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Pronase catalysed peptide syntheses
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A mixture of  proteases from Streptomyces griseus (pronase), displaying a very broad substrate tolerance
in the hydrolysis of  peptides, has been studied for the first time systematically regarding their substrate
specificity in peptide synthesis. It is demonstrated that pronase can be employed successfully for the
formation of  dipeptides with yields up to 95%. Pronase has also been employed successfully as catalyst
for the enzyme assisted synthesis of  a hexapeptide.

Introduction
Protease catalysed coupling reactions of suitably functional-
ised amino acids or peptide fragments offer many advantages
over chemical methods. They can be carried out under mild
conditions (room temperature, neutral pH), undesirable
racemisations or formation of side products can usually be
avoided. Routine application of protease catalysed peptide syn-
theses would require knowledge of a wide variety of protease
subsite specifities and related synthetic procedures. Many
efforts have been made in the past to obtain and publish these
crucial data.1–11 In 1989 V. Kasche 4 published a P1–P19 correl-
ation table linking 88 of the possible 400 P1-P19-condensations
to a collection of proteases. Those data were compiled from 35
publications on peptide hydrolysis and synthesis found in the
literature. Unfortunately, Kasche’s table does not allow each
P1–P19-condensation type to be linked to the corresponding ref-
erence. A more recent literature survey 12 crosslinks 178 differ-
ent P1–P19-condensation types with 20 proteases and 164 refer-
ences. This database on protease catalysed peptide syntheses is
fully searchable and can be accessed via the world wide web.12

This survey reveals that in spite of much research a large
number of unassigned P1–P19-condensation types still exist.
Some proteases are frequently used for the hydrolysis of pep-
tides but have never been tested systematically as catalysts for
peptide syntheses. Investigation of these proteases regarding
their use as catalysts in enzymatic peptide syntheses might help
to link more P1–P19-condensation types to known proteases.

Pronase (EC 3.4.24.4, protein content of the preparation:
55%) is a commercially available (Boehringer Mannheim
GmbH) mixture of several Streptomyces griseus proteolytic
enzymes, endopeptidases and exopeptidases commonly used for
the complete hydrolysis of peptides and proteins. It has also
been used for the regio- and stereo-specific hydrolysis of amino
acid esters 13,14 and amides 15 as well as for the hydrolysis of
aspartame,16 but, to the best of our knowledge, pronase has so
far never been applied for enzymatic peptide syntheses. We
therefore studied its suitability as catalyst for peptide synthesis
and systematically investigated its substrate specificity. In the
present paper we describe our studies aimed at the systematic
investigation of this catalyst regarding its substrate specificity
and suitability for the synthesis of peptides.

Enantioselective hydrolysis of N-acetylamino acid esters
In order to obtain reliable information regarding the substrate
tolerance and enantioselectivities of this mixture of proteases,
the capability of pronase for the hydrolytic resolution of a
series of 12 different, racemic N-acetylamino acid esters was
investigated (Scheme 1). The methyl esters of N-acetyl--
alloleucine and N-acetyl--isoleucine were employed in this
study as an equimolar mixture. The specific activities of the

enzyme towards this series of substrates were determined using
the titration method and are plotted in Fig. 1.

Pronase displayed a very high selectivity when presented with
an equimolar mixture of N-acetyl--alloleucine methyl ester
and N-acetyl--isoleucine methyl ester. Only the N-acetyl--
isoleucine methyl ester was hydrolysed yielding N-acetyl--
isoleucine in 72% isolated yield. In 6 out of the remaining 10
experiments the attempted kinetic resolution was successful and
the corresponding N-acetyl--amino acids and the unhydro-
lysed N-acetyl--amino acid methyl esters were isolated in
yields ranging from 62 to 99%. The products were characterised
by melting points (if  isolated as solids) and optical rotations.
The data obtained were in good agreement with data reported
in the literature (Table 1). N-Acetyl--alanine methyl ester was
hydrolysed without selectivity leading to a racemic mixture of
N-acetyl--alanine. Based on this result one might have
expected N-acetyl-α-methylalanine methyl ester to be hydro-
lysed by pronase, but no hydrolytic activity was observed with
this substrate. The low or even absent hydrolytic activities of
pronase towards the phenylglycine (0.3 U mg21), isoleucine

Fig. 1 Pronase catalysed kinetic resolution of N-acetyl--amino acid
esters leading to N-acetyl--amino acids and N-acetyl--amino acid
esters. Conditions according to Scheme 1. Specific activity refers to
activity per mg of protein preparation with a protein content of 55%.
With the exception of Ac--Ala-OMe all hydrolyses were enantio-
selective. Abbreviations of non-natural amino acids: Ale = alloleucine,
Nle = norleucine, Pgl = phenylglycine, Pen = penicillamine, MeA =
α-methylalanine.

Scheme 1 Enantioselective, pronase catalysed hydrolysis of racemic
N-acetylamino acid esters (Ac = acetyl, AA = amino acid). Reagents
and conditions: i, 20 mg pronase, 2 cm3 THF, 20 cm3 phosphate buffer
(pH 7.0, 0.067 mol dm23), room temp.

Ac-DL-AA-OMe
      2 mmol

i
Ac-L-AA-OH Ac-D-AA-OMe+
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Table 1 Pronase catalysed kinetic resolution of N-acetyl--amino acid esters leading to N-acetyl--amino acids and N-acetyl--amino acid esters.
Conditions according to Scheme 1. Abbreviations: Nle = norleucine, Pgl = phenylglycine, Ref. = literature references 

 
 

 
 

Mp/8C [α]D
20/1021 deg cm2 g21 

Product 

Ac--Phe-OMe 
Ac--Phe 
Ac--Leu-OMe 
Ac--Leu 
Ac--Tyr-OMe 
Ac--Tyr 
Ac--Nle-OMe 
Ac--Nle 
Ac--Trp-OMe 
Ac--Trp 
 
Ac--Pgl-OMe 
Ac--Pgl 
Ac--Ile 

Yield (%) 

93 
86 
91 
79 
62 
85 
96 
63 
99 
99 
 
99 
86 
72 

 

80–82 
159–161 
oil 
177–179 
137–139 
oil 
47–48 

109–111 
145–147 
oil 
 
102–104 
189–191 
134–136 

Ref. 

89–91 17 
170–171 18 
 
185–186 20 
135–139 22 
 
 
112 24 
152.5 25 
 
 
 
186–188 26 
 

 

218.7 (c 2, MeOH) 
147.3 (c 1, EtOH) 
144.3 (c 3.3, MeOH) 
219.0 (c 1, EtOH) 
229.2 (c 0.4, MeOH) 
17.1 (c 2, EtOH) 

129.9 (c 1, MeOH) 
224.4 (c 1, H2O) 
212.4 (c 2, MeOH) 
129.3 

(c 1, 1 equiv. NaOH) 
2151.6 (c 1, MeOH) 
1215.6 (c 1, EtOH) 
115.2 (c 1, EtOH) 

Ref. 

219 (c 2, MeOH) 17 
147.6 (c 1, EtOH) 18 
142 (c 3.3, MeOH) 19 
221.3 (c 2, EtOH) 21 
229.7 (c 0.4, MeOH) 23 

 
 
220.0 (c1–2, H2O) 24 
212.0 (c 2, MeOH) 25 
130 

(c 1, 1 equiv. NaOH) 25 
 
1217.9 (EtOH) 26 
116.3 (c 2, EtOH) 27 

(0.1 U mg21), alloleucine (no activity) and penicillamine (no
activity) derivatives indicates that side chain residues with a
branch point at the β-carbon atom are highly disfavoured.

Equilibrium controlled dipeptide syntheses in an aqueous–organic
two-phase solvent system
In order to determine the substrate tolerance of pronase as
catalyst in the enzymatic peptide synthesis we studied the reac-
tions of 22 different, Z-protected -amino acids (Z-Ala, Arg,
Asn, Asp, Cys, Gln, Glu, Gly, His, Ile, Leu, Lys, Met, Phe, Pro,
Ser, Thr, Trp, Tyr, Val; di-Z-Arg, Lys) with 18 different -amino
acid amides (Ala, Arg, Asn, Gln, Gly, His, Ile, Leu, Lys, Met,
Phe, Pro, Ser, Thr, Trp, Tyr, Val, MeA-NH2) (Scheme 2). The
possible combinations thus resulted in 396 different experi-
ments. In 21 of the 396 experiments the dipeptides formed pre-
cipitated spontaneously from the reaction mixture and could be
isolated by simple filtration. The products were identified by 1H
NMR spectroscopy. The isolated products and their yields are
summarised in Table 2. In the thus obtained dipeptides, Z-Phe,

Scheme 2 Equilibrium controlled, pronase catalysed peptide syntheses
in a two-phase solvent system (Z = benzyloxycarbonyl). Reagents and
conditions: i, 1 mg pronase, 0.3 cm3 ethyl acetate, 2.7 cm3 phosphate
buffer (pH 7.0, 0.067 mol dm23), 100 µmol triethylamine, 30 8C, 24 h.

Z-L-AA-OH
  100 µmol

Z-L-AA-L-AA´-NH2 L-AA´-NH2•HCl
      100 µmol

+
i

Table 2 Pronase catalysed peptide syntheses. Conditions according to
Scheme 2 

Product 

Z--Leu-Gly-NH2 
Z--Met-Gly-NH2 
Z--Phe-Gly-NH2 
Z--Tyr-Gly-NH2 
Z--Ala--Ile-NH2 
Z--Leu--Ile-NH2 
Z--Met--Ile-NH2 
Z--Phe--Ile-NH2 
Z--Trp--Ile-NH2 
Z--Tyr--Ile-NH2 
Z--Phe--Met-NH2 
Z--Ala--Phe-NH2 
Z--His--Phe-NH2 
Z--Met--Phe-NH2 
Z--Phe--Phe-NH2 
Z--Thr--Phe-NH2 
Z--Trp--Phe-NH2 
Z--Tyr--Phe-NH2 
Z--Ala--Val-NH2 
Z--Phe--Val-NH2 
Z--Glu-(ε)--Lys-NH2 

t/h 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

Yield (%) 

41 
38 
58 
82 
57 
19 
43 
53 
15 
68 
20 
36 
69 
39 
27 
53 
31 
54 
19 
33 
25 

Mp/8C 

164–166 
175–176 
185–187 
154–156 
226–227 
228–229 
219–221 
212–214 
209–210 
219–221 
212–214 
199–201 
194–196 
185–186 
221–222 
178–180 
209–212 
205–209 
239–241 
234–236 
186–190 

Z-Met and Z-Ala are frequently found in P1-position while Phe-
NH2 and Ile-NH2 often occupy the P19-position. These amino
acid amides are obviously very good nucleophiles in the
dipeptide synthesis employing the two phase solvent system
described above.

Dipeptide syntheses using Z-protected amino acid methyl esters
as donor substrates in an aqueous–organic single-phase solvent
system
If  acids are used as donor substrates the product yield of the
peptide formed solely depends on the thermodynamic equi-
librium constant of the reaction and these reactions are there-
fore called thermodynamically controlled or equilibrium con-
trolled. However, if  esters are used as donor substrates, it is
often possible to obtain peptide yields above the level deter-
mined by the thermodynamic equilibrium, provided the reac-
tion is terminated at maximum product yield. Usually esters
are kinetically favoured as substrates over peptides or free
acids so that the peptide formation becomes kinetically con-
trolled. In order to determine the suitability of pronase as a
catalyst for dipeptide synthesis under conditions favouring
kinetic reaction control the reaction had to be optimised first
regarding the optimal mixtures of water-miscible solvents
(DMF, THF, ethanol, acetonitrile) and borate buffer of vary-
ing pH (9, 10). A mixture (1 cm3, 1 : 1 v/v) of acetonitrile and
borate buffer (pH 9.0, 0.013 mol dm23) in the presence of
one equivalent of triethylamine proved to provide the optimal
environment for the synthesis of a series of dipeptides
(Scheme 3). The course of the reaction was followed by

reversed phase HPLC (Figs. 2–4). Using this method it was
found that the consumption of the Z-protected amino acid
esters was relatively slow. The yield of the formed dipeptide
increased steadily reaching a maximum yet constant yield
after about 5 h. Figs. 3 and 4 show the concentration of the
initially formed Z-protected amino acid slowly declining after
a reaction time of more than 2 h, revealing concominant
peptide formation resulting from the Z-protected amino acid
acting as donor substrate. The usually to be expected
hydrolysis of the dipeptide product was not observed, most
likely due to its precipitation from the reaction mixture.
Therefore, the finally obtained product yield is equilibrium
controlled rather than kinetically controlled. The precipitated

Scheme 3 Pronase catalysed peptide syntheses. Reagents and condi-
tions: i, 2.5 mg pronase, 0.5 cm3 acetontrile, 0.5 cm3 borate buffer (pH
9.0, 0.013 mol dm23), 50 µmol triethylamine, room temp.

Z-L-AA-OMe
    50 µmol

Z-L-AA-L-AA´-NH2 L-AA´-NH2•HCl
      100 µmol

Z-L-AA-OH+ +
i
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dipeptides were isolated by simple filtration and identified by
1H NMR spectroscopy. The products obtained and their
isolated yields are listed in Table 3.

Equilibrium controlled peptide syntheses in an aqueous–organic
single-phase solvent system
From the above results—showing a favourable equilibrium con-
trolled product yield—it can be expected that the single-phase
solvent system (mixture of acetonitrile and borate buffer)
described above could also be employed using amino-protected
amino acids as donor substrates.

In order to investigate the full potential of pronase as a
catalyst for equilibrium controlled dipeptide syntheses in this
solvent system the reaction was first optimised using various
mixtures of acetonitrile and borate buffer of varying pH (7–10).
A mixture (1 cm3, 1 : 9 v/v) of acetonitrile and borate buffer
(pH 9.0, 0.013 mol dm23) in the presence of one equivalent of
triethylamine proved to provide the optimal environment for
the synthesis of a series of dipeptides (Scheme 4). Again the
dipeptides formed precipitated from the reaction mixture and
were isolated by simple filtration and identified by 1H NMR

Fig. 2 Pronase catalysed synthesis of Z-L-Tyr-L-Ile-NH2. s, Z--Tyr-
OMe; n, Z--Tyr--Ile-NH2; h, Z--Tyr-OH. Conditions according
to Scheme 2.

Fig. 3 Pronase catalysed synthesis of Z-L-Met-L-Ile-NH2. s, Z--
Met-OMe; n, Z--Met--Ile-NH2; h, Z--Met-OH. Conditions
according to Scheme 2.

Table 3 Pronase catalysed peptide syntheses. Conditions according to
Scheme 3 

Product 

Z--Tyr--Ile-NH2 
Z--Ala--Ile-NH2 
Z--Met--Ile-NH2 

t/h 

3.33 
3.75 
3.75 

Yield (%) 

67 
61 
70 

Mp/8C 

219–221 
226–227 
219–221 

spectroscopy. The thus obtained products and their isolated
yields are listed in Table 4.

We were pleased to find that the product yields were
exceptionally high (up to 95%) under these conditions. The sub-
strate tolerance of pronase in the P1-position is very broad. Ten
different N-protected amino acids were used as acyl donors.
Variations of the N-protecting group (Ac, Boc, Z) were also
tolerated.

A crosscheck of the synthesised dipeptides (Tables 2–4) with
our literature database 12 reveals that five of the P1–P19-
condensation types catalysed by pronase (Phe-Gln, Gly-Ile,
Thr-Ile, Trp-Ile, Met-Trp) have not been previously reported in
the literature. We have therefore contributed towards our goal
to increase the number of P1–P19-condensation types linked to
known protease preparations.

Pronase catalysed fragment condensation
In order to demonstrate further the potential usefulness of
pronase in enzyme catalysed fragment condensations we syn-
thesised the fragment 3–8 of an octapeptide mimetic of cal-
cium,28 which can imitate the physiological effects of Ca21. The
reaction conditions were chosen similar to the equilibrium con-
trolled dipeptide syntheses in a mixture (1 :9 v/v) of acetonitrile
and borate buffer (pH 9.0, 0.013 mol dm23) (Scheme 5). The
formed hexapeptide precipitated from the reaction mixture and

Fig. 4 Pronase catalysed synthesis of Z-L-Ala-L-Ile-NH2. s, Z--
Ala-OMe; n, Z--Ala--Ile-NH2; h, Z--Ala-OH. Conditions
according to Scheme 2.

Scheme 4 Equilibrium controlled, pronase catalysed peptide syntheses
in a single-phase solvent system (Pg = protecting group Ac, Boc or Z;
Boc = tert-butoxycarbonyl). Reagents and conditions: i, 2.5 mg pronase,
0.1 cm3 acetonitrile, 0.9 cm3 borate buffer (pH 9.0, 0.013 mol dm3), 100
µmol triethylamine, room temp.

Pg-L-AA-OH
   100 µmol

Pg-L-AA-L-AA´-NH2 L-AA´-NH2•HCl
      200 µmol

+
i

Table 4 Pronase catalysed peptide syntheses. Conditions according to
Scheme 4 

Product 

Z--Ala--Ile-NH2 
Z--Asn--Ile-NH2 
Z--Gln--Ile-NH2 
Z--His--Ile-NH2 
Z--Leu--Ile-NH2 
Z--Met--Ile-NH2 
Ac--Nle--Ile-NH2 
Z--Phe--Ile-NH2 
Boc--Phe--Ile-NH2 
Z--Thr--Ile-NH2 
Z--Trp--Ile-NH2 
Z--Tyr--Ile-NH2 
Z--Leu--Val-NH2 

t/h 

6 
12 
12 
12 
6 
6 
6 
4 
4 

24 
24 
6 

25 

Yield (%) 

84 
63 
64 
42 
87 
94 
70 
92 
95 
16 
95 
89 
77 

Mp/8C 

226–227 
226–228 
234–236 
176–178 
228–229 
219–221 

>240 
212–214
197–198 
215–218 
209–210 
219–221 
214–216 
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Table 5 1H NMR spectra of dipeptides synthesised 

äH([2H6]DMSO, SiMe4, J/Hz) 

Z-L-Leu-Gly-NH2 

0.92 (3 H, d, J 3.3, CH-CH3), 0.94 (3 H, d, J 3.4, CH-CH3), 1.5–1.6 (2 H, m, CH-CH2-CH), 1.6–1.8 [1 H, m, CH(CH3)2], 3.29 (2 H, s, NH-CH2), 3.88–
3.97 (1 H, m, CH-CH2), 5.09 (2 H, s, C6H5-CH2-O), 6.1–7.0 (1 H, br m, NH-CH2), 7.17 (1 H, d, J 8.2, NH-CH), 7.22 (1 H, s, CONH2), 7.3–7.5 (5 H, m,
C6H5-CH2-O), 7.57 (1 H, s, CONH2) 

Z-L-Met-Gly-NH2 

1.8–2.1 (2 H, m, CH2-CH2-S), 2.09 (3 H, s, S-CH3), 2.52 (2 H, t, J 7.9, CH2-S), 3.35 (2 H, s, NH-CH2), 3.91–3.99 (1 H, m, CH-CH2), 5.09 (2 H, s,
C6H5-CH2-O), 6.5–7.2 (1 H, br m, NH-CH2), 7.08 (1 H, d, J 7.5, NH-CH), 7.28 (1 H, s, CONH2), 7.3–7.5 (5 H, m, C6H5-CH2-O), 7.62 (1 H, s,
CONH2) 

Z-L-Phe-Gly-NH2 

2.87–2.96 (1 H, m, JAB 13.5, C6H5-CH2-CH), 3.13–3.20 (1 H, m, JAB 13.5, C6H5-CH2-CH), 3.38 (2 H, s, NH-CH2), 4.04–4.12 (1 H, m, C6H5-CH2-
CH), 5.04 (2 H, s, C6H5-CH2-O), 7.01 (1 H, d, J 7.8, NH-CH), 7.1–7.5 (12 H, m, C6H5-CH2-O, C6H5-CH2-CH, CONH2, NH-CH2), 7.67 (1 H, s,
CONH2) 

Z-L-Tyr-Gly-NH2 

2.75–2.84 (2 H, m, JAB 13.6, HO-C6H4-CH2-CH), 3.00–3.07 (1 H, m, JAB 13.6, HO-C6H4-CH2-CH), 3.39 (2 H, s, NH-CH2), 3.98–4.06 (1 H, m, NH-
CH), 4.95–5.13 (2 H, m, C6H5-CH2-O), 6.70 (2 H, d, JAB 8.4, HO-C6H4-CH2), 7.05 (3 H, m, JAB 8.4, HO-C6H4-CH2, NH-CH), 7.25–7.5 (6 H, m,
C6H5-CH2-O, CONH2), 7.68 (1 H, s, CONH2) 

Z-L-Ala-L-Ile-NH2 

0.86–0.91 [6 H, m, CH(CH3)CH2CH3], 1.0–1.4 (1 H, m, CH2CH3), 1.27 (3 H, d, J 7.1, NH-CH-CH3), 1.4–1.6 (1 H, m, CH2CH3), 1.65–1.9 [1 H, m,
CHCH(CH3)CH2], 4.1–4.3 (2 H, m, 2 × NH-CH), 5.10 (2 H, s, C6H5-CH2-O), 7.11 (1 H, s, CONH2), 7.25–7.55 (5 H, m, C6H5-CH2-O), 7.48 (1 H, s,
CONH2), 7.59 (1 H, d, J 7.7, NH-CH-CH3), 7.67 (1 H, d, J 9.0, NH-CH-CH) 

Z-L-Asn-L-Ile-NH2 

0.65–0.9 [6 H, m, CH(CH3)CH2CH3], 0.95–1.15 (1 H, m, CH2CH3), 1.25–1.5 (1 H, m, CH2CH3), 1.6–1.85 [1 H, m, CHCH(CH3)CH2], 2.3–2.6 (2 H, m,
CH2-CONH2), 4.05–4.2 (1 H, m, NH-CH), 4.3–4.45 (1 H, m, NH-CH), 4.95–5.1 (2 H, m, C6H5-CH2-O), 6.92 (1 H, s, CONH2), 7.07 (1 H, s,
CONH2), 7.2–7.5 (7 H, m, C6H5-CH2-O, CONH2), 7.5–7.65 (2 H, m, 2 × NH-CH) 

Z-L-Gln-L-Ile-NH2 

0.65–0.9 [6 H, m, CH(CH3)CH2CH3], 0.9–1.15 (1 H, m, CH2CH3), 1.25–1.5 (1 H, m, CH2CH3), 1.55–1.8 [2 H, m, CHCH(CH3)CH2, CH2-CH2-
CONH2], 1.8–1.95 (1 H, m, CH2-CH2-CONH2), 1.95–2.25 (2 H, m, CH2-CONH2), 3.9–4.05 (1 H, m, NH-CH), 4.05–4.2 (1 H, m, NH-CH), 4.9–5.1
(2 H, m, C6H5-CH2-O), 6.76 (1 H, s, CONH2), 7.05 (1 H, s, CONH2), 7.2–7.45 (m, 7 H, C6H5-CH2-O, CONH2), 7.50 (1 H, d, J 7.9, NH-CH), 7.62
(1 H, d, J 8.7, NH-CH) 

Z-L-His-L-Ile-NH2 

0.65–0.9 [6 H, m, CH(CH3)CH2CH3], 0.9–1.15 (1 H, m, CH2CH3), 1.2–1.5 (1 H, m, CH2CH3), 1.6–1.8 [1 H, m, CHCH(CH3)CH2], 2.65–3.0 (2 H, m,
CH-CH2), 4.05–4.2 (1 H, m, NH-CH), 4.2–4.4 (1 H, m, NH-CH), 5.00 (2 H, m, C6H5-CH2-O), 7.78 (1 H, s, CONH2), 6.9–7.8 (m, 10 H, C6H5-
CH2-O, 2 × CH from imidazole ring, 2 × NH-CH, CONH2) 

Z-L-Leu-L-Ile-NH2 

0.86–0.96 [12 H, m, CH2CH(CH3)2, CH(CH3)CH2CH3], 1.0–1.3 (1 H, m, CH2CH3), 1.35–1.9 [5 H, m, CH2CH(CH3)2, CHCH(CH3)CH2CH3], 4.05–
4.25 (2 H, m, 2 × NH-CH), 5.0–5.2 (2 H, m, C6H5-CH2-O), 7.11 (1 H, s, CONH2), 7.25–7.55 (5 H, m, C6H5-CH2-O), 7.47 (1 H, s, CONH2), 7.60 (1 H,
d, J 8.4, NH-CH-CH2), 7.66 (1 H, d, J 9.0, NH-CH-CH) 

Z-L-Met-L-Ile-NH2 

0.86–0.92 [6 H, m, CH(CH3)CH2CH3], 1.0–1.35 (1 H, m, CH2CH3), 1.35–1.6 (1 H, m, CH2CH3), 1.65–2.05 [3 H, m, CHCH(CH3)CH2, CH2-CH2-S],
2.10 (3 H, s, S-CH3), 2.52 (2 H, t, J 8.2, CH2-S), 4.1–4.3 (2 H, m, 2 × NH-CH), 5.11 (2 H, s, C6H5-CH2-O), 7.12 (1 H, s, CONH2), 7.3–7.55 (5 H, m,
C6H5-CH2-O), 7.50 (1 H, s, CONH2), 7.64 (1 H, d, J 8.2, NH-CH-CH2), 7.74 (1 H, d, J 8.9, NH-CH-CH) 

Ac-L-Nle-L-Ile-NH2 

0.7–0.95 [9 H, m, CH2CH2CH3, CH(CH3)CH2CH3], 0.95–1.8 [9 H, m, (CH2)3-CH3, CHCH(CH3)CH2CH3], 1.83 (3 H, s, CH3CO), 4.0–4.15 (1 H, m,
NH-CH), 4.15–4.3 (1 H, m, NH-CH), 7.02 (1 H, s, CONH2), 7.34 (1 H, s, CONH2), 7.61 (1 H, d, J 8.9, NH-CH), 7.99 (1 H, d, J 7.8, NH-CH) 

Z-L-Phe-L-Ile-NH2 

0.88–0.93 [6 H, m, CH(CH3)CH2CH3], 1.0–1.3 (1 H, m, CH2CH3), 1.4–1.65 (1 H, m, CH2CH3), 1.65–1.9 [1 H, m, CHCH(CH3)CH2], 2.77–2.86 (1 H,
m, JAB 13.7, C6H5-CH2-CH), 3.04–3.11 (1 H, m, JAB 13.7, C6H5-CH2-CH), 4.22–4.28 (1 H, m, NH-CH-CH), 4.35–4.44 (1 H, m, NH-CH-CH2), 4.97–
5.08 (2 H, m, C6H5-CH2-O), 7.13 (1 H, s, CONH2), 7.2–7.5 (10 H, m, C6H5-CH2-O, C6H5-CH2-CH), 7.46 (1 H, s, CONH2), 7.63 (1 H, d, J 8.7, NH-
CH-CH2), 7.88 (1 H, d, J 9.0, NH-CH-CH) 

Boc-L-Phe-L-Ile-NH2 

0.80–0.85 [6 H, m, CH(CH3)CH2CH3], 0.9–1.2 (1 H, m, CH2CH3), 1.30 [9 H, s, C(CH3)3], 1.35–1.55 (1 H, m, CH2CH3), 1.6–1.8 [1 H, m,
CHCH(CH3)CH2], 2.6–2.8 (1 H, m, C6H5-CH2-CH), 2.85–3.05 (1 H, m, C6H5-CH2-CH), 4.22–4.28 (1 H, m, NH-CH-CH), 4.1–4.25 (2 H, m,
2 × NH-CH), 7.0–7.35 (7 H, m, C6H5-CH2-CH, CONH2, NH-CH-CH2), 7.39 (1 H, s, CONH2), 7.63 (1 H, d, J 9.0, NH-CH-CH) 

Z-L-Thr-L-Ile-NH2 

0.75–0.9 [6 H, m, CH(CH3)CH2CH3], 1.0–1.2 (1 H, m, CH2CH3), 1.04 [3 H, d, J 4.9, CH(OH)-CH3], 1.3–1.5 (1 H, m, CH2CH3), 1.6–1.8 [1 H, m,
CHCH(CH3)CH2], 3.85–3.95 (1 H, m), 3.95–4.05 (1 H, m) and 4.05–4.2 (1 H, m) [2 × NH-CH, CH(OH)-CH3], 4.83 [1 H, d, J 4.3, CH(OH)-CH3],
5.03 (2 H, s, C6H5-CH2-O), 7.0–7.15 [2 H, m, NH-CH-CH(OH), CONH2], 7.25–7.5 (6 H, m, C6H5-CH2-O, CONH2), 7.66 [1 H, d, J 9.3, NH-CH-
CH(CH3)] 
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Table 5 (Contd.)

äH([2H6]DMSO, SiMe4, J/Hz) 

Z-L-Trp-L-Ile-NH2 

0.87–0.93 [6 H, m, CH(CH3)CH2CH3], 1.0–1.35 (1 H, m, CH2CH3), 1.4–1.65 (1 H, m, CH2CH3), 1.7–1.9 [1 H, m, CHCH(CH3)CH2], 2.94–3.04 (1 H,
m, JAB 14.7, NH-CH-CH2), 3.15–3.22 (1 H, m, JAB 14.7, NH-CH-CH2), 4.2–4.3 (1 H, m, NH-CH-CH), 4.35–4.5 (1 H, m, NH-CH-CH2), 4.9–5.1
(2 H, m, C6H5-CH2-O), 7.0–7.6 (12 H, m, C6H5-CH2-O, CONH2, ]]CH-NH, 4 aromatic protons from indole ring), 7.70 (1 H, d, J 7.7, NH-CH-CH2),
7.84 (1 H, d, J 9.0, NH-CH-CH), 10.89 (1 H, s, NH from indole ring) 

Z-L-Tyr-L-Ile-NH2 

0.87-0.93 [6 H, m, CH(CH3)CH2CH3], 1.0–1.3 (1 H, m, CH2CH3), 1.4–1.6 (1 H, m, CH2CH3), 1.65–1.9 [1 H, m, CHCH(CH3)CH2], 2.64–2.74 (1 H,
m, JAB 13.9, HO-C6H4-CH2-CH), 2.92–2.99 (1 H, m, JAB 13.9, HO-C6H4-CH2-CH), 3.1–3.8 (1 H, br m, HO-C6H4-CH2), 4.21–4.33 (2 H, m, 2 × NH-
CH), 5.03 (2 H, s, C6H5-CH2-O), 6.72 (2 H, d, JAB 8.3, HO-C6H4-CH2), 7.14 (2 H, d, JAB 8.3, HO-C6H4-CH2), 7.2–7.5 (7 H, m, C6H5-CH2-O,
CONH2), 7.55 (1 H, d, J 8.7, NH-CH-CH2), 7.82 (1 H, d, J 9.0, NH-CH-CH) 

Z-L-Phe-L-Met-NH2 

1.72–2.1 (2 H, m, CH2-CH2-S), 2.03 (3 H, s, S-CH3), 2.44 (m, CH2-S),* 2.71–2.81 (1 H, m, JAB 14.0, C6H5-CH2-CH), 2.99–3.07 (1 H, m, JAB 14.0,
C6H5-CH2-CH), 4.2–4.35 (2 H, m, C6H5-CH2-CH, CH-CH2-CH2-S), 4.95 (2 H, s, C6H5-CH2-O), 7.05 (1 H, s, CONH2), 7.1–7.45 (11 H, m, C6H5-CH2-
O, C6H5-CH2-CH, CONH2), 7.51 (1 H, d, J 8.2, NH-CH), 8.02 (1 H, d, J 8.5, NH-CH) 

Z-L-Ala-L-Phe-NH2 

1.13 (3 H, d, J 7.1, CH-CH3), 2.75–3.1 (2 H, m, C6H5-CH2-CH), 3.95–4.1 (1 H, m, CH-CH3), 4.35–4.4 (1 H, m, C6H5-CH2-CH), 5.01 (2 H, s, C6H5-
CH2-O), 7.06 (1 H, s, CONH2), 7.1–7.5 (12 H, m, C6H5-CH2-O, C6H5-CH2-CH, NH-CH, CONH2), 7.80 (1 H, d, J 8.2, NH-CH) 

Z-L-His-LPhe-NH2 

2.6–2.9 (3 H, m, ]]C-CH2-CH, C6H5-CH2-CH), 3.00–3.07 (1 H, m, JAB 13.8, C6H5-CH2-CH), 4.1–4.25 (1 H, m) and 4.3–4.5 (1 H, m) (2 × NH-CH),
4.99 (2 H, s, C6H5-CH2-O), 6.75 (1 H, s, CONH2), 7.05–7.75 (m, 14 H, C6H5-CH2-O, C6H5-CH2-CH, 2 × CH from imidazole ring, NH-CH, CONH2),
7.97 (1 H, d, J 8.0, NH-CH), 11.4–12.1 (1 H, m, NH from imidazole ring) 

Z-L-Met-L-Phe-NH2 

1.65–1.85 (2 H, m, CH2-CH2-S), 1.99 (3 H, s, S-CH3), 2.36 (2 H, t, J 7.7, CH2-S), 2.78–2.87 (1 H, m, JAB 13.7, C6H5-CH2-CH), 2.98–3.05 (1 H, m, JAB

13.7 C6H5-CH2-CH), 4.0–4.1 (1 H, m, CH-CH2-CH2-S), 4.4–4.55 (1 H, m, C6H5-CH2-CH), 5.02 (2 H, s, C6H5-CH2-O), 7.07 (1 H, s, CONH2), 7.05–
7.45 (11 H, m, C6H5-CH2-O, C6H5-CH2-CH, CONH2), 7.46 (1 H, d, J 7.9, NH-CH), 7.85 (1 H, d, J 8.2, NH-CH) 

Z-L-Phe-L-Phe-NH2 

2.55–3.1 (4 H, m, 2 × C6H5-CH2-CH), 4.15–4.3 (1 H, m, NH-CH), 4.4–4.55 (1 H, m, NH-CH), 4.94 (2 H, s, C6H5-CH2-O), 7.07 (1 H, s, CONH2),
6.8–7.45 (16 H, m, C6H5-CH2-O, CONH2, 2 × C6H5-CH2-CH), 7.44 (1 H, d, J 8.5, NH-CH), 7.99 (1 H, d, J 8.1, NH-CH) 

Z-L-Thr-L-Phe-NH2 

0.95 (3 H, d, J 6.1, CH-CH3), 2.78–2.87 (1 H, m, JAB 13.7, C6H5-CH2-CH), 3.00–3.08 (1 H, m, JAB 13.7, C6H5-CH2-CH), 3.8–4.0 (2 H, m, NH-CH-
CH-OH), 4.4–4.55 (1 H, m, C6H5-CH2-CH), 5.03 (2 H, s, C6H5-CH2-O), 6.93 (1 H, d, J 7.8, NH-CH), 7.0–7.5 (12 H, m, C6H5-CH2-O, C6H5-CH2-CH,
CONH2), 7.94 (1 H, d, J 8.1, NH-CH) 

Z-L-Trp-L-Phe-NH2 

2.7–3.1 (4 H, m, C6H5-CH2-CH, NH-CH-CH2-C]]), 4.2–4.35 (1 H, m, C6H5-CH2-CH), 4.45–4.6 (1 H, m, NH-CH-CH2-C]]), 4.95 (2 H, s, C6H5-
CH2-O), 6.95–7.45 (17 H, m, C6H5-CH2-O, C6H5-CH2-CH, CONH2, ]]CH-NH, aromatic protons from indole ring), 7.58 (1 H, d, J 7.8, NH-CH), 7.95
(1 H, d, J 8.0, NH-CH), 10.76 (1 H, s, NH from indole ring) 

Z-L-Tyr-L-Phe-NH2 

2.7–3.1 (4 H, m, C6H5-CH2-CH, HO-C6H4-CH2-CH), 4.05–4.2 (1 H, m, HO-C6H4-CH2-CH), 4.4–4.55 (1 H, m, C6H5-CH2-CH), 4.95 (2 H, s, C6H5-
CH2-O), 6.63 (2 H, d, JAB 8.3, HO-C6H4-CH2), 7.00 (2 H, d, JAB 8.3, HO-C6H4-CH2), 7.07 (1 H, s, CONH2), 7.1–7.5 (12 H, m, C6H5-CH2-O, C6H5-
CH2-CH, NH-CH, CONH2), 7.95 (1 H, d, J 8.1, NH-CH) 

Z-L-Ala-L-Val-NH2 

0.82 [3 H, d, J 6.7, CH(CH3)2], 0.84 [3 H, d, J 6.8, CH(CH3)2], 1.20 (3 H, d, J 7.2, NH-CH-CH3), 1.85–2.05 [1 H, m, CH(CH3)2], 4.05–4.2 [2 H, m,
CHCH(CH3)2, NH-CH-CH3], 5.02 (2 H, s, C6H5-CH2-O), 7.01 (1 H, s, CONH2), 7.25–7.6 (8 H, m, C6H5-CH2-O, NH-CH-CH3, NH-CH-CH,
CONH2) 

Z-L-Leu-L-Val-NH2 

0.7–0.95 [12 H, m, CH2-CH(CH3)2, CH-CH(CH3)2], 1.3–1.55 (2 H, m, CH-CH2-CH), 1.55–1.75 [1 H, m, CH2-CH(CH3)2], 1.8–2.05 [1 H, m,
CH-CH(CH3)2], 3.95–4.2 (2 H, m, 2 × NH-CH), 4.9–5.1 (2 H, m, C6H5-CH2-O), 7.04 (1 H, s, CONH2), 7.2–7.45 (6 H, m, C6H5-CH2-O, CONH2),
7.45–7.65 (2 H, m, 2 × NH-CH) 

Z-L-Phe-L-Val-NH2 

0.84 [3 H, d, J 6.0, CH (CH3)2], 0.86 [3 H, d, J 6.0, CH(CH3)2], 1.85–2.05 [1 H, m, CH(CH3)2], 2.71–2.80 (1 H, m, JAB 13.6, C6H5-CH2-CH), 2.98–3.05
(1 H, m, JAB 13.6, C6H5-CH2-CH), 4.1–4.2 [1 H, m, CHCH(CH3)2], 4.25–4.4 (1 H, m, C6H5-CH2-CH), 4.95 (2 H, s, C6H5-CH2-O), 7.03 (1 H, s,
CONH2), 7.1–7.45 (11 H, m, C6H5-CH2-O, C6H5-CH2-CH, CONH2), 7.53 (1 H, d, J 8.7, NH-CH), 7.73 (1 H, d, J 8.7, NH-CH) 

Z-L-Glu-(å)-L-Lys-NH2 

1.1–2.0 (8 H, m, CH2-CH2-COOH, NH-CH2-CH2-CH2-CH2), 2.15–2.35 (2 H, m, CH2-COOH), 3.0–3.25 (2 H, m, NH-CH2), 3.8–4.05 (2 H, m, NH-
CH, H2N-CH), 4.9–5.1 (2 H, m, C6H5-CH2-O), 6.96 (1 H, d, J 7.3, NH-CH), 7.2–7.45 (5 H, m, C6H5-CH2-O), 8.05 (1 H, t, J 5.7, NH-CH2) 

* No integral given because of overlying DMSO-signal. 
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was isolated in high yield (84%) by simple filtration. The prod-
uct was identified by 1H NMR and mass spectroscopy.

Experimental
NMR spectra were obtained at 250 MHz using a Bruker HC-
250 spectrometer. Mass spectra were obtained using a Finnigan
MAT 90 spectrometer with fast atom bombardment (xenon, 7
keV, matrix: 3-nitrobenzyl alcohol) as ionisation method.

Enantioselective hydrolysis of N-acetylamino acid esters
2 mmol of the corresponding N-acetyl--amino acid methyl
ester was dissolved in THF (2 cm3) and diluted with phosphate
buffer (pH 7.0, 0.067 mol dm23; 20 cm3). The hydrolysis was
initiated by addition of pronase (20 mg). The pH of the reac-
tion mixture was kept constant at pH 7 by continuous addition
of aqueous NaOH (1 mol dm23) from an autoburette. The con-
sumption of NaOH was continuously recorded and thus
became a measure for the reaction progress. In most cases reac-
tions came to a near stand still after consumption of 1 mmol of
NaOH, indicating enantioselective hydrolysis. Products were
isolated in the usual way by extraction with organic solvents as
follows. First, the N-acetylamino acid methyl esters were
extracted with three 50 cm3 portions of tert-butyl methyl ether.
The combined ether layers were washed with conc. aqueous
NaCl (10 cm3), dried (Na2SO4) and evaporated under reduced
pressure. The aqueous phase was acidified by adding conc.
aqueous HCl (3 cm3). The N-acetylamino acids formed were
then extracted with three 50 cm3 portions of tert-butyl methyl
ether. The combined ether layers were washed with aqueous
HCl (2 mol dm23, 10 cm3), dried (Na2SO4) and evaporated
under reduced pressure.

Equilibrium controlled dipeptide syntheses in an aqueous–organic
two-phase solvent system
Pronase (1 mg) was added to 100 µmol of the corresponding
Z-protected amino acid, the respective amino acid amide
hydrochloride and triethylamine, all dissolved in a mixture (3
cm3, 9 : 1 v/v) of ethyl acetate and phosphate buffer (pH 7.0,
0.067 mol dm23) (Scheme 2). The reaction mixtures were
shaken in stoppered vials at 30 8C at 250 rpm for 24 h. In 21 of
the 396 experiments the dipeptides formed precipitated spon-
taneously from the reaction mixture and could be isolated by
simple filtration. The products were identified by 1H NMR
spectroscopy (Table 5). The isolated products and their yields
are summarised in Table 2.

Dipeptide syntheses using Z-protected amino acid methyl esters
as donor substrates in an aqueous–organic single-phase solvent
system
Pronase (2.5 mg) was added to 50 µmol of the corresponding
Z-protected amino acid methyl ester, 100 µmol of the respect-
ive amino acid amide hydrochloride and 50 µmol triethylamine,
all dissolved in a mixture (1 cm3, 1 : 1 v/v) of acetonitrile and
borate buffer (pH 9.0, 0.013 mol dm23) and stirred continuously
at room temperature. The course of the reaction was followed
by reversed phase HPLC (Figs. 2–4). The precipitated di-
peptides were isolated by simple filtration and identified by 1H

Scheme 5 Equilibrium controlled, pronase catalysed synthesis of the
3–8-fragment of an octapeptide mimetic of calcium. Reagents and con-
ditions: i, 5 mg pronase, 0.4 cm3 acetonitrile, 3.6 cm3 borate buffer (pH
9.0, 0.013 mol dm23), room temp., 64 h.

i

Z-Ile-Thr-Val-Leu-OH + Val-Lys(Boc)-OBut

 Z-Ile-Thr-Val-Leu-Val-Lys(Boc)-OBut 

0.427 mmol               0.578 mmol  (1.35 fold excess)

(84%)

NMR spectroscopy (Table 5). The products obtained and their
isolated yields are listed in Table 3.

Equilibrium controlled peptide syntheses in an aqueous–organic
single-phase solvent system
Pronase (2.5 mg) was added to 100 µmol of the corresponding
amino-protected amino acid methyl ester, 200 µmol of the
respective amino acid amide hydrochloride and 100 µmol tri-
ethylamine, all dissolved in a mixture (1 cm3, 1 : 9 v/v) of
acetonitrile and borate buffer (pH 9.0, 0.013 mol dm23) and
stirred continuously at room temperature (Scheme 4). The
dipeptides formed precipitated from the reaction mixture and
were isolated by simple filtration and identified by 1H NMR
spectroscopy (Table 5). The products obtained and their
isolated yields are listed in Table 4.

Z-L-Ile-L-Thr-L-Val-L-Leu-L-Val-L-Lys(Boc)-OBut

Pronase (5 mg) was added to Z--Ile--Thr--Val--Leu-OH
(247 mg, 427 µmol) and -Val--Lys(Boc)-OBut (232 mg, 578
µmol), all dissolved in a mixture (4 cm3, 9 : 1 v/v) of aceto-
nitrile and borate buffer (pH 9.0, 0.013 mol dm23) and stirred
continuously at room temperature for 64 h (Scheme 5). The
precipitated product was filtered off, washed with water (5 cm3)
and dried under reduced pressure overnight. The described pro-
cedure yielded Z--Ile--Thr--Val--Leu--Val--Lys(Boc)-
OBut (346 mg, 84%); δH([2H6]DMSO, SiMe4, J/Hz) 0.7–0.95
[24 H, m, CH(CH3)-CH2CH3, 2 × CH-CH(CH3)2, CH2-CH-
(CH3)2], 1.01 [3 H, d, J 6.1, CH(OH)-CH3], 1.05–2.1 [14 H, m,
CH(CH3)-CH2CH3, 2 × CH-CH(CH3)2, CH2-CH(CH3)2, CH-
(CH2)3], 1.37 [9 H, s, C(CH3)3], 1.39 [9 H, s, C(CH3)3], 3.8–4.4 (9
H, m, HO-CH, 6 × NH-CH, NH-CH2), 4.85–4.95 (1 H, m,
CH-OH), 5.03 (2 H, s, C6H5-CH2-O), 7.2–7.5 (7 H, m, C6H5-
CH2-O, 2 × NH-CH), 7.5–7.75 (2 H, m, 2 × NH-CH), 7.81 (1
H, d, J 7.7, NH-CH), 7.95–8.15 (2 H, m, 2 × NH-CH); m/z
(FAB, Xe, 7 keV) 660 ([Z-Ile-Thr-Val-Leu-Val-CO]1, 5%), 561
([Z-Ile-Thr-Val-Leu-CO]1, 5), 448 ([Z-Ile-Thr-Val-CO]1, 6),
430 ([Z-Ile-Thr-Val-CO 2 H2O]1, 5), 91 ([C6H5-CH2]

1, 100).
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