Amino Acids (2001) 21: 175-184

Amino
Acids

© Springer-Verlag 2001
Printed in Austria

Chum salmon trypsin-catalyzed preferential formation of peptides
containing p-amino acid

H. Sekizaki, K. Itoh, E. Toyota, and K. Tanizawa

Faculty of Pharmaceutical Sciences, Health Sciences University of Hokkaido,
Ishikari-Tobetsu, Hokkaido, Japan

Accepted December 2, 2000

Summary. Chum salmon trypsin-catalyzed peptide synthesis has been
studied by using nine series of “inverse substrates,” i.e., p-amidinophenyl,
p- and m-guanidinophenyl, p- and m-(guanidinomethyl)phenyl, and four
position isomers of guanidinonaphthyl esters derived from N*-(tert-
butyloxycarbonyl)amino acid as acyl donor components. They were found to
couple with an acyl acceptor such as L-alanine p-nitroanilide to produce
dipeptide in the presence of trypsin. All substrates tested in this study undergo
less enantioselective coupling reaction, and the coupling product was the
favorably obtained D-series rather than L-series (in the present case; N“-Boc-
D-Ala and N“-Boc-L-Ala). The optimum condition for the coupling reaction
was studied by changing the organic solvent, buffer solution, pH, and acyl
acceptor concentration. It was found that the enzymatic hydrolysis of the
resulting product was negligible.

Keywords: Amino acids — Inverse substrate — Chum salmon trypsin —
Enzymatic peptide synthesis — D-Amino acid — Amidinophenyl ester —
Guanidinophenyl ester

Abbreviations: Boc: tert-butyloxycarbonyl; DMSO: dimethylsulfoxide;
DMF: N,N-dimethylformamide; Tris: tris(hydroxymethyl)aminomethane;
MOPS: 3-morpholino-1-propanesulfonate; GTA: mixture of 33-
dimethylglutaric acid (G), Tris (T), and 2-amino-2-methyl-1,3-propanediol
(A); HEPES: N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid; Tricine:
N-tris(hydroxyethyl)methylglycine; Am; amidinophenyl; pGu: p-
guanidinophenyl; mGu: m-guanidinophenyl; pGM: p-(guanidinomethyl)
phenyl; mGM: m-(guanidinomethyl)phenyl; GN: guanidinonaphthyl; pNA:
p-nitroanilide.

Introduction

Peptide synthesis by protease-catalyzed reverse reaction has been extensively
studied with a variety of amino acids and peptide derivatives as coupling



176 H. Sekizaki et al.

components (Nakatsuka et al., 1987; Schellenberger et al., 1991; Tsuzuki et al.,
1980; Wong, 1989). The protease-catalyzed peptide synthesis is superior to the
chemical coupling method. The method requires less-side chain protection
than the chemical coupling method. The method, however, has not been fully
exploited for possible synthesis of a number of biologically important peptides
containing D-amino acid or other unusual amino acid, because the enzymatic
method is subject to restrictive substrate specificity and stereoselectivity.

In a previous paper, we reported that the p-amidinophenyl and p-
guanidinophenyl esters behave as specific substrates for trypsin (Itoh et al.,
1996; Sekizaki et al., 1996a). In these esters the site-specific groups (charged
amidinium and guanidinium) for the enzyme are included in the leaving-
group portion instead of being in the acyl moiety. Such substrate is termed an
“inverse substrate” by us (Tanizawa et al., 1977) and “substrate mimetics” by
Bordusa et al. (1997). Inverse substrates allow the specific introduction of
an acyl group carrying a non-specific residue into the trypsin active site with-
out recourse to a cationic acyl moiety, which is a characteristic of conventional
substrates. These acyl trypsin intermediates are expected to play a key role in
trypsin-catalyzed peptide synthesis. We previously reported bovine trypsin-
catalyzed peptide synthesis by use of N*-Boc-amino acid p-amidinophenyl
(N+-Boc-AA-OAm) (AA = amino acid) (Itoh et al., 1996), p-guanidino-
phenyl (N“-Boc-AA-OpGu) (Sekizaki et al., 1996b), m-guanidinophenyl
(N*-Boc-AA-OmGu) (Sekizaki et al., 1999a), p-(guanidinomethyl)phenyl
(N“-Boc-AA-OpGM) (Sekizaki et al., 1997, 1998), m-(guanidinomethyl)
phenyl (N“-Boc-AA-OmGM) (Sekizaki et al., 1999a), and guanidinonaphthyl
esters (N“-Boc-AA-OGN) (Sekizaki et al., 1999b) as acyl donors.

Many studies on the characterization of trypsins from cold-adapted spe-
cies have been reported (Vecchi and Coppes, 1996). These trypsins display
substantially higher catalytic efficiency than their mammalian counterparts
(Asgeirsson et al., 1989; Asgeirsson and Bjarnason, 1991, 1993; Kristjansson
and Nielsen, 1992; Gildberg and Overbo, 1990; Osnes et al., 1985; Simpson
and Haard, 1984). Thus, trypsin from chum salmon (Onchorhynchus keta) is
expected to be a highly efficient catalyst for enzymatic peptide synthesis.
Therefore, it was assumed that chum salmon trypsin-catalyzed coupling reac-
tion by use of an inverse substrate as the acyl donor component is the most
promising procedure for peptide synthesis. In fact, we recently reported the
chum salmon trypsin-catalyzed reaction using N“-Boc-AA-OAm at low tem-
perature was applicable to the synthesis of peptides which are sensitive to
spontaneous and enzymatic hydrolyses (Sekizaki et al., 2000b). Studies on the
requirements for chum salmon trypsin-catalyzed reaction by use of various
inverse substrates (Fig. 1) were investigated.

Materials and methods
Materials

All inverse substrates were prepared according to our previous papers (Itoh et al., 1995,
1996; Sekizaki et al., 1996a, 1997, 1998, 1999a, 1999b). Chum salmon trypsin was prepared
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Fig. 1. Structure of inverse substrates

following our reported procedures (Sekizaki et al., 2000a). HPLC grade DMSO, DMF,
and acetonitrile from Kanto Chemical Co., Inc. were used. L-Ala-pNA and glycylglycine
were purchased from Peptide Institute, Inc. MOPS and HEPES were from Wako Pure
Chemical Industries. 3,3-Dimethylglutaric acid and 2-amino-2-methyl-1,3-propanediol,
and Tris were obtained from Tokyo Chemical Industry Co., Ltd. and ICN Biomedicals,
Inc., respectively. Tricine and p-methylumbelliferyl p’-guanidinobenzoate were
purchased from Merck & Co., Inc.

Enzymatic peptide coupling reaction

Peptide coupling reaction was carried out at 25°C in 50% DMSO-HEPES buffer (pH 8.0,
containing 20mM CaCl,). Concentrations of acyl donors (1-9), acyl acceptor (L-Ala-
pNA), and enzyme were 1 mM, 20mM, and 10uM, respectively. Concentration of chum
salmon trypsin was determined by active site titration as 64% using p-methylumbelliferyl
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p'-guanidinobenzoate according to the literature (Coleman et al., 1976). The progress of
the peptide coupling reaction was monitored by HPLC under the following conditions:
column (4.6 X 250mm, Wakosil 5C18-200), isocratic elution at 1 mL/min, 0.1% aqueous
trifluoroacetic acid/acetonitrile. An aliquot of the reaction mixture was injected and the
eluate was monitored at 310nm (chromophore due to the p-nitroanilide moiety). Peak
identification was made by correlating the retention time with that of authentic samples
which were chemically synthesized (Bieth and Weremath, 1970; Kawai and Nagai, 1982;
Okada et al., 1982). Observed peak areas were used for the estimation of sample
concentration.

Results and discussion

Chum salmon trypsin-catalyzed coupling reaction of N“-tert-butyloxy-
carbonyl-L-alanine p-guanidinophenyl ester (N“-Boc-L-Ala-OpGu) (2a) and
L-Ala-pNA to give N*-Boc-L-Ala-L-Ala-pNA was examined in DMSO, DMF,
or acetonitrile as a co-solvent. The reaction was also evaluated under the
condition where the pH of the medium was changed and the concentration
of the acyl acceptor (L-Ala-pNA) was changed. The coupling product was
obtained in high yield with DMSO, but unsatisfactorily with other organic
solvents.

Effects of DMSO, DMF, and acetonitrile concentration on coupling yields
are shown in Fig. 2. Coupling yields higher than 50% were observed at DMSO
concentration in the range of 50-60%, and the best yield (52% ) was at around
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Fig. 2. Effect of organic solvent on chum salmon trypsin-catalyzed condensation of N*-
Boc-L-Ala-OpGu with L-Ala-pNA. Reaction was carried out in 50mM HEPES buffer
(pH 8.0) containing DMSO (A), DMF (O), and acetonitrile ((J) at 25°C. Product yield
was analyzed after a reaction period of 1.5 hours in which the coupling was completed.
N“-Boc-L-Ala-OpGu, 1mM; L-Ala-pNA, 20mM; chum salmon trypsin, 10uM
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50% DMSO. The effect of DMF concentration was similar to that of DMSO,
but the coupling yields were much lower than those in DMSO. However, the
extreme decrease of coupling yield, which occurred in 70% DMSO and 80%
DMF, respectively. On the other hand, acetonitrile showed different behavior
from DMSO and DMF; the maximum yield (38%) was observed at lower
concentration of the organic solvent (20% ), and the coupling yields decreased
progressively with the increase of the acetonitrile. Although high concentra-
tion of an organic solvent prevents the hydrolysis of the acyl enzyme, it will
decrease the enzymatic activity due to the denaturation of chum salmon
trypsin as well as bovine trypsin (West and Wong, 1986). Consequently, the
coupling yield was presumed to be decreased at the concentration of organic
solvents higher than 60% DMSO and 70% DMEF, respectively.

The effects of pH and the variety of the reaction medium on the coupling
yields were analyzed. DMSO was mixed with a variety of buffers (50mM,
containing 20mM CaCl,) at various pH. The pH values given in Fig. 3 are
those of the buffer itself before mixing with an organic cosolvent. The effect
of pH on the coupling yield was determined (Fig. 3). The coupling yield was
not simply dependent on the pH, and was greatly affected by the kind of
buffer solution. The best yield was obtained at pH 8 in HEPES even though
the optimum pH for chum salmon trypsin-catalyzed hydrolysis is around 10
(Sekizaki et al., 2000a).

The effect of acyl acceptor concentration on the coupling yields in 50%
aqueous DMSO is shown in Fig. 4. The dependency can be explained to be
due to the saturation of the enzyme binding site with the acyl acceptor. The
reaction yield reached maximum (52%) at the concentration around 20mM of
acyl acceptor.

Consequently, standard conditions for chum salmon trypsin-catalyzed
peptide coupling reaction were selected as described in the methods. The
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Fig. 3. Effects of pH and variety of reaction medium on chum salmon trypsin-catalyzed
condensation. Reactions were carried out in 50mM GTA, HEPES, MOPS, Glycylglycine,
Tris, Tricine, and Glycine buffer containing 50% DMSO at 25°C. Product yield was
analyzed after a reaction period of 1.5 hours in which the coupling was completed.
N+-Boc-L-Ala-OpGu, 1 mM; L-Ala-pNA, 20 mM; chum salmon trypsin, 10uM
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Fig. 4. Effect of acyl acceptor concentration on chum salmon trypsin-catalyzed condensa-

tion. Reactions were carried out in 50mM HEPES buffer (pH 8.0) containing 50%

DMSO at 25°C. Product yield was analyzed after a reaction period of 1.5 hours in which

the coupling was completed. N*-Boc-L-Ala-OpGu, 1 mM; chum salmon trypsin, 10uM;
L-Ala-pNA, 1-30mM

results of chum salmon trypsin-catalyzed coupling reaction were compared
with those of bovine trypsin-catalyzed coupling reaction previously reported
(Itoh et al., 1996; Sekizaki et al., 1996b, 1998, 1999a, 1999b), and they are
summarized in Tables 1 and 2. In general, toward all inverse substrates
derived from N“Boc-p-Ala (1b-9b), chum salmon trypsin behaved as an
effective catalyst for the synthesis of the peptides (Entry 19-27 in Table 2). As
shown in Table 1, chum salmon trypsin can be also utilized for the synthesis of
peptides containing L-amino acid (Entry 1-9 in Table 1).

Comparative study of chum salmon trypsin and bovine trypsin as the
catalyst of peptide coupling led to the conclusion that L-series substrates (1la—
9a) behave as a good acyl donor for both chum salmon and bovine trypsin-
catalyzed reaction, and the coupling yields by bovine trypsin are somewhat
better than those by chum salmon trypsin. The p-series substrates (1b—9b)
behave as a good acyl donor for both enzymes as well. Coupling yields by
chum salmon trypsin, however, are better than those by bovine trypsin in this
case.

In any event, all inverse substrates afforded the coupling product in good
yield regardless of their structures. In the enzymatic peptide synthesis, sec-
ondary hydrolysis of the resulting peptide is unavoidable to some extent. This
serious problem can be largely overcome by use of inverse substrates since the
resulting peptide is much less specific to the enzyme than the substrate —
“preferential coupling to hydrolysis”.
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It appears indeed that secondary hydrolysis of the coupling product was
negligible in our enzymatic procedure, since a separate experiment incubating
the coupling product for 72h resulted in no detectable change.
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