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Covalently immobilised penicillin G acylase (PGA-450) accepts in
toluene, at controlled water activity (aw), a broad range of amino
compounds as nucleophiles in kinetically controlled acylation. Hy-
drolytic reactions were prevented and complete conversions were
achieved in short times even when working with an equimolar con-
centration of the substrates. The recovery of the products was fac-
ile, leading to high isolation yields. The obtained N-acylated deriv-
atives of L-amino acids can be used in further reactions, since no
purification steps are required in such conditions. This opens new
perspectives to the application of PGA in selective protection of the
amino function for peptide synthesis. All attempts to perform es-
terification and transesterification reactions with PGA in toluene,
at the same aw as used for the acylation of amino compounds, were
unsuccesful.

Key words: penicillin G acylase, kinetically controlled synthesis, or-
ganic solvent, acylation, water activity, derivatised L-amino acids.

INTRODUCTION

Penicillin G acylase (EC 3.5.1.11) (PGA) is a commercially available en-
zyme with a wide substrate acceptance in water, since it is not only specific
for penicillin G, but it also hydrolyses the amides and esters of phenylacetic
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acid,1–5 showing a good flexibility as far as the amine/alcohol moiety is con-
cerned.

Catalysis of the reverse reaction by PGA and its applicability to a wide
range of substrates could favour the exploitation of this enzyme in the syn-
thesis of biologically active peptides, for the protection/deprotection of the
amino groups, since no hydrolytic activity towards peptide bonds for PGA
has been shown.6

In general, the hydrolysis of phenylacetic acid esters, used as acylating
agents, can be prevented by working in low-water media.

We have already demonstrated that PGA can be kept active in hydro-
phobic organic media only when the hydration of the enzyme is maintained
sufficiently high by controlling the water activity (aw) of the system (0.50 <
aw < 0.85) and we have developed several methods to use both native7 and
immobilised PGA in low-water media.8–12 This paper presents a comprehen-
sive study of the applicability of PGA in the protection of �-amino groups of
derivatised L-amino acids in toluene.

EXPERIMENTAL

PGA-450 (PGA from E. coli, immobilised on a polymer the nature of which is not
disclosed by the manufacturer, enzymatic activity = 401 U g –1 dry preparation) and
7-aminocephalosporanic acid (7-ACA) were a generous gift of Boehringer Mannheim.
Celite R-640® rods were purchased from Fluka. L-Ala-OMe, L-Phe-OMe, Gly-OEt,
L-PhGly-OMe, L-Trp-OMe and L-Leu-NH2 were obtained from their respective hydro-
chlorides by adding an equimolar amount of Na2CO3 � 10H2O, as previously descri-
bed.12 All the substrates, L-Tyr-OEt and L-Tyr-OMe were obtained from Sigma. All
solvents were dried over molecular sieves (4Å) prior to use. Ultrapure water was
used in all experiments.

7-ACA-OMe was chemically synthesised from 7-ACA following a procedure pre-
viously reported for 6-aminopenicillanic acid (6-APA).13

Water activity was measured using a hygrometer (Novasina MS 1) equipped
with a humidity-temperature sensor (enCR-3). The sensor was calibrated at 25 °C at
five different aw values (0.12; 0.33; 0.52; 0.75; 0.90) using standard salt solutions. Af-
ter equilibration, measurements were carried out by sealing the sensor into the open
end of 5 mL glass vials, thermostatted, until constant reading.

PGA-450 was partially dehydrated, prior to use in toluene, following a previous-
ly reported procedure.10,12

Enzymatic reactions were carried out by adding the substrates as powders to 1
mL of solvent, previously equilibrated with the catalyst for 24 hours at 30 °C in an
orbital thermostatted shaker.

Initial rates were determined by following the first 10% of conversion of the re-
action by RP-HPLC (Pharmacia) according to a previously reported procedure.9
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Enzymatic activity of PGA-450 was assayed in phosphate buffer by automated
titration (TTT80 Radiometer, Denmark) of the phenylacetic acid formed during the
hydrolysis of benzylpenicillin (Aldrich). One enzymatic unit corresponds to the
amount of enzyme that hydrolyses 1 �mol of benzylpenicillin in 1 minute at pH 8.0
at 37 °C.

Conversions and verification of the formed amides were obtained by means of
RP-HPLC and 1H NMR, respectively.

RESULTS AND DISCUSSION

In order to select the best acyl donor, PGA-450 was used to catalyse the
acylation of L-PhGly-OMe with three different derivatives of phenylacetic
acid in toluene (Table I).

The highest initial rate (v0) was observed when methyl 4-hydroxyphe-
nylacetate was used as acyl donor. The coversion was >98% after 24 h in all
reactions. Thus, methyl 4-hydroxyphenylacetate was chosen to perform the
acylation of 7-aminocephalosporanic acid methyl ester (7-ACA-OMe) and of
derivatised L-amino acids according to Scheme 1.
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TABLE I

Acylation of L-phenylglycine methyl ester using different acyl
donors catalysed by PGA-450 in toluene at controlled aw

a

Acyl donor v0 / mmol h–1

Methyl 4-hydroxyphenylacetate 0.83
Methyl phenylacetate 0.43
Methyl phenoxyacetate 0.34

a Experimental conditions: reaction volume = 1 mL of dry toluene, T =
30 °C, aw = 0.73–0.77, 62.5 mg of PGA-450 (18 U), 0.1 mmol of L-phenyl-
glycine methyl ester, 0.1 mmol of acyl donor.
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Scheme 1. Acylation of different derivatised L-amino acids and 7-ACA with methyl
4-hydroxyphenylacetate catalysed by PGA-450 in toluene.



Results are reported in Table II.
As reported in Table II, PGA accepts in toluene both aromatic (L-Tyr-OEt,

L-Phe-OEt, L-Trp-OMe) and aliphatic (Gly-OEt, L-Ala-OMe, L-Leu-NH2)
derivatised L-amino acids, though the reaction rates differ considerably.
PGA catalysed the acylation of all the examined amino acids, through a
kinetically controlled synthesis, with high conversion (all above 98%) and
isolation yields (all above 90%) in a reasonable reaction time (maximum 29
hours). The acylation of derivatised 7-ACA was also accomplished in toluene
in about 24 hours. Moreover, since hydrolytic reactions were prevented by
working at low aw, it was possible to perform all the acylations using equi-
molar concentrations of the substrates.

In all syntheses, the formation of the products led to a precipitate. The
products were easily recovered by washing the immobilised enzyme with
ethyl acetate at the end of the reaction.

All the amino compounds considered were used in their esterified form.
The zwitterionic form of the unprotected substrates reported in Table II was
insoluble in organic solvent, and all attempts to perform the acylation of the
free amino acids and 7-ACA in toluene were unsuccessful.

Results show that, in organic solvent, PGA accepts different esters of the
amino acids considered, since both L-Tyr-OMe and L-Tyr-OEt were quantita-
tively acylated by PGA with complete conversion.
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TABLE II

Acylation of different derivatised L-amino acids and 7-ACA
with methyl 4-hydroxyphenylacetate catalysed by PGA-450

in toluenea

Nucleophile Reaction timeb / h

L-Ala-OMe 0.5
L-Tyr-OEt 0.5
L-Tyr-OMe 3
L-PhGly-OMe 3
Gly-OEt 5
L-Leu-NH2 5
L-Phe-OMe 10
L-Trp-OMe 29
7-ACA-OMe 24

a Experimental conditions: reaction volume = 1 mL of dry toluene, T =
30 °C, aw = 0.73–0.77, 62.5 mg of PGA-450 (18 U), 0.1 mmol of nucleo-
phile, 0.1 mmol of methyl 4-hydroxyphenylacetate.

b Reaction time needed for conversion above 98%.



This study was extended to esterification and transesterification reac-
tions catalysed by PGA in toluene at the same aw as above. 1-Phenyl-1-pro-
panol, 1-phenyl-1-ethanol, cinnamic alcohol and methanol were incubated in
the presence of methyl 4-hydroxyphenylacetate as acyl donor. Surprisingly,
after one week of incubation, no reaction was achieved using any of the alco-
hols, not even when the alcohol itself, in the case of phenylacetic acid
esterification with methanol, was used in large excess, namely as reaction
medium. This lack of reactivity cannot be ascribed to PGA inhibition by al-
cohols. It was verified that L-Tyr-OEt was completely converted to the corre-
sponding amide when added to the reaction system where PGA had been
previously incubated in the presence of alcohols for 24 h. Thus, the exam-
ined alcohols seem to be very poor nucleophiles for PGA-catalysed esterifi-
cation and transesterification in organic solvent.

Even though it has been claimed in literature that PGA is able to per-
form also esterification and transesterification reactions,4,14 to the best of
our knowledge no experimental data of transesterification using PGA have
been reported until now, whereas the PGA-catalysed hydrolysis of phenyl-
acetic esters of many alcohols, such as 1-phenyl-1-propanol, 1-phenyl-1-eth-
anol,1 in aqueous media has been largely described.

The results obtained in the acylation of amines and amino acids show
that the synthetic potential of PGA in organic solvent can be exploited
avoiding the problems related to the use of aqueous media. Furthermore, for
the first time PGA was shown to accept a wide variety of amines also in
pure hydrophobic organic solvent. The broad versatility of PGA towards dif-
ferent amino compounds could lead to new perspectives, especially in the
field of peptide synthesis. We are currently verifying the applicability of this
technique to a totally enzymatic approach for the kinetically controlled syn-
thesis of peptides of pharmaceutical interest.
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Kvantitativna acilacija aminospojeva katalizom Penicilin-G-acilaze
u organskim otapalima uz kontroliranu aktivnost vode

Alessandra Basso, Stefania Biffi, Luigi De Martin, Lucia Gardossi i Paolo Linda

Kovalentno imobilizirana Penicilin-G-acilaza (PGA-450) reagira u toluenu, pri
kontroliranoj aktivnosti vode (aw), s raznim aminospojevima (nukleofilima) u kine-
ti~ki kontroliranim acilacijama. N-acilirani derivati mogu se koristiti u drugim reak-
cijama, jer nije potrebno pro~i{}avanje. To otvara nove mogu}nosti u primjeni PGA
kod selektivne za{tite aminoskupine potrebne za sintezu peptida.
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