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N-acetyl-L-arginine ethyl ester synthesis catalysed by bovine
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Abstract

The bovine trypsin-catalysed synthesis of N-acetyl-L-arginine ethyl ester from N-acetyl-L-arginine and ethanol was
Žstudied in various organic solvents dimethyl sulfoxide, dioxane, dimethylformamide, acetonitrile, acetone, tetrahydrofuran,

.chloroform, toluene, carbon tetrachloride, cyclohexane and n-hexane . The highest yield was achieved in acetonitrile after
incubation for 6 or 24 h. The optimal conditions for ester synthesis in acetonitrile for 6 h were as follows: 5.0 mM
N-acetyl-L-arginine, 10.0 M ethanol, 7.2 mg trypsin, 2.87% water, total volume 10.3 ml, pH 7.0 and 308C. The hydrolytic
activity of trypsin was determined after incubation for 6 days, when 87.7% of the original activity remained, suggesting that
acetonitrile caused little inactivation of the enzyme. The synthetic reaction resulted in a maximal 79.3% conversion under
optimized conditions after incubation for 48 h. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of organic solvents in enzymatic
syntheses has recently attracted considerable at-
tention. There are many advantages of enzy-
matic syntheses in organic media, such as the
increased solubility of hydrophobic substrates,
with shifts in the thermodynamic equilibria in
the synthetic direction, and the ease of both
product and enzyme recovery. Attempts have
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been made to establish rules relating to the
choice of a suitable solvent for each type of
reaction. In general, hydrophobic solvents are
preferred, because the retention of enzyme ac-
tivity is favourable in these solvents. However,
in many esterification reactions, polar substrates
are used. The solvent influences the activities
andror stabilities of the enzymes and also the

w xequilibrium position of the reaction 1,2 .
Peptide syntheses catalysed by proteases have

been extensively studied as an alternative to the
chemical synthesis of polypeptides, because they
generally do not require special activation of the
carboxyl group, they are highly specific, and

w xthere is no need for protecting groups 3,4 .
Ester synthesis and transesterification with pro-
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teases have been less widely studied. Shih et al.
w x5 described the esterification of N-Cbz-L-
amino acids with secondary alcohols by Celite-
immobilized protease and lipase. Alkylated
trypsin has been applied for the esterification of

w xD-glucose with oleic acid 6 . The equilibrium
and kinetics of N-acetyl-L-tryptophan phenyl-
ethyl ester synthesis with agarose chymotrypsin

w xwere studied by Blanco et al. 7 in organic
media.

The present work reports the effects of sol-
vents on the esterification of N-acetyl-L-arginine
with different aliphatic alcohols. The ethyl ester
was produced in the highest amount, and the

Žreaction conditions ratio of substrates, water
.content, appropriate temperature and pH were

examined in detail. N-Substituted amino acid
esters serve as substrates of proteases in hydro-
lytic reactions and can be used in peptide syn-
theses to eliminate water production in organic
media.

2. Materials and methods

2.1. Materials

Ž .Bovine pancreas trypsin EC 3.4.21.4 , N-
acetyl-L-arginine, N-acetyl-L-lysine and N-ben-
zoyl-L-arginine ethyl ester were purchased from

Ž .Sigma-Aldrich Budapest . The specific activity
of the trypsin was 15,900 unitsrmg. All other

Žchemicals were reagent-grade products Reanal,
.Budapest .

2.2. N-acetyl-L-arginine ester synthesis and
analysis

The standard reaction mixture consisted of
one or other above-listed N-protected-L-amino

Ž .acids 5 mM , 10.0 M alcohol, 7.2 mg trypsin
dissolved in 20 ml 1 mM HCl, 125 ml 0.1 M

Ž .triethanolaminerHCl buffer pH 7.0 and 4 ml
Ž .organic solvent mainly acetonitrile in a total

volume of 10.3 ml. The reaction was started by
the addition of trypsin and the mixture was
stirred at 450 rpm for 6 or 24 h at 308C After
appropriate incubation periods, samples were
withdrawn and analysed for N-acetyl-L-amino
acid and hydrolytic activity. The water content
in the reaction mixture was determined by

w xKarl–Fischer titration 8 .
The amount of N-acetyl-L-arginine ester was

determined indirectly from the amount of N-
acetyl-L-arginine remaining. The N-acetyl-L-
arginine measurements were performed at pH
9.5 by pH stat titration with an automatic titra-

Ž .tor Radiometer, Copenhagen, Denmark . The
titrant used was 10 mM NaOH. The titration
method was validated by titrating mixtures of 5
mM of N-acetyl-L-arginine and different

Ž .amounts 0.5, 1 and 3 mM of its ethyl ester.
The consumption of alkali was not influenced
by the presence of the ester.

2.3. Assay of ester hydrolase actiÕity

The activity of trypsin was measured by fol-
w xlowing the increase in absorbance at 253 nm 9 .

Ž .The reaction mixture 3 ml contained 0.9 mM
N-benzoyl-L-arginine ethyl ester, 46.7 mM

Ž .TrisrHCl buffer pH 8.0 and a 100 ml aliquot
of enzyme. One unit of enzyme activity was
defined as the amount of enzyme that hydroly-
ses 1 mmol N-benzoyl-L-arginine ethyl ester per
minute under the assay conditions.

3. Results and discussion

Trypsin-catalysed peptide syntheses have
been thoroughly studied during recent decades
because of the great importance of the different
biologically active peptides, whereas little atten-
tion has been paid to esterification and transes-
terification reactions. Investigation of the direct
esterification of N-protected amino acids offers
a possibility to compare the behaviour of trypsin
in organic solvents in the presence of different
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substrates, and additionally provides an insight
into the active site of the enzyme. The different
N-protected amino acid esters can be used as
substrates of proteolytic enzymes in the esterase
reaction.

3.1. Synthesis of N-acetyl-L-arginine esters

In the esterification of N-acetyl-L-arginine,
methanol, ethanol, propan-1-ol, propan-2-ol, bu-
tan-1-ol and pentan-1-ol were used at 10.0 M in
acetonitrile. The results are summarized in Table
1. The highest yield of N-acetyl-L-arginine ester
was achieved with ethanol during reaction for 6
or 24 h. With increase in the number of carbon
atoms in the alcohol, the yield of esterification
decreased. This might be due to the changes in
the lipophilicity of the different alcohols. In the
further experiments, the synthesis of N-acetyl-
L-arginine ethyl ester was studied.

The transesterification of lysine esters
Ž .methyl, n-propyl and n-butyl with ethanol
catalysed by bovine trypsin resulted in 74–80%
ethyl ester at pH 6.2 and at 258C for 50 h in

w x95% ethanol 10 .

3.2. Effects of organic solÕents

The synthesis of N-acetyl-L-arginine ethyl
ester was examined in the following solvents:
dimethyl sulfoxide, 1,4-dioxane, N, N-dimethyl-
formamide, acetonitrile, acetone, tetrahydrofu-

Table 1
Yields of different N-acetyl-L-arginine ester syntheses
The syntheses were carried out in a reaction mixture containing
5.0 mM N-acetyl-L-arginine, 10.0 M alcohol, 7.2 mg trypsin, 125

Ž .ml triethanolaminerHCl buffer pH 7.0 and 4.0 ml acetonitrile at
a water content of 2.87% and at 308C.

Ž .Alcohol Yield %

6 h 24 h

Methanol 4.0 14.6
Ethanol 50.9 73.6
Propan-1-ol 13.9 54.2
Propan-2-ol 7.4 30.3
Butan-1-ol 11.7 46.0
Pentan-1-ol 7.9 33.4

Table 2
N-acetyl-L-arginine ethyl ester synthesis in different organic sol-
vents
The reaction mixture contained 5.0 mM N-acetyl-L-arginine, 10.0

Ž .M ethanol, 125 ml 0.1 M triethanolaminerHCl buffer pH 8.0 ,
2.0 mg trypsin and 4 ml organic solvent.

Ž .Solvent Yield %

6 h 24 h

Dimethyl sulfoxide 0.0 0.0
1,4-Dioxane 14.4 15.6
Dimethylformamide 0.0 0.0
Acetonitrile 6.1 25.9
Acetone 2.9 14.9
Tetrahydrofuran 0.6 3.2
Chloroform 0.4 2.4
Toluene 4.0 22.4
Carbon tetrachloride 0.7 5.6
Cyclohexane 3.2 9.7
n-Hexane 5.4 21.5

ran, chloroform, toluene, carbon tetrachloride,
cyclohexane and n-hexane. The amounts of N-
acetyl-L-arginine ethyl ester formed during incu-
bation for 6 and 24 h are presented in Table 2.
No ester synthesis occurred in N, N-dimethyl-
formamide or dimethyl sulfoxide. The yield of
ester in the different solvents did not exhibit any
correlation with the log P values of the sol-
vents. Acetonitrile proved the best solvent for
the synthesis of N-acetyl-L-arginine ethyl ester.
For the further experiments, acetonitrile was
chosen as solvent in the esterification reactions.
Sugar esterification with modified trypsin was

w xperformed in dimethylformamide 6 , but the
free trypsin-catalysed peptide synthesis was

w xstudied in acetonitrile 4 .

3.3. Synthesis of N-protected amino acid ethyl
esters

Since the specificity of trypsin is known for
both L-arginine and L-lysine, the ester syntheses
with N-acetyl-L-arginine and with N-acetyl-L-
lysine were compared. The chymotryptic activi-
ties of trypsin with N-acetyl-L-tyrosine and N-
benzoyl-L-phenylalanine were also studied. The
esterification results are listed in Table 3. The
yield of N-acetyl-L-arginine ethyl ester was the
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Table 3
Yields of different N-protected-L-amino acid ethyl ester syntheses
The reaction mixture contained 5.0 mM N-protected-L-amino
acid, 10.0 M ethanol, 7.2 mg trypsin, 125 ml 0.1 M tri-

Ž .ethanolaminerHCl buffer pH 7.0 , and 4 ml acetonitrile. The
synthesis was performed at 308C and at 2.87% water content.

Ž .Amino acid Yield %

6 h 24 h

N-acetyl-L-lysine 30.7 49.0
N-acetyl-L-arginine 50.9 73.6
N-acetyl-L-tyrosine 12.6 14.2
N-benzoyl-L-phenylalanine 0.0 0.0

highest on incubation for both 6 and 24 h
Ž .50.89% and 73.58% . N-acetyl-L-tyrosine ethyl
ester synthesis from N-acetyl-L-tyrosine and
ethanol catalysed by immobilized chymotrypsin
at pH 4.2 and 258C in an aqueous chloroform
biphasic mixture for 30 h resulted in an 85–90%

w xester yield 11,12 .

3.4. Effects of substrate concentration

The synthesis of N-acetyl-L-arginine ethyl
ester was studied in the N-acetyl-L-arginine
concentration range 1.8–9.0 mM at pH 7.0 and
308C. To achieve the highest yield of N-acetyl-
L-arginine ethyl ester, approximately 5.0 mM
N-acetyl-L-arginine was necessary in the reac-
tion mixture.

3.5. Effects of ethanol

The effects of the substrate concentration on
the synthesis of N-acetyl-L-arginine ethyl ester
with trypsin were studied at ethanol concentra-
tions between 6.6 and 16.7 M in acetonitrile. As
can be seen from Fig. 1, approximately 10.0 M
ethanol was needed for the highest conversion.

3.6. Effects of enzyme concentration

In these experiments, the amount of trypsin
in the reaction mixture was varied between 1
and 8 mg. The maximal conversion of N-acetyl-
L-arginine ethyl ester was achieved with the use
of about 7.2 mg enzyme.

3.7. Effects of water content

Water has a crucial role in enzymatic syn-
thetic reactions in organic solvents, especially in
the case of hydrolytic enzymes. All enzymatic
reactions in organic solvents require some wa-
ter, but the actual amount depends greatly on
the enzyme. The lipases from different micro-
bial sources need less than 1% water, whereas
papain catalyses the esterification of N-pro-
tected amino acids with glycerol at a higher
Ž . w x10% water content 13,14 . The dependence of
the conversion on the water content described a
maximum curve. The highest conversion was
achieved at a water content of 2.87%.

3.8. Effects of pH

The pH of the reaction mixture has a consid-
erable influence on the ionization state of en-
zymes and hence on the catalysis. The effect of
pH on N-acetyl-L-arginine ethyl ester synthesis
was studied in the pH range 3.0–9.3; 0.1 M

Ž .sodium citraterNaOH pH 2–6 and 0.1 M
Ž .triethanolaminerHCl pH 6–9.3 buffers were

used in the experiments. Fig. 2 shows the ef-
fects of pH on ester synthesis. The highest
conversion of N-acetyl-L-arginine was mea-

Fig. 1. Dependence of N-acetyl-L-arginine conversion on ethanol
concentration. The reaction mixture contained 6.7–16.7 M ethanol,
7.2 mg trypsin, 5.0 mM N-acetyl-L-arginine, 125 ml 0.1 M

Ž .triethanolaminerHCl buffer pH 7.0 and 4 ml acetonitrile. The
water content in the reaction mixture was 2.87%. The reactions
were performed for 6 h at 308C.
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Fig. 2. Effects of pH on N-acetyl-L-arginine ethyl ester conver-
Žsion. In the experiments, 125 ml 0.1 M sodium citraterNaOH pH

. Ž .3.0–6.0 and 0.1 M triethanolaminerHCl pH 6.0–9.3 buffers
were used in the standard reaction mixture at a water content of
2.87%. The reactions were performed for 6 h at 308C.

sured at pH 7. Not only the pH, but also the
buffer itself influences the conversion. No ester
formation was observed in 0.1 M phosphate

Ž .buffer pH 7.0 , and lower conversions were
found in 0.1 M TrisrHCl buffer at different pH

Ž . w xvalues data not shown . Yagisawa 15 studied
the ester formation catalysed by bovine trypsin
in 50% methanol for 1 h at 258C between pH
4.4 and 4.8 and the yields were 24.6–35.5% for

Fig. 3. Temperature dependence of N-acetyl-L-arginine ethyl ester
synthesis. The reaction mixture contained 10.0 M ethanol, 7.2 mg
trypsin, 5.0 mM N-acetyl-L-arginine, 125 ml 0.1 M tri-

Ž .ethanolaminerHCl buffer pH 7.0 and 4 ml acetonitrile. The
water content was 2.87%. The reactions were performed for 6 h at
6–608C.

Fig. 4. Time dependence of N-acetyl-L-arginine ethyl ester yield
under optimized conditions. For details, see text.

Bz-arginine substrate. The chymotrypsin-cata-
lysed syntheses of N-acetyl-L-tyrosine esters in
acetone furnished the highest yields at pH 7.0
w x16 . Peptide synthesis with proteases was per-
formed at various pH values, ranging from 3.2
to 7.0, depending on the enzymes and the sub-

w xstrates 17,18 .

3.9. Effects of temperature

The effects of temperature on N-acetyl-L-
arginine ethyl ester synthesis were studied in the
temperature range 6–608C. Maximal conversion

Ž .was measured at 30–358C Fig. 3 . Similar re-
w xsults were obtained by Shih et al. 5 in the

esterification of N-protected amino acids with
w xsecondary alcohols, and by Ampon et al. 6 in a

Table 4
Changes in hydrolytic activity of trypsin during operation for 6
days
For details, see text.

Ž . Ž .Time h Residual activity %

0 100.0
3 105.0
6 111.6
9 106.4

24 95.3
48 93.0
72 92.6

144 87.7
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study of sugar esterification by alkylated trypsin
in dimethylformamide. Transesterification and
peptide synthesis reactions with trypsin were

w xcarried out mainly at 30–378C 6,19 .

3.10. Effects of reaction time

Under optimized reaction conditions, in
acetonitrile with 5 mM N-acetyl-L-arginine, 10.0
M ethanol and 7.2 mg trypsin at 2.87% water
content, pH 7.0 and 308C, the synthesis of
N-acetyl-L-arginine ethyl ester was followed for
6 days. At appropriate time intervals, samples
were withdrawn from the reaction mixture and
analysed for ester synthesis, and the residual
hydrolytic enzyme activity at each time point
was also measured. A conversion of 79.3% was
achieved in the ethyl ester synthesis after 2 days
and no further increase was obtained during

Ž .longer incubation Fig. 4 . The changes in hy-
drolytic activity of trypsin are presented in Table
4. During the 6 days of operation, the activity of
the enzyme decreased by only about 13%, which
reveals that the acetonitrile did not inactivate
the trypsin appreciably under these conditions.
This phenomenon reveals an apparent equilib-
rium in the reaction medium. Similar results
were found with carboxypeptidase A in dipep-

w xtide syntheses 20 . The esterification equilib-
rium of Bz-arginine catalysed by bovine trypsin
corresponded to at 28% Bz-L-arginine methyl
ester at pH 4.62 and 258C in 50% methanol
w x15 .

Our results indicate that bovine trypsin can
be used for the direct esterification of N-acetyl-

L-arginine with different alcohols in organic
solvents; the highest yield is achieved with
ethanol.
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