Journal of Peptide Science
J. Peptide Sci. 6: 541-549 (2000)

The Applicability of Subtilisin Carlsberg in Peptide

Synthesis

JENS UWE KLEIN, ALEXANDRA PRYKHODZKA and VACLAV CEROVSKY*

Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic,

Prague, Czech Republic

Received 5 January 2000
Accepted 2 March 2000

Abstract: The synthesis of peptide bonds catalysed by subtilisin Carlsberg was studied in different
hydrophilic organic solvents with variable H,O concentration. Z-Val-Trp-OMe and Z-Ala-Phe-OMe were
used as acyl donors, and a series of amino acid derivatives, di- and tripeptides of the general structure
Xaa-Gly, Gly-Xaa, Gly-Gly-Xaa (Xaa represents all natural L-amino acids except cysteine) and other
peptides were used as nucleophiles. A comparative study of the enzymatic synthesis in aqueous DMF (50%,
v/v) and acetonitrile containing 10% (v/v) of H,O demonstrated that the yields of peptide products were
higher in most cases when acetonitrile with low H,O concentration was used. The acylation of weak
nucleophiles was improved in organic solvents with very low H,O concentration (2%). The reactions in
anhydrous Bu’-OH proceeded with substantially lower velocity. Generally, the restricted nucleophile
specificity of the enzyme for glycine and hydrophilic amino acid residues in P1’ position, as well as
numerous side reactions, limit the utilization of subtilisin in peptide synthesis, especially in the case of the
segment condensations. Contrary to the published data, we have proved that proline derivatives were not
acylated in any media with the help of subtilisin Carlsberg. Effective ester hydrolysis of a protected
nonapeptide corresponding to the N-terminal sequence of dicarba-eel-calcitonin catalysed by sublilisin was

achieved. Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Proteases are becoming increasingly popular as cat-
alysts in peptide chemistry, namely for peptide
bond formation [1]. In a kinetically controlled syn-
thesis, the aminolysis/hydrolysis ratio is the key
parameter for obtaining high peptide yield [2]. To
promote the aminolysis over the ester hydrolysis,
utilization of efficient nucleophiles or working in low
H,O media is often desirable. Possibilities of using
proteases in enzymatic peptide synthesis in non-
aqueous solvents as a means of improving yields

Abbreviations: OMe, methyl ester; OBzl, benzyl ester.
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have been studied extensively [3-5]. With respect to
the stability of proteolytic enzymes in organic media
subtilisins, they are considered to be the most effi-
cient enzymes among the family of proteases used
for this purpose [6-8]. Subtilisins are bacterial ser-
ine proteases, classified today as subtilisin BPN" or
subtilisin Carlsberg, and are marketed by several
companies. These two species have very similar
three-dimensional structures, but differ in their pri-
mary structure, which results in different catalytic
activities [9,10]. Several other proteases of the sub-
tilisin group with different properties have been
reported in the literature [10]. The nomenclature of
these enzymes, which has been changed several
times, and various labelling of commercial samples
of subtilisins has caused confusion in the studies
[10-12]. In contrast to the well-known substrate
specificity of these enzymes, the nucleophile
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specificity [2] in acyl transfer reactions has not been
sufficiently investigated. The nucleophile specificity
of subtilisin BPN’ in acetonitrile with low H,O con-
tent has been systematically studied in our labora-
tory [12]. The values of partition constants
estimated in the acyl transfer reaction for a large
series of nucleophiles indicate preference for glycine
and small hydrophilic amino acid residues in
P1’' position (binding site notation according to
Schechter and Berger [13]), which is principally in
agreement with the majority of published data [14-
16]. The proline residue in this position was not
acylated [12]. A few papers also describe the acyla-
tion of bulky hydrophobic amino acid derivatives
and dipeptides with high yields, using different
samples of subtilisins [16-18]. The peptide synthe-
sis in a high yield, using proline derivatives as
nucleophiles catalysed by alcalase or subtilisin
Carlsberg in Bu-OH published by Chen, was a
great surprise to us [19]. This finding led us to
extensively investigate enzymatic peptide synthesis
catalysed by subtilisin Carlsberg, with respect to its
nucleophile specificity in various media. Special at-
tention has been paid to the acylation of proline
derivatives and Pro containing peptides, in order to
either confirm or to contradict Chen’s results [19].
The measure of nucleophile efficiency of various
amino components in this study is expressed in
terms of HPLC-yields of peptide products in the acyl
transfer reaction, avoiding the very laborious evalu-
ation of partition constants [12]. In the course of the
synthesis of the dicarba analog of eel calcitonin
[20], we made use of the high esterase activity of
subtilisin Carlsberg for the hydrolysis of its N-ter-
minal protected nonapeptide methyl ester cyclo[1-
6]-Ser(Buf)-Asn-Leu-Ser(Buf)-Thr(Bu’)-Asu-Val-Leu-
OMe. We wanted to avoid the side reactions that
could be expected if the asparagine containing pep-
tide was subjected to alkaline hydrolysis.

MATERIALS AND METHODS

Materials

Subtilisin Carlsberg (Proteinase, bacterial; 15.4 U/
mg), Cat. No. 82528, was from FLUKA BioChemika,
(Switzerland). We verified the identity of this sample
by amino acid analysis, which was consistent with
the data in the literature [9]. Z-Val-Trp-OMe, Z-
Ala-Phe-OMe and the majority of nucleophilic
components were purchased from BACHEM
(Bubendorf, Switzerland), others from SIGMA (USA).

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

Deamino-dicarba-eel-calcitonin sequence 1-9; cy-
clo[1-6]Ser(Bu)-Asn-Leu-Ser(Bu!)-Thr(Bu)-Asu-Val-
Leu-OMe was synthesized in solution, as described
[20]. The peptide had 80% HPLC purity, with a
satisfactory amino acid composition; FAB-MS: m/
z=1068.4 [M* +H].

HPLC Analyses

HPLC analyses were performed using a Thermo
Separation Products instrument (USA), equipped
with a Spectra Series P 100 pump, UV 100 detector,
Chrom Jet integrator, and a Merck 25 x 0.4 cm
column, packed with LiChrospher WP-300 (RP-18,
5 pum). Samples were analysed isocratically, with
various mixtures of methanol (50-60% v/v) in 0.1%
aqueous trifluoroacetic acid, at a flow rate of 1
ml/min. The reactions with Z-Val-Trp-OMe and Z-
Ala-Phe-OMe were monitored at 280 nm and 254
nm, respectively. We assumed that the extinction
coefficients of the hydrolysis products, and the syn-
thesis products in acyl transfer reaction were equal
[12]. For the Tyr-, Trp- and Phe-containing nucleo-
philes, the ¢ of the peptide products were considered
as a sum of the ¢ of the Z-Val-Trp-OH (Z-Ala-Phe-
OH) and the nucleophile. Certain peptide products
were isolated by gradient HPLC with 0.1% TFA/
methanol system, at a flow rate of 3 ml/min on
25 x 1 cm Vydac C18 column.

Enzymatic Peptide Synthesis

Reactions of Z-Val-Trp-OMe with nucleophiles in
aqueous dimethylformamide. The reactions were
carried out at room temperature in 200 pl of a
DMF/0.2 M sodium veronal, pH 9.5 (1/1) mixture.
Stock solution of the acyl donor Z-Val-Trp-OMe (0.1
M) was prepared in DMF and stored at — 15°C. The
nucleophile (20 pmol) was dissolved in 0.2 M sodium
veronal, pH 9.5 (98 pl), mixed with the stock solution
of acyl donor (100 pl, 10 pumol), neutralized with
piperidine (2 or 4 pl), and the reaction was started by
adding 2 pl of the enzyme stock solution (10 mg/100
ul) in H,O. The time course of the reactions was
followed by HPLC analysis. After 1 h of reaction, the
mixtures were diluted by 1.5 ml of the stop solution
of 50% aqueous methanol, containing 1%  trifluo-
roacetic acid, and analysed by HPLC for final yield
estimations.

Reactions of Z-Val-Trp-OMe with nucleophiles in
acefonitrile containing 10% (v[v) of H,O. The reac-
tions were carried out at room temperature in 200 pl
of an acetonitrile/ DMF/H,O (8/1/1) mixture for 24-48
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h. Stock solution of the acyl donor Z-Val-Trp-OMe
(0.1 m) was prepared in acetonitrile/DMF (4/1) mix-
ture, and stored at — 15°C. The nucleophile (20
umol) was suspended in acetonitrile (80 pl), and H,O
(16 pl) mixed with the stock solution of the acyl donor
(100 pl, 10 pmol), neutralized with piperidine, (2 or 4
ul), and the reactions were started by adding 4 pl of
the enzyme stock solution (10 mg/100 pl) in H,O. The
reactions were analysed as described above.

Reactions of Z-Ala-Phe-OMe with nucleophiles in
various media. The reactions were carried out at
room temperature in 100 pl of the total volume in the
following mixtures: DMF/0.2 M sodium veronal, pH
9.5 (1/1), acetonitrile/H,O (9/1), acetonitrile/H,O (49/
1), Bu*-OH/H,0 (49/1) and Bu*OH for the time indi-
cated in Table 2. The concentrations of the acyl donor
and nucleophiles were 0.05 M and 0.2 M, respectively.
The reactions were started after neutralization of
nucleophile hydrochloride with piperidine (2 pl), by
the addition of subtilisin (0.05-0.5 mg) in H,O (2 pl)
or solid enzyme (0.5 mg), and followed by HPLC.

An aitempt to reproduce Z-Ala-Phe-Pro-NH, synthe-
sis. The synthesis was exactly reproduced according
to Chen’s paper [19] on a ten times smaller scale. A
mixture of Z-Ala-Phe-OMe (384 mg, 1 mmol) Pro-NH,
(339 mg, 3 mmol) and subtilisin Carlsberg (25 mg) in
Bu!-OH (2 ml) was stirred at 25°C for 48 h. The HPLC
analysis (254 nm) of the mixture shows only the
presence of Z-Ala-Phe-OMe, and a trace of Z-Ala-
Phe-OH. No tripeptide was detected. Nevertheless,
we followed the work up procedure, using ethyl
acetate extraction, as described [19]. The crude iso-
lated ‘product’ was characterized by amino acid
analysis and FAB-MS as Z-Ala-Phe-OMe. In another
experiment, the reaction mixture was concentrated
in vacuum, the residue was dried and analysed by
FAB-MS. No molecular peak of the tripeptide was
detected.

Unsuccessful synthesis of Z-Ala-Phe-Pro-OBzl. Tri-
ethylamine (22.5 pl, 0.16 mmol) was added to a
suspension of Pro-OBzl HCI (36.3 mg, 0.15 mmol) in
Bu'-OH (150 pl). After the addition of Z-Ala-Phe-OMe
(838.4 mg, 0.1 mmol), H,O (3 pul) and subtilisin Carls-
berg (2.5 mg), the mixture was stirred at 25°C. The
time course of the reaction followed by HPLC shows,
after 4 days, only the formation of Z-Ala-Phe-OH
(20%), without any indication of tripeptide synthesis.

Enzymatic hydrolysis of the methyl ester of dicarba-
eel-calcifonin sequence 1-9. Subtilisin (0.5 mg) was
added to a suspension of cyclo[1-6]-Ser(Bu')-Asn-
Leu-Ser(Buf)-Thr(Bu’)-Asu-Val-Leu-OMe (50 mg), in
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a mixture of methanol (0.5 ml) and 0.2 M carbonate-
bicarbonate buffer, pH 9 (0.5 ml). The mixture was
vigorously stirred at room temperature for 40 min,
when the suspension cleared up, and the HPLC
indicated complete conversion of the ester. The
product was purified by filtration through a column
of Dowex 50 (1 ml) in 50% aqueous methanol. The
eluate was concentrated, lyophilized and the residue
was triturated with n-hexane, affording 35 mg (71%)
of the peptide with corresponding amino acid analy-
sis; FAB-MS: m/z= 1054[M* + H].

RESULTS AND DISCUSSION

Reactions of Z-Val-Trp-OMe with Various
Nucleophiles in Aqueous Medium

The subtilisin-catalysed peptide bond formation be-
tween Z-Val-Trp-OMe and various nucleophilic
components was studied in an aqueous system of
sodium veronal, pH 9.5, containing 50% (v/v) DMF,
necessary for the solubilization of the acyl donor.
The presence of a strong organic base (piperidine),
equal to the acidic groups of amino component,
ensured that its «-amino group was in the unproto-
nated form. The competitive ester hydrolysis in all
tested reactions indicated that the enzyme retained
its activity until the acyl donor had completely re-
acted. Under these conditions, we had not observed
secondary hydrolysis [2] within a prolonged reaction
period. The results of reactions with Xaa-NH,, Xaa-
Gly, Gly-Xaa, and Gly-Gly-Xaa peptides are shown
in Figures 1-4, respectively. The situation concern-
ing some Ala containing dipeptides is demonstrated
in Figure 5. The yields of synthesized peptide
amides dropped dramatically when a side chain was
present in any of the amino acid amides tested as
nucleophiles (Figure 1), as compared with glycine
amide. Only the residues with small side chains
were incorporated into peptides, to a certain degree.
Evidently, there was no significant electrostatic in-
teraction of the charged amino acid residues with
the S1' subsite [21,22]. Uncharged Asn-NH, and
GIn-NH, were not acylated significantly better than
Asp(Glu)-amides. Reaction with Lys-NH, gave
slightly higher yields of the product owing to the
extra acylation of the ¢-amino group, resulting in
two peptide regioisomers [23]. No acylation of Pro-
NH, was observed, besides concurrent ester hydrol-
ysis of the acyl component. The same trend of
nucleophile specificity was evident for the peptides
of the Xaa-Gly series (Figure 2). However, by
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Figure 1 Peptide syntheses catalysed by subtilisin Carls-
berg, using Z-Val-Trp-OMe as acyl donor, and a series of
amino acid amides as nucleophiles in DMF/0.2 M sodium
veronal, pH 9.5 (1/1) m and acetonitrile/ DMF/H,0O (8/1/1)
[J. (a) Yield represents the sum for the formation of «- and
¢-isomers.

substituting the amide group by a glycine residue, a
further drop of the yield of peptide products was
apparent for all amino acid residues, except glycine.
The side chain of a simple amino acid amide is fairly
relaxed, and can, therefore, interact within the S1’
subsite as it is a building block of a peptide chain.
We observed the same effect when we investigated
nucleophile specificity of «-chymotrypsin [24]. It
was previously concluded that the S1’ subsite of
subtilisin BPN' requires for catalysis the assistance
of the S2' subsite which prefers hydrophobic bulky
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Figure 2 Peptide syntheses catalysed by subtilisin Carls-
berg, using Z-Val-Trp-OMe as acyl donor, and a series of
Xaa-Gly dipeptides as nucleophiles in DMF/0.2 M sodium
veronal, pH 9.5 (1/1) B and acetonitrile/ DMF/H,O (8/1/1)
[J. (a) Yield represents the sum for the formation of «- and
¢-isomers.
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Figure 3 Peptide syntheses catalysed by subtilisin Carls-
berg, using Z-Val-Trp-OMe as acyl donor, and a series of
Gly-Xaa dipeptides as nucleophiles in DMF/0.2 M sodium
veronal, pH 9.5 (1/1) B and acetonitrile/ DMF/H,O (8/1/1)
[J; grey bars represent side reactions occurring in the
medium of [J. Corresponding side reactions in W were
negligible. (a) Yield represents the sum for the formation of
o- and ¢-isomers. The predominant constituent of these
side products (b) was isolated by preparative HPLC, and
its structure was determined by amino acid analysis and
FAB-MS to be Z-Val-Trp-Gly-Leu-OMe.
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Gly-Gly-Ala
Gly-Gly-Pro
Gly-Gly-Leu
Gly-Gly-Phe
Gly-Gly-Arg
Gly-Gly-Gly
Gly-Gly-Tyr
Gly-Gly-Glu

(Gly) 2-Phe~Leu

Figure 4 Peptide syntheses catalysed by subtilisin Carls-
berg, using Z-Val-Trp-OMe as acyl donor, and a series of
Gly-Gly-Xaa tripeptides and Gly-Gly-Phe-Leu as nucleo-
philes in DMF/0.2 M sodium veronal, pH 9.5 (1/1) B and
acetonitrile/  DMF/H,O (8/1/1) [J; grey bars represent side
reactions occurring in the medium of [J]. Corresponding
side reactions in B were negligible. Z-Val-Trp-Gly-Gly-
Leu-OH (a) and Z-Val-Trp-Gly-Gly-Phe-Leu-OH (b) were
isolated by preparative HPLC, and their identities were
confirmed by amino acid analysis and FAB-MS.
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Ala-Ala
Ala-Leu
Leu-Ala
Ala-Phe
Ala-Glu
Glu-Ala
D-Ala-Leu
D-Ala-Phe

Figure 5 Peptide syntheses catalysed by subtilisin Carls-
berg, using Z-Val-Trp-OMe as acyl donor, and a series of
Ala containing dipeptides as nucleophiles in DMF/0.2 m
sodium veronal, pH 9.5 (1/1) B and acetonitrile/ DMF/H,O
(8/1/1) ; grey bars represent side reactions occurring in
the medium of [J.

amino acid residues situated in P2’ of the peptide
[25]. Such a synergism is efficient, provided that the
S1'-P1’ interaction is effective. Controversially, the
result of the reactions with Gly-Xaa series catalysed
by subtilisin Carlsberg, depicted in Figure 3, indi-
cates no stringent specificity for the P2’ residue. The
peptides with the hydrophobic bulky amino acid
residues in P2’ were not the most efficient nucleo-
philes of this series. In our case, such synergism
between S1’ and S2' subsites does not play the
crucial role in the interaction with the nucleophiles.
For example, the nucleophilic behaviour of pairs like
Gly-Leu, Leu-Gly and Gly-Phe, Phe-Gly (Figures 2
and 3) or Ala-Leu, Leu-Ala and Ala-Phe, Phe-Ala
(Figure 5) was, above all, influenced by the willing-
ness of S1’ to accept only small amino acid residues.
The acceptance of dipeptides with charged amino
acid residues in the P2’ position was not influenced
by electrostatic interaction with S2’, as confirmed by
similar yields with other tested dipeptides. The steri-
cally unfavourable Gly-Pro gave only a trace amount
of the product. Subtilisin Carlsberg exhibited no
restriction toward the P3’ position of Gly-Gly-Xaa
tripeptides (including Pro residue), resulting in fairly
high yields of the products.

Reactions of Z-Val-Trp-OMe with Various
Nucleophiles in Low H,O Medium

The reaction medium consisted of acetonitrile/DMF/
H,O (8/1/1) mixture, in which all educts were solu-
ble. Nucleophiles used in the form of hydrochlorides
or peptides with free carboxylic groups were com-
bined with piperidine. In such a strongly basic or-

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.
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ganic medium, the rate of subtilisin catalysed
peptide bond formation was lower by one order of
magnitude than in aqueous medium; nevertheless,
the enzyme is active within the period necessary to
complete the conversion of the acyl component. As a
result of the diminished H,O content, the aminoly-
sis/hydrolysis ratio in the acyl transfer reaction in-
creased in the case of all the nucleophiles tested, as
compared with the ratio obtained in an aqueous
medium, as demonstrated in Figures 1-5. However,
the yields of expected peptide products were nega-
tively influenced by the formation of side products
(Figure 3), mainly as a result of enzymatic esterifi-
cation and oligomerization [26]. In this medium,
amino acid amides with bulky hydrophobic or aro-
matic side chains were the weakest nucleophiles of
this series (Figure 1). No product corresponding to
the acylation of proline amide was detected. The
moderate acylation of Glu(Asp)-NH, that was ac-
complished represents a remarkable exception in
enzymatic peptide synthesis. Nucleophiles with a
negatively charged amino acid residue in P1’ posi-
tion are usually not accepted in the acyl transfer
reaction catalysed by commonly used proteases
[27]. The poor nucleophilic behaviour of Xaa-Gly
peptides was improved in organic media only to a
limited extent. Nevertheless, the narrow S1’ site of
the enzyme was still unable to accommodate bulky
[16,21,22] hydrophobic or aromatic amino acid
residues. The nucleophilic behaviour of Gly-Xaa
peptides was, with the exception of Gly-Pro, almost
independent of the structure of the Xaa residue.
The S2’' site of the enzyme is a hydrophobic surface
along the Asn218-Gly219 backbone of the enzyme
flanked by Phel89. It prefers large hydrophobic
residues and can accept a variety of others [16,21].
The results of the reactions with dipeptide amides
(Table 1) indicate that the rejection of large hydro-
phobic residues by the S1’ site governs the nucleo-
philic behaviour of peptides having hydrophobes
in both P’ sites. In addition, the syntheses of ex-
pected tetrapeptide amides were accompanied by
the formation of side products as a result of C-ter-
minal peptide deamidation (predominant) and
transamidation also leading to the formation of
hexapeptides [26]. The hexapeptides and tetrapep-
tide methyl esters were the main constituents of the
side products in the reactions, with some Gly-Xaa
dipeptides (Figure 3). The inability to form a hydro-
gen bond between the imino group of Pro in P2’ and
the backbone CO group of Asn218 may be the
reason that the Gly-Pro is not well accepted by S
sites of the enzyme [21,28]. The composition of the

J. Peptide Sci. 6: 541-549 (2000)
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Table 1 Subtilisin Carlsberg-catalysed Reactions of Z-Val-Trp-OMe with Dipeptide Amides
in Acetonitrile/ DMF/H,0 (8/1/1) (a) and in DMF/0.2 m Sodium Veronal, pH 9.5 (1/1) (b)

Dipeptide amide - HCI

Composition of the reaction mixture (%)

Z-2-OH Z-4-NH, Z-4-OH Z-6-NH, Z-6-OH
Gly-Gly-NH, a 7 86 5 2
b 25 75
Gly-Leu-NH, a 27 20 32.5 28.5 10
b 31 0.5 42.5 26
Gly-Phe-NH, a 23.5 1 22.5 49.5 3.5
b 18 1 74.5 6.5
Ala-Phe-NH, a 61.5 3.5 31 2 2
Val-Phe-NH, a 94 6
Phe-Leu-NH, a 92 7 1
Arg-Asn-NH, a 76.5 23.5
b 95.5 4.5

Z-2-OH, Z-Val-Trp-OH; Z-4-NH,, expected product as Z-Val-Trp-Gly-Leu-NH2; Z-4 OH is a result of the
product deamidation as Z-Val-Trp-Gly-Leu-OH; Z-6-NH, and Z-6-OH are products of oligomerization as

Z-Val-Trp-Gly-Leu-Gly-Leu-NH, (-OH).

medium had only a minor influence on the yield of
peptide products synthesized from the series of Gly-
Gly-Xaa nucleophiles (Figure 4). The results of ki-
netic studies [29] showed that the subtilisin S3’ site
was very flexible, and could accommodate different
amino acid residues. The results of the reactions
between the dipeptides Ala-Leu and Leu-Ala or Ala-
Phe and Phe-Ala (Figure 5) confirmed certain syner-
gism between S1’ and S2' subsites. Nevertheless,
S1' rejected all bulky hydrophobes. Negligible acyla-
tion of diastereoisomeric D-Ala-Leu and D-Ala-Phe
dipeptides (Figure 5) supported the finding that p-L
dipeptides were not acylated by common proteases
in acyl transfer reactions [30]. On the other hand,
D-amino acid amides could be tolerated by S1’ sub-
sites of proteases [30]. Nevertheless, in our experi-
ments D-Leu-NH, proved to be inferior to its
L-counterpart as a nucleophile (Figure 1). The acy-
lation of Bu' esters of amino acids was impossible
(not shown). The three-dimensional structure of
subtilisin Carlsberg in acetonitrile was found to be
the same as in H,O [31]. This would explain the
same trend of its nucleophilic specificity in both
examined reaction media (Figures 1-5).

Reactions of Z-Ala-Phe-OMe with Amino Acid
Derivatives in Various Media

In this set of experiments, we focused on the subtil-
isin catalysed acylation of bulky hydrophobic
phenylalanine amide and proline derivatives. In the
case of Phe-NH, as an amino component, we tried

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

to improve the yield of the peptide product by
searching for a suitable reaction medium. In the
case of proline derivatives, we wanted to substanti-
ate our knowledge that subtilisin Carlsberg was not
able to acylate proline derivatives used in enzymatic
peptide synthesis as amino components. Parallel
reactions were carried out with Gly-NH, as blank
experiments. The results (Table 2) showed that pep-
tide synthesis involving the weak nucleophile Phe-
NH, improved to some extent by controlling the H,O
amount in the organic medium. However, the appli-
cation of anhydrous organic solvent resulted in a
very slow course of the reaction. The yields of pep-
tide syntheses with Phe-NH, and other hydrophobic
amino acid amides catalysed by modified subtilisin
Carlsberg in organic solvent [32] or in heteroge-
neous mixtures [18] were similar. Hydrophobic
amino acid amides proved to be very poor nucleo-
philes in the synthetic reaction catalysed by native
subtilisin Carlsberg [14]. On the other hand, high
synthetic yields with hydrophobic nucleophiles
using subtilisin BPN' and other enzyme variants
[17,18,33,34] were reported. Our attempts to
achieve peptide bond formation catalysed by subtil-
isin Carlsberg using Pro-NH, or Pro-OBzl as amino
components failed, regardless of the conditions
used (Table 2). We did not detect any of the ex-
pected peptide products by HPLC. The description
of subtilisin Carlsberg catalysed peptide synthesis
of Z-Ala-Phe-Pro-NH,, starting from Z-Ala-Phe-OMe
and Pro-NH, in anhydrous Bu’~OH was very

J. Peptide Sci. 6: 541-549 (2000)
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Table 2 Subtilisin Carlsberg-catalysed Tripeptide Synthesis Using Z-Ala-Phe-OMe as Acyl
Donor and Gly-NH,, Phe-NH,, Pro-NH, and Pro-OBzl as Nucleophiles in Various Media

Reaction medium Nucleophile (X) Yield (%)

Z-Ala-Phe-X/Z-Ala-Phe-OH

1h 24 h 48 h 72 h
DMF/0.2 m Na-veronal, pH 9.5 H-Gly-NH, 87/13 - - -
(1/1) H-Phe-NH,, 3/97 - - -
H-Pro-NH, 0/100 - - -
Acetonitrile/H,O H-Gly-NH, 98/2 - - -
9/1) H-Phe-NH, 7/93 - - -
H-Pro-NH, 0/100 - - -
H-Pro-OBzl 0/99 - - -
Acetonitrile/H,O H-Gly-NH, 99/1 - - -
(49/1) H-Phe-NH, 48/52 56/44 - -
H-Pro-NH, 0/97 0/99 - -
H-Pro-OBzl 0/5 0/66 - -
Bu’-OH/H,O H-Gly-NH, 95/2 96/3 - -
(49/1) H-Phe-NH, 25/25 67/33 - -
H-Pro-NH, 0/77 0/100 - -
H-Pro-OBzl 0/1 0/99 - -
Bu’-OH H-Gly-NH, 3/0 35/0 68/1 94/2
H-Phe-NH,, 1/1 12/5 22/8 31/11
H-Pro-NH, 0/0 0/24 0/44 0/53
H-Pro-OBzl 0/0 0/9 0/14 0/18

convincing [19]. According to Chen’s paper [19], the
tripeptide was obtained in 86% preparative yield.
We reproduced his experiment precisely. However,
no product was isolated using the same work up
procedure. Moreover, the competitive hydrolysis of
Z-Ala-Phe-OMe, as determined by HPLC, was very
slow. The description of another subtilisin catalysed
synthesis using Pro-OBzl was somewhat dubious
[19]. We, therefore, slightly modified the experi-
ment, trying to synthesize Z-Ala-Phe-Pro-OBzl in
Bu’-OH containing 2% of H,O. No HPLC-peak of
tripeptide was found, apart from the peaks of Z-Ala-
Phe-OMe(-OH). The data published about the
specificity of subtilisins stated that no hydrolysis of
-Xaa-Pro- peptide bond of synthetic peptides as a
substrate [28,35,36] was observed. These facts sup-
port our conclusion that the enzyme is not capable
of catalysing the synthesis of the -Xaa-Pro- peptide
bond.

Comparison of Nucleophile Specificity of Subtilisin
Carlsberg and Subtilisin BPN' in Enzymatic Peptide
Synthesis

We had studied the nucleophile specificity of subtil-
isin BPN' in an organic solvent with low H,O con-

tent via acyl transfer reaction, using Ac-Tyr-OEt as
an acyl donor [12]. Values of partition constants
determined for identical nucleophiles show a simi-
lar trend of nucleophile specificity [12], as obtained
for the yield values in the present study. The pri-
mary structure of the Carlsberg enzyme differs from
the BPN’ enzyme, but the tertiary structures of both
enzymes are very similar. The replacement of the
relatively bulky Tyr 217 at the end of S1’ region of
BPN' by the smaller Leu residue in Carlsberg should
increase the space for the accommodation of bulky
residues to a certain degree [22]. We speculated
that such a minute difference in the S1’ site should
not influence the nucleophile specificity between
these species. The yields of the of Xaa-Gly (Xaa:
Leu, Ile, Phe, Tyr, Trp) acylation was very low for all
dipeptides in the case of the Carlsberg enzyme (Fig-
ure 2). Although values of partition constants of
these five dipeptides determined in the acyl transfer
reaction catalysed by subtilisin BPN' exhibited re-
markable differences [12], all five were poor nucle-
ophiles. The success of some subtilisin catalysed
syntheses using bulky hydrophobic nucleophiles
was, above all, influenced by the reaction condi-
tions. However, we can not explain remarkable dif-
ferences in the nucleophilic behaviour of negatively
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charged Asp(G1lu)-Gly dipeptides between the BPN’
[12] and Carlsberg enzyme.

Enzymatic Hydrolysis of N-terminal Nonapeptide
Methyl Ester of Eel Calcitonin

The C-terminal deprotection of cyclo[1-6]-Ser(Bu?)-
Asn-Leu-Ser(BuY)-Thr(Bu)-Asu-Val-Leu-OMe  was
done under mild alkaline conditions, with the help
of subtilisin in aqueous methanol. Under the exper-
imental conditions used, the ester was totally hy-
drolysed, and the internal peptide bonds were not
affected by the enzyme. We avoided Asn deamida-
tion, which would result from usual alkaline sa-
ponification. The hydrolysed nonapeptide was used
for the chemical coupling with the C-terminal seg-
ment of the calcitonin molecule, which will be de-
scribed in another paper. In a comparative
experiment, the enzymatic hydrolysis of the side
chain deprotected cyclo[1-6]-Ser-Asn-Leu-Ser-Thr-
Asu-Val-Leu-OMe resulted in additional cleavage of
the Leu-Ser peptide bond. This gives evidence of the
enzyme’s preference for small hydrophilic residues
in P1'. The protection of the Ser side chain by a
bulky group hinders enzymatic cleavage at this
point.

CONCLUSIONS

The nucleophilic specificity of subtilisin Carlsberg
represents a crucial point in its application in enzy-
matic peptide synthesis. The enzyme accepts nu-
merous peptides and amino acid derivatives as
nucleophiles with a strong preference for the Gly
residue in the P1’ position. Amino acids with hy-
drophilic and charged side chains in this position
are accepted better than those with bulky hydro-
phobic side chains. Contrary to the published data
[19], subtilisin is not capable of synthesizing the
-Xaa-Pro- peptide bond.

The enzyme is substantially more flexible with
respect to different amino acid residues in the P2’
position, with the exception of Pro. No restrictions
were observed toward the P3’ position. The yields of
peptide synthesis can be substantially enhanced by
employing organic media with restricted H,O con-
tent. However, side reactions, such as the acylation
of the lysine ¢-amino group, splitting of the C-
terminal amide, transamidation, formation of
oligomeric products, esterification of the C-terminal
carboxylic group and non-specific hydrolysis of in-
ternal peptide bonds represent another obstacle for

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

the application of the enzyme, particularly in seg-
ment condensations. Broad substrate specificity,
together with high enzymatic stability in organic
solvents, makes the enzyme an extremely useful
tool for the deprotection of C-terminal esters of
protected peptides in solution phase peptide chem-
istry. We do not see remarkable differences in nu-
cleophile specificity between the Carlsberg and BPN'
enzymes, nor in the possibilities of their application
in peptide synthesis.
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