 M Tris–HCl, pH 8.0,
18 mM CaCl2 . This mixture was digested in independent
reactions with the Asp189Ser, D223Asp mutant rat
trypsin, bovine trypsin, and bovine chymotrypsin. All
the reactions were carried out in the above buﬀer at
25 °C. The enzyme concentrations were optimized to
ensure comparable enzyme reaction rates with the individual proteinases. The concentration of the individual oligopeptide components was 40 lM and enzyme
concentrations 0.0075 lM for bovine chymotrypsin,
0.0012 lM for bovine trypsin, and 0.15 lM for the
Asp189Ser, D223Asp mutant rat trypsin were applied.
The reaction volume was 700 ll. The digestion was terminated at diﬀerent reaction times (0, 1, 4, 16, 32,
64 min) by transferring 100-ll aliquots to the injector
tubes containing 20 ll of 5 M acetic acid. The aliquots
were analyzed on reverse-phase HPLC according to the
method described [15].

Results
Production of Asp189Ser, D223Asp mutant rat trypsinogen in E. coli
The codone for 223 Asp of the Asp189Ser mutant
rat trypsinogen gene was deleted by site-directed
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mutagenesis. The mutant trypsinogen was expressed in
E. coli under the control of a bacterial alkaline
phosphatase promoter. The recombinant protein was
secreted into the periplasmic space of E. coli and
puriﬁed to homogeneity. The puriﬁed proenzyme was
activated by enterokinase and the activated form was
isolated by aﬃnity chromatography. Approximately
0.5 mg puriﬁed proteinase was isolated from a 1-liter
culture of the bacteria.
Characterization of Asp189Ser, D223Asp mutant rat
trypsin on synthetic substrates
Activity of the mutant enzyme was measured on synthetic ﬂuorogenic tetrapeptide substrates Suc-Ala-AlaPro-Xaa-AMC, where the P1 site Xaa residue was Lys,
Arg, Trp, Phe, Leu, and Tyr, respectively (for details on
the nomenclature of substrate (P) and enzyme (S) subsites
see [16]). Kinetic parameters of the Asp189Ser, D223Asp
trypsin measured on these substrates were compared to
the corresponding values of three other related mutants
(see details under Discussion). The kcat , Km , and catalytic
eﬃciency (kcat =Km ) values of these four mutants are
summarized in Table 1. The catalytic eﬃciency of the
Asp189Ser, D223Asp trypsin on the tetrapeptide substrate with P1 Tyr is one or two orders of magnitude
higher than on all the other substrates included in the test.
This outlines a remarkable speciﬁcity proﬁle that diﬀers
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signiﬁcantly from that of all the dozens of mutant serine
proteinases that have so far been tested in our laboratory.
To highlight the striking tyrosyl selectivity of
Asp189Ser, D223Asp trypsin we summarized its relative
catalytic eﬃciency (kcat =Km )Tyr /(kcat =Km )Xaa values in
Table 2 and compared these values to the corresponding
values of bovine a-chymotrypsin, wild-type rat trypsin,
and three of its mutants.
The promising speciﬁcity proﬁle of the Asp189Ser,
D223Asp trypsin that we nicknamed ‘‘Tyrpsin’’ encouraged us to further investigate its apparent tyrosyl
selectivity on larger substrates that oﬀered more complete selection of the amino acid residues.
Characterization of Asp189Ser, D223Asp mutant rat
trypsin on natural polypeptide substrates
Digestion of human b-endorphin. Human b-endorphin is
a polypeptide composed of 31 amino acid residues [3,17]
that represent 15 diﬀerent types of side chains. Six positions
are potential cleavage sites for chymotrypsin, while ﬁve
positions should be cleaved with trypsin. The polypeptide
contains 2 tyrosine residues; 1 is on the N terminus of the
molecule:
:
Potential cleavage sites for trypsin are denoted by white
character and black background while cleavage sites for
chymotrypsin are highlighted with a gray background.
The tyrosyl residues are underlined.

Table 1
Amidolytic enzyme activities
Enzyme

Kinetic
parameter

Tyr

Wild-type bovine
chymotrypsin

kcat
Km
kcat =Km

1.18  103
0.02
5.13  104

Wild-type rat trypsina

kcat
Km
kcat =Km

Asp189Ser rat trypsina

Phe

Trp

Leu

Lys

Arg

1.04  103
0.02
4.72  104

2.86  103
0.04
7.74  104

7.85  102
0.11
7.14  103

2.47
0.60
4.122

ND

0.04
0.20
0.19

0.38
0.78
0.48

ND

0.01
0.31
0.03

7.27  103
0.10
7.34  104

5.46  103
0.07
7.83  104

kcat
Km
kcat =Km

8.56
0.82
10.45

2.56
0.69
3.71

0.06
0.26
0.23

0.70
1.70
0.41

0.49
0.50
0.97

0.23
0.17
1.36

Asp189Ser, TyrGly217-219SerGlyGly, Gln192Met rat trypsinb

kcat
Km
kcat =Km

1.80
0.19
9.73

0.30
0.23
1.28

0.16
0.14
1.15

0.12
0.23
0.53

0.17
0.18
0.96

0.20
0.18
1.14

Tr ! Ch [S1 + L1 + L2] (loop
mutant) rat trypsinc

kcat
Km
kcat =Km

37.00
0.67
55.56

33.00
1.52
21.78

3.50
0.42
8.41

1.60
0.77
2.08

0.14
1.00
0.14

0.41
0.34
1.22

Asp189Ser, D223Asp mutant
rat trypsin, ‘‘Tyrpsin’’

kcat
Km
kcat =Km

4.80
0.50
9.60

0.24
1.25
0.19

0.01
0.42
0.03

0.13
0.91
0.14

0.24
1.22
0.20

0.10
0.38
0.26

Kinetic parameters kcat (min1 ), Km (mM), and kcat =Km (min1 mM1 ) were determined for four diﬀerent mutants of recombinant rat trypsin
using ﬂuorogenic tetrapeptide substrates. The general structure of the substrate was Succinyl-Ala-Ala-Pro-Xaa-AMC, where Xaa denotes the P1 site
residue that was varied in the assay. The six diﬀerent Xaa residues, Tyr, Phe, Trp, Leu, Lys, and Arg, are listed in the ﬁrst row.
a
Data from [2].
b
The mutant was ﬁrst reported in [30].
c
The construct was published in [18]; data shown were determined in our laboratory. The mutants are described under Discussion.
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Table 2
Relative catalytic activity (kcat =Km ) values
Enzyme

ðkcat =Km ÞTyr
ðkcat =Km ÞPhe

ðkcat =Km ÞTyr
ðkcat =Km ÞTrp

ðkcat =Km ÞTyr
ðkcat =Km ÞLeu

ðkcat =Km ÞTyr
ðkcat =Km ÞLys

ðkcat =Km ÞTyr
ðkcat =Km ÞArg

Bovine a-chymotrypsin
Wild-type rat trypsin
Asp189Ser rat trypsin
Asp189Ser,TyrGly217-219SerGlyGly, Gln192Met rat trypsin
Tr ! Ch [S1 + L1 + L2] (loop mutant) rat trypsin
Asp189Ser, D223Asp mutant rat trypsin ‘‘Tyrpsin’’

1.1
0.4
2.8
7.6
2.6
50.0

0.7
ND
45.9
8.5
6.6
285.3

7.2
6.0
25.4
18.4
26.7
67.1

1.2  104
2.7  106
10.8
10.2
396.8
48.8

ND
2.5  106
7.7
8.5
45.7
36.3

Relative catalytic activity (kcat =Km ) values shown for two wild-type proteinases and four mutant rat trypsins. The data illustrate the relative
eﬃciencies of the various enzymes on Tyr as a P1 site residue compared to that of Phe, Trp, Leu, Lys, and Arg. The mutant enzymes are described in
detail under Discussion.

According to the HPLC and sequencing data, after
5 min incubation almost 50% of the human b-endorphin
is cleaved into two fragments by the mutant enzyme at
1:10 (wt/wt) enzyme substrate ratio (Fig. 1A). N-terminal sequencing revealed that the Tyr27-Lys28 bond was
the only cleavage site for the mutant enzyme. No detectable cleavage occurred after the N-terminal tyrosyl
residue. This was anticipated, since serine proteinases of
the chymotrypsin family are usually quite ineﬀective for
the removal of the N terminal amino acid residues. A
longer, 3-h incubation resulted in an additional cleavage: the peptide bond was hydrolyzed after Phe 18. This
cleavage, however, remained partial even after an
overnight digestion (data not shown).
Digestion of reduced and pyridylethylated recombinant
desulfatohirudin. Desulfatohirudin is a protein of 66

amino acid residues that, as a collection, represents 16
diﬀerent types of potential P1 site residues. Its sequence
is labeled with highlighting as above for b-endorphin:

Desulfatohirudin contains seven chymotryptic and
two tryptic cleavage sites. Two of the chymotryptic sites
are tyrosines at the 3rd and 63rd positions. Since desulfatohirudin is a very compact protein stabilized by
three disulﬁde bridges, it is rather resistant to proteolytic
attack in its native conformation by even the high-activity native enzymes, trypsin or chymotrypsin. Thus, as
expected, the mutant rat trypsin failed to cleave it even
during prolonged incubation (data not shown). However, reduction and alkylation transformed the hirudin
molecule to a substrate. Overnight (16 h) incubation

Fig. 1. Partial digestion of three polypeptide substrates was done by using the Asp189Ser, D223Asp double mutant of rat trypsin, ‘‘Tyrpsin.’’ The
substrate in (A) was b-endorphin, that in (B) was pyridylethylated (PE) recombinant desulfatohirudin, and that in (C) was PE horse cytochrome c. The
sequence of the substrates is shown under Results. The proteolytic products were separated by HPLC and the cleavage products from the corresponding peaks were collected and analyzed by peptide sequencing. The peaks are labeled from A1 to C8 according to the substrate and the position of
the peak in the chromatogram. The peptide content of the peaks is listed in Table 3. The label ‘‘1’’ in (A) points to the ﬂow-through fraction. It
contained a very hydrophilic cleavage product with an amino acid sequence of KKGE that was not retained by the column. Arrows point to the peak
of the intact substrate and Tyrpsin in each inlet. Peaks without a label correspond to products that did not yield interpretable peptide sequence.
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with the mutant enzyme resulted in 60% cleavage of
hirudin, yielding speciﬁc proteolytic fragments. The reaction mixture and components from the separated
peaks were sequenced and the cleavage sites were determined to be Tyr3-Thr4 and Tyr63-Leu64 (Fig. 1B
and Table 3). The product of this latter cleavage, the
Leu-Gln dipeptide, was identiﬁed only by pool sequencing of the reaction mixture, since it could not be
detected by UV absorbance. No other peptide bonds
were cleaved.
Digestion of horse cytochrome c. Horse cytochrome c
is a protein of 104 amino acid residues with the sequence:

The cytochrome c sequence is shown with the same
highlighting as used above for b-endorphin and desulfatohirudin. It contains four Tyr residues and altogether 21 tryptic and 15 chymotryptic cleavage sites.
When the protein is digested with either chymotrypsin
or trypsin, very large numbers of fragments that cannot be properly resolved by the reverse-phase HPLC
system that we used are produced (data not shown). A
20 min partial digestion with the Asp189Ser, D223Asp
trypsin, however, resulted in a few major products that
were separated and their peptide content was determined by sequencing (Fig. 1C). The sequence analysis
of the proteolysis products identiﬁed cleavages after
each of the Tyr residues. However, one additional
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cleavage site at the Phe82-Ala83 peptide bond was also
found (Table 3).
Characterization of Asp189Ser, D223Asp mutant rat
trypsin using competing oligopeptide substrates
The Asp189Ser, D223Asp trypsin was analyzed using
the method described [15]. An oligopeptide library of
seven components each diﬀering only at the P1 cleavage
site residue was digested with the mutant enzyme and
the reaction was stopped at various times. The mixture
containing the cleavage products and the remaining
intact substrates was separated by reverse-phase
HPLC. The activity of the enzyme on each individual
substrate component was determined by measuring the
decrease of the corresponding chromatographic peaks
for each substrate. The results of such a kinetic measurement are illustrated in Fig. 2. Data derived from
the assay are shown in Fig. 3 and compared to data
obtained from control experiments using the same
substrate mixture with bovine trypsin and chymotrypsin. For these wild-type proteinases the enzyme quantities were properly adjusted to achieve approximately
the same degree of overall activity as that with the
mutant enzyme (see Materials and methods). As readily visible in Fig. 2, the Asp189Ser, D223Asp trypsin
selectively digests the Tyr-containing component. No
cleavage of any of the other competing substrate
components is visible even after a 1-h digestion period.

Table 3
Proteolytic fragments from three substrates
Substrate

Peak No.

Sequence of fragment

b-Endorphin

A/1
A/2

KKGE
YGGFMTSEKSQTPLVTLFKNAIIKNAY

PE-rHirudin

B/1
B/2
B/3

VVY
TDCTESGQNLCLCEGSNVCGQGNKCILGSDGEKNQCVTGEGTPKPQSHNDGDFEEIPEEYa
TDCTESGQNLCLCEGSNVCGQGNKCILGSDGEKNQCVTGEGTPKPQSHNDGDFEEIPEEYLQ
VVYTDCTESGQNLCLCEGSNVCGQGNKCILGSDGEKNQCVTGEGTPKPQSHNDGDFEEIPEEY

PE-cytochrome c

C/1
C/2
C/3
C/4
C/5
C/6
C/7

LKKATNE
LENPKKY
LENPKKYIPGTKMIF
AGIKKKTEREDLIAYLKKATNE
TDANKNKGITWKEETLMEY
TDANKNKGITWKEETLMEYLENPKKY
LENPKKYIPGTKMIFAGIKKKTEREDLIAY
IPGTKMIFAGIKKKTEREDLIAYLKKATNE
GDVEKGKKIFVQKCAQCHTVEKGGKHKTGPNLHGLFGRKTGQAPGFTY
LENPKKYIPGTKMIFAGIKKKTEREDLIAYLKKATNE
TDANKNKGITWKEETLMEYLENPKKYIPGTKMIF

C/8

Proteolytic fragments from three substrates: a peptide, b-endorphin (A), and two proteins, reduced and pyridylethylated recombinant desulfatohirudin (B) and horse cytochrome c (C). The fragments were produced by partial digestion of the polypeptide with the Asp189Ser, D223Asp
mutant rat trypsin. The column labeled ‘‘Peak No.’’ refers to HPLC peaks from Figs. 1A–C that contained the corresponding fragments. The
complete sequence for he intact substrates is shown in the main text. The proteolytic fragments were identiﬁed by peptide sequencing. Since several
peaks from C/5 to C/8 overlaps, these are cross-contaminated with each other. For clarity, each product is indicated only at the peak were it gave the
highest N-terminal sequencing yield.
a
The content of B2 is 20% contaminated with the two partially cleaved peptides from B/3.
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Fig. 2. RP-HPLC chromatogram set illustrating the time course of a digestion reaction. An oligopeptide mixture of seven peptides diﬀering only at
the P1 cleavage site residue was digested with the Asp189Ser, D223Asp double mutant of rat trypsin. The overall sequence of the peptide library was
His-Ala-Ala-Pro-Xxx-Ser-Ala-Asp-Ile-Gln-Ile-Asp-Ile, where Xxx denotes the potential P1 cleavage site. In the individual peptides this position
carried a Lys, Arg, Tyr, Leu, Phe, Trp, or Pro residue, respectively. The peaks corresponding to the individual substrate components are labeled at
the top section according to the identity of the P1 residue. At several time points (shown on the vertical axis) aliquots were taken out, their peptide
components were separated on RP HPLC, and the corresponding chromatograms were compared. The relative activity of the enzyme on the individual substrates is determined by measuring the decrease of the area of the corresponding substrate component peaks. These values were normalized with data obtained on substrate with Pro as the P1 residue, which cannot be cleaved by these enzymes. The normalized values for the 64-min
time point are plotted in Fig. 3 along with analogous data obtained with two control enzymes, bovine trypsin and bovine chymotrypsin (chromatograms not shown). For a detailed description of the method see [15].

By that time, 75% of the Tyr substrate is already
cleaved. In the same time frame bovine trypsin selectively cleaved 28% of the Lys- and 82% of the Argcontaining peptides, while bovine chymotrypsin cleaved
41% of the Tyr-, 5% of the Leu-, 29% of the Phe-, and
54% of the Trp-containing peptides (Fig. 3).

Discussion
Practical aspects
Routine kinetic studies using six diﬀerent tetrapeptide
substrates called our attention to Asp189Ser, D223Asp

G. Pal et al. / Analytical Biochemistry 326 (2004) 190–199

197

Fig. 3. Block diagram comparing the substrate speciﬁcities of three diﬀerent proteinases, bovine chymotrypsin, bovine trypsin, and the Tyr-selective
Asp189Ser, D223Asp double mutant of rat trypsin (‘‘Tyrpsin’’). Aliquots of the same oligopeptide mixture were digested in independent assays with
the above three enzymes. Data sets corresponding to the 64-min time point of the cleavage reactions are arranged according to the three diﬀerent
enzymes as indicated on the right axis. The amount of the cleaved substrate is shown for each substrate–enzyme pair in percentage as seen on the left
axis and indicated as numbers on the corresponding columns. For substrate–enzyme pairs where no number is shown, cleavage was not detected. The
substrate mixture contained equimolar amounts of seven peptides diﬀering only at the P1 cleavage site residue. The overall sequence of the peptides is
shown in the legend of Fig. 2. Results on the diﬀerent substrates are organized according to the P1 amino acid residues as labeled on the front axis.
Data for Tyrpsin are derived from the chromatogram shown in Fig. 2. Similar chromatograms for the wild-type enzymes are shown in [15].

double mutant of rat trypsin. Although its catalytic efﬁciency was several orders of magnitude lower than that
of the ancestor enzyme, the speciﬁcity proﬁle was remarkable. Of the six diﬀerent amino acid residues (Arg,
Lys, Trp, Phe, Tyr, and Leu) at the P1 site, tyrosine was
preferred by the enzyme. As readily apparent from this
comparison, none of the other enzymes has a similar
high selectivity toward any of the residues.
As seen in Table 2, trypsin has a well-known and
strict preference for Lys and Arg P1 residues and has
many orders of magnitude lower activity on substrates
with hydrophobic P1 sites. Nevertheless, this low activity
is measurable and in this regard trypsin hardly distinguishes between Phe, Tyr, or Leu P1 sites. Bovine
a-chymotrypsin is selective for hydrophobic P1 sites but
does not distinguish between Tyr, Phe, or Trp and is
only slightly better on these P1 residues than on Leu.
The preference of Tyrpsin for the tyrosyl side chain
was so signiﬁcant that it urged us to start further investigation. The most important question was whether
the mutant trypsin presents the same phenomena when a
more complete selection of residues is supplied, as in the
case of a polypeptide substrate.
Results on three polypeptides convinced us that, indeed, the double mutant trypsin is a quite selective

proteinase that could be used as a tool for peptide
chemical approaches such as sequence-speciﬁc proteolysis prior to peptide sequencing. The enzyme cleaved
after all the Tyr residues of the polypeptides tested in
our assays except in one case, when the residue was located at the N terminus of the peptide chain. Combining
the results obtained for the three peptides, seven cleavages after Tyr residues were identiﬁed and only two
other cleavages were observed, both after Phe residues.
Although a high relative amount of the mutant enzyme is needed to obtain eﬃcient cleavage, the results
are always easy to interpret since no autolysis of the
proteinase was detected. Even under those conditions
where considerable self-digestion might be expected
(such as in the presence of denaturants) complete
sequence information on the enzyme should prevent
misinterpretation of the data. The relatively high enzyme/substrate ratio does not necessarily require large
quantities of the recombinant proteinase. TodayÕs advanced analytical and separation techniques allow for
peptide sequencing in the picomolar range; therefore a
couple of micrograms of the enzyme can be enough for a
complete analysis. Hence, enzyme isolated from only
several liters of easy to handle E. coli culture can supply
proteinase that is enough for hundreds of experiments.
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Tyr is not as common a residue as Ser, Leu, Lys, or
Asp nor as rare as Met or Trp. Thus, a Tyr-selective
enzyme might provide an optimal choice when the target
peptide or protein does not contain Met and Trp residues but is digested to too-small fragments by enzymes
that are less selective or that recognize more common
amino acid residues.
An unexplored application of the enzyme could be to
map modiﬁed Tyr residues. Since the modiﬁed Tyr is not
expected to be a substrate for the enzyme, comprehensive analysis of the peptide or protein with and without
modiﬁcation might be able to locate the position of
phosphorylation or iodination. This potential of the
enzyme will be investigated in our lab.
Structural considerations
All the serine proteinases catalyze peptide or ester bond
hydrolysis by essentially the same molecular mechanism.
The catalysis requires proper positioning of the scissile
bond of the substrate relative to the catalytic machinery.
It is the substrate binding apparatus that provides
this accurate positioning of the substrate and therefore
it is the source of the selectivity. The structural basis of
the substrate speciﬁcity of the serine proteinase families
was discussed in details in two review papers [18,19] and
more recently in the review article of Czapinska and
Otlewski [20]. The four serine proteinases best-characterized by means of substrate speciﬁcity are perhaps BPNÕ
subtilisin, a-lytic proteinase (a small chymotrypsin-like
bacterial enzyme), trypsin, and chymotrypsin.
The originally broad P1 speciﬁcity of BPNÕ subtilisin
with a bias for large hydrophobic side chains was successfully altered by rational design to prefer smaller
nonpolar residues [21] and to recognize dibasic [22] and
tribasic [23] substrates. The changes were limited to the
S1 substrate binding pocket and altered only those residues in direct contact with the substrate. Importing the
substrate speciﬁcity proﬁle of SCARL subtilisin into the
BPNÕ framework clearly demonstrated that residues
outside the subtilisin S1 site have minor inﬂuence on
speciﬁcity [24]. Random mutagenesis of a-lytic proteinase also demonstrated that introducing changes exclusively into the substrate binding site can generate new
forms with altered speciﬁcity proﬁle [25].
Quite surprisingly, alteration of the speciﬁcity of
trypsin turned out to be more complicated. Trypsin and
chymotrypsin are favorite model proteins of enzymology and structural biology. The particular interest toward the chymotrypsin-like serine proteinases can partly
be attributed to their fundamental biological functions.
Another reason for continuous interest in these proteinases is that even several decades after the structure
and possible mechanism of action of the catalytic triad
has been revealed [26–28], the structural basis of their
substrate-speciﬁc catalysis is still not fully understood.

Trypsin and chymotrypsin have speciﬁcity pockets of
essentially the same geometry, yet trypsin is speciﬁc for
positively charged residues and chymotrypsin for bulky
hydrophobic residues at the P1 site of the substrate.
Thus, it has long been thought that the negative charge
at site 189 is the major speciﬁcity determinant: its
presence results in tryptic speciﬁcity while its lack results
in chymotryptic speciﬁcity [29].
However, as was shown in the study of Graf et al. [2]
replacement of the negatively charged Asp189 residue
trypsin with the corresponding Ser189 residue of chymotrypsin resulted in a weak nonspeciﬁc enzyme. As
illustrated in Table 2, the Asp189Ser mutant has broad
substrate speciﬁcity with only a 10-fold preference for
Tyr compared to the traditional trypsin substrate P1
sites, Arg and Lys. Also, this enzyme hardly discriminates between Tyr and Phe P1 sites. This observation
initiated a long investigation to reveal the structural
requirements for trypsin- and chymotrypsin-like speciﬁcities and provided unexpected results [2,30–34].
Even exchanging all those residues of the substrate
binding pocket of trypsin with the chymotrypsin
residues that directly contact the substrate did not
import chymotrypsin-like activity into trypsin [30]. The
corresponding Asp189Ser, TyrGly217-219SerGlyGly,
Gln192Met trypsin mutant, which has a chymotrypsinlike substrate binding pocket, is rather nonspeciﬁc.
While it is about 10-fold more eﬃcient on Tyr than on
any of the other P1 residues included in this assay, it is
equally good on the other three chymotrypsin and the
two trypsin substrates (see Tables 1 and 2).
More distal elements, namely two surface loops, had
to be exchanged to produce a hybrid trypsin with chymotrypsin-like speciﬁcity pattern and considerable activity [31]. The corresponding Tr ! Ch [S1 + L1 + L2 ]
(loop mutant) rat trypsin has sequences for the entire
substrate binding pocket (S1 ) and two surface loops (L1
and L2 ) replaced with homologous sequences from
chymotrypsin. As illustrated in Table 2 this mutant
trypsin has chymotrypsin-like speciﬁcity as it prefers
hydrophobic P1 residues over the positively charged
trypsin substrates, Lys and Arg. The enzyme has comparable activities on Tyr, Phe, and Trp.
Loop l extends from residues 185 through 188 and
Loop 2 from residues 221 through 225. While groupspeciﬁc Loop 1 sequences are conserved in all the chymotrypsin and trypsin sequences, Loop 2 sequence is
conserved only in chymotrypsins.
The rat trypsin sequence at the Loop 2 region is one
residue longer than the corresponding chymotrypsin
sequence. Deletion of Asp223 in the Asp189Ser mutant
was meant to diminish this diﬀerence and thought to
represent an alternative route of converting trypsin to a
chymotrypsin-like proteinase. This mutation turned out
to be successful by means of providing tyrosyl peptide
bond selectivity for the otherwise nonspeciﬁc parent
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molecule. In this regard it is interesting to note that the
function of Loop 2 has been proposed to maintain the
appropriate main chain conformation of the selectivity
determinant G1y216 residue [34]. This residue ensures
productive binding of the speciﬁc substrate at its P3 site
through an antiparallel b sheet. As we observed in the
case of the b-endorphin, the Asp189Ser, D223Asp
trypsin is unable to remove the N-terminal Tyr residue.
In contrast, the enzyme eﬃciently cleaves internal tyrosyl bonds. This observation suggests that for the catalysis the mutant enzyme can productively use binding
energy through the extended S3 –S1 sites.
The eﬀect of the Asp223 deletion on the conformation
of Loop 2 and indirectly on the primary binding site is far
from trivial. Analysis of the three-dimensional structure
of the mutant enzyme in complex with a Tyr P1 site inhibitor will be the next step on the way to elucidating the
structural background of this unique selectivity.
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