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Penicillin acylase from E. coli is able to catalyze both the introduction and the removal of the phenylacetyl group. We have established that phenyl-
acetyl derivatives of amino acids and peptides can be used in protease-catalyzed peptide synthesis. Here the synthesis of leucine-enkephalin using
enzymes for N-terminal amino group protection, peptide bond formation and deprotection is described.
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1. INTRODUCTION

Penicillin acylase from E. coli (EC 3.5.1.11) shows a
rather broad substrate specificity [1-9]. Besides ben-
zylpenicillin it accepts a range of substituted
phenylacetylamides with high specificity for the
phenylacetyl group but low specificity for the amine
moiety. Thus, penicillin acylase could prove to be a
valuable tool for the removal of the phenylacetyl pro-
tection group under mild conditions [5—9]. Recently, it
was shown that this enzyme can also be employed for
the catalysis of the reverse reaction, i.e. synthesis of
phenylacetyl amino acid esters and peptides [10,11].

In the present work we combined both methods with
the well-established approach of protease-catalyzed
peptide synthesis (see [12] for review). Leucine-
enkephalin was chosen as a model peptide. We could
demonstrate that all three steps of an N-terminal pep-
tide elongation can be performed in enzyme-catalyzed
reactions: (i) N-terminal protection of the amino acid
ester; (i1) elongation of the peptide; (iii) deprotection of
the N-terminal amino group.

2. MATERIALS AND METHODS

2.1. Marerials
The chemicals were obtained from the following sources: o-
phthalaldehyde (Koch-Light), papain (Merck), a-chymotrypsin, Gly-
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Ome - HCl (Sigma), Leu-OBu' - HCI, Phe-OMe - HCI (Reanal), mer-
captoethanol, dithiothreitol, EDTA (Serva). All reagents and solvents
were analytical grade. Penicillin acylase was isolated from E. coli
ATCC 9637, purified, and used as 3 x 107" M solution. The enzyme
was prepared and titrated as described earlier [13].

2.2. Reaction assay

During each stage of the enkephalin synthesis amino groups are
formed or consumed. Therefore, the extent of conversion was deter-
mined as the change in the concentration of amino groups. The amino
groups were determined spectrophotometrically at 340 nm on an
automatic analyzer (GEMSAECQC) by a method based on the reaction
with o-phthalaldehyde and mercaptoethanol [14].

2.3. Synthesis of N-phenylacetyl amino acid esters

The condensations of phenylacetic acid and the corresponding
amino acid esters were carried out in 0.5 M phosphate buffer, pH 6.3,
25°C, using 0.5 M of both reactants and 2.3 x 10"%* M penicillin
acylase. The precipitating products were filtered, washed with water
and diethyl ether and recrystallized from methanol.

2.4, Papain-catalyzed peptide bond formation

Papain-catalyzed acyl transfer reactions were performed at pH 9.0,
25°C, in the presence of 20% methanol, 0.2 M EDTA, 0.2 M
dithiothreitol, and 2 mg/m! papain. The initial concentrations of
reactants varied from 0.05 M to 0.5 M. The pH of the solution was
kept constant by titration with a RTS-622 titrator (Radiometer). The
precipitating peptides were isolated and purified as described above.

2.5. a-Chymotrypsin-catalyzed peptide bond formation

The reaction was carried out at pH 7.7, 25°C,in 1 M NaCl. 0.1 M
PhAc-Tyr-OMe, 0.3 M Gly-OMe, and 10 mg/ml chymotrypsin were
used. After 10 h the resulting insoluble dipeptide was isolated and
purified as described above. The hydrolysis of PhAc-Tyr-OMe was
finished in a few hours and the synthesis of dipeptide really proceeded
from PhAc-Tyr-OH and Gly-OMe.

2.6. Deprotection of the phenylacety! peptides

The hydrolyses were performed in 0.05 M phosphate buffer, pH
8.5, 25°C, in the presence of 10% methanol with 5 x 107 M of the
appropriate peptide and 10™" M penicillin acylase. The products were
extracted with ethyl acetate and recrystallized from methanol.
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Fig. 1. Scheme of the enzvmatic synthesis ot leucine-enkephalin -
butyl ester.

The elemental analyses of all compounds were carried out with an
analyzer 240B (Perkin Elmer). The results were within acceptable
limits.

3. RESULTS AND DISCUSSION

The scheme of the enzymatic synthesis of leucine
enkephalin is given in Fig. 1. Following the strategy of
our work, the reactions can be divided into three
groups: (i) penicillin acylase-catalyzed synthesis of
phenylacetyl derivatives of the amino acid esters; (ii)
protcase-catalyzed peptide bond formation; (iii)
penicillin  acylase-catalyzed deprotection of the
phenylacetyl peptides. The results obtained in the study
of these reactions are discussed below.

The phenylacetyl protecting group was introduced
via penicillin acylase-catalyzed condensation of
phenylacetic acid and the corresponding amino acid
derivatives. In contrast to previous communications
[10,11], these reactions were performed without addi-
tion of organic solvents. The equilibrium of the reac-
tions is shifted towards synthesis by precipitation of the
condensation products. The time courses of the reac-
tions are given in Fig. 2. In all cases the conversion ¢x-
ceeded 80% using equimolar concentrations of reac-
tants.

The dependence of the yield of slightly soluble PhAc-
Phe-OMe on the reactant concentration is shown in
Fig. 3. High concentrations of the starting materials
give high yield even when the reactants are sparingly
soluble in the reaction mixture (see data for PhAc-Gly-
OMe). A similar effect was observed for the other con-
densation reactions.

The papain-catalyzed synthesis of leucine enkephalin
has been described by Zapevalova et al. [15] using ben-
zyloxycarbonyl protection of the amino groups. We got
similar results in the reactions with phenylacetyl pro-
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Fig. 2. Time courses of the penicillin acvlase-catalyzed reactions of

the phenylacetic acid with Gly-OMe (4), Tyr-OMe (®), Phe-OMe (o)
and Leu-OMe (v).

tected derivatives (see Table 1). This is not surprising as
both groups are hydrophobic and of comparable size. It
can be seen from Table I that the peptide bond forma-
tions proceed in good vield. Only in the 2 + 3 condensa-
tion of the segments were lower yields obtained due to
the low concentration of the amino acid component in
the experiment described.

It is important to note that N-phenylacetyl-protected
peptides cannot be synthesized without racemization by
chemical methods starting from PhAc-amino acids and
amino acid or peptide esters. Using the modified car-
bodiimide procedure (DCCI/HOBt) product formation
is accompanied by 3-7% racemization of the N-
terminal amino acid [8].

At all three stages of the synthesis the phenylacetyl
protection could be readily removed with yields ex-
ceeding 90%. The time necessary for deprotection in-
creased in the order: PhAc-Gly-Phe-Leu-OBu' (120
min) < PhAc-Phe-Leu-OBu' (400 min) < PhAc-Tyr-
Gly-Gly-Phe-Leu-OBu' (720 min). This is in accord-
ance with previous data {5—7] that revealed a preference
of penicillin acylase for amino acids with small side
chains in the N-terminal position.

Thus, the use of penicillin acylase for protection and
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Fig. 3. Influence of the reactant concentration on the penicillin
acylase-catalyzed svnthesis of PhAc-Phe-QMe.
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Table I

Protease-catalyzed peptide syntheses

Reactants (M) Enzyme Yield
(%)
PhAc-Phe-OMe (0.5) +
H-Leu-OBu' (0.5) Papain 85
PhAc¢-Gly-OMe (0.1) +
H-Phe-Leu-OBu' (0.3) Papain 92

PhAc-Tyr-OMe (0.1) + H-GlyOMe (0.3) «-Chymotrypsin 68

PhAc-Tyr-Gly-OMe (0.05) +
H-Gly-Phe-Leu-OBu' (0.05)

Papain 45

deprotection of amino groups in combination with
protease-catalyzed peptide bond formation enabled us
to perform a totally enzymatic synthesis of leucine

enkephalin r-butyl ester.
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