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Abstract—An Mg2+ and ATP dependent b-lactam synthetase (BLS) catalyses formation of a b-lactam ring during the biosynthesis
of clavulanic acid, an important b-lactamase inhibitor. An epimeric mixture of a 2-methylated derivative of the natural BLS sub-
strate N2-(2-carboxyethyl)-l-arginine was synthesised and found to be a substrate for the enzyme. The epimeric products were
characterised by 1H NMR and mass spectrometric analyses. The results suggest that a modified version of BLS might be used to
catalyse the preparation of intermediates useful for the synthesis of b-lactam antibiotics. # 2002 Elsevier Science Ltd. All rights
reserved.

Clavulanic acid (1), an important inhibitor of serine b-
lactamases, is produced by fermentation of Strepto-
myces clavuligerus. The biosynthetic pathway to clavu-
lanic acid has been partly elucidated and a b-lactam
synthetase (BLS) has been shown to catalyse the for-
mation of the b-lactam ring.1,2 In the BLS reaction N2-
(2-carboxyethyl)-l-arginine (CEA) (2) is cyclised to
deoxyguanidinoproclavaminic acid (DGPC) (3), in a
process driven by conversion of ATP to AMP and pyro-
phosphate (Scheme 1). A crystal structure for BLS has
been recently reported.3

Clavulanic acid and many other b-lactam antibiotics/b-
lactamase inhibitors based on the cephalosporins and
penicillins are produced either directly by fermentation
or from fermented materials already containing a b-lac-
tam nucleus. Other sub-families of b-lactam antibiotics,
such as the carbapenems, are produced via total synth-
esis.4 The production costs of antibiotics and b-lacta-
mase inhibitors, presently produced in the latter
manner, limits their use and preclude development of
new compounds.5

A key intermediate in the preparation of carbapenems
and trinems is 3-(1-hydroxyethyl)-4-(acetyloxy)-2-aze-
tidinone (4) which is produced by synthesis (Fig. 1).

In the absence of a fermentation method for the pre-
paration of clinically used carbapenems and related
antibiotics, it would be beneficial to have a fermentation
route to 4 or an alternative common intermediate. Here,
we report that recombinant wildtype BLS will accept an
epimeric 2-methylated analogue, 2-methyl CEA (6), of
its natural substrate (2), suggesting that modification of
BLS to make synthetically useful b-lactams may be
possible.

2-Methyl CEA (6) was prepared by substituting methyl
acrylic acid for acrylic acid in the reported method for
preparation of CEA (2).6 Michael reaction of protected
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Scheme 1. Formation of DGPC (3) from CEA (2).
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ornithine (7) with 2-methyl acrylic acid, followed by
ring closure and deprotection, gave epimeric monocyclic
b-lactam (8). Guanylation followed by hydrolysis gave
the desired analogue (6) as a mixture of C-2 epimers
(Scheme 2).

The bls gene has previously been expressed at relatively
low levels using a pET24a(+) construct and purified by
an involved two column protocol giving low overall
yields.2,7 To facilitate purification a polyhistidine tagged
form of BLS was produced by cloning bls into the
pET28a(+) vector (from Novagen). BLS produced
using this vector was isolated to >95% purity (by SDS–
PAGE analysis) using a single affinity purification step
with a Nickel His.BindTM column (Fig. 2).8

The 2-methylated substrate analogue (6) was initially
assayed as a substrate for BLS using a fluorescence
detection pre-column derivatised HPLC assay based on
the work of Kai et al.9,10 Under the standard assay
conditions 550% of the 2-methyl CEA (6) was con-
verted to 2-methyl DGPC (9), which was observed as a
single HPLC peak coincident with that produced when

using authentic 9. The HPLC assays were also carried
out using wildtype BLS to ensure the polyhistidine tag
was not affecting the conformation of the protein such
that it accepted the alternative substrate. A similar
result was obtained. Incomplete substrate conversion
may in part result from partial epimerisation at the a-
centre derived from arginine during the ring closure
process in the synthesis.11 A larger scale incubation was
used to allow analysis by 1H NMR (500MHz). Peaks
were observed at d 4.2–4.5 consistent with conversion of
ATP to AMP (Fig. 3).

The appearance of peaks corresponding to 2-methyl
DGPC product (9) was also observed, including d 4.05
(epimer 1, dd, J 10.0, 4.5Hz, CHCO2H), d 4.0 (epimer 2,
dd, J 9.5, 5.5 Hz, CHCO2H) and d 1.5–2.0
(CH2CH2CH2N and CH2CH2CH2N) (Fig. 4).

The b-lactam product was isolated by reverse phase
HPLC (C18 250 � 10 mm). Samples were eluted iso-
cratically with a mobile phase of 10% (v/v) MeOH at a
flow rate of 4 mL/min. ESI MS analysis of the product
was consistent with the production of 2-methyl DGPC
(9) (m/z 243 [M�H]+). 1H NMR (500MHz), including
2D 1H COSY analysis of the product, was consistent
with the formation of both 2-methyl epimers of the
product. There appeared to be a slight excess (<5%) of
one epimer in the starting material (6) (by 1H NMR
analysis); a similar excess was apparently also present in
the enzymic product (9), suggesting that both epimers
are approximately equally efficient substrates for BLS.

BLS is only the second enzyme after isopenicillin-N-syn-
thase to have been shown to be able to catalyse forma-
tion of a b-lactam ring using an unnatural substrate.12

Figure 1. Structures of clavulanic acid (1), 3-(1-hydroxyethyl)-4-
(acetyloxy)-2-azetidinone (4) and a carbapenem (5).

Scheme 2. Synthesis of 2-methyl CEA (6) and 2-methyl DGPC (9).
Reagents: (i) CH2¼CMeCO2H, MeCN, 60 �C, 60%; (ii) MeSO2Cl,
NaHCO3 (aq), MeCN, 60

�C; (iii) 10% Pd/C/H2, EtOH/H2O (2:1);
(iv) 1-amidino-3,5-dimethylpyrazole–HNO3, dimethylformamide–
H2O, pH 8–9, 45% plus 40% recovered 8; (v) 1M HCl, 1 h.

Figure 2. SDS–PAGE gel analysis of purified BLS. (1) Molecular
weight markers (NEB). (2) Crude cell lysate, soluble fraction. (3) Flow
through on loading His.Bind column. (4) Flow through on washing
His.Bind column. (5)–(12) Fractions from protein elution.8

Figure 3. Partial 1H NMR spectra (500MHz, D2O) of (a) ATP and
(b) assay mixture showing conversion to AMP (arrowed).
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Somewhat surprisingly, both the epimers of 2-methyl
CEA (6) appear to be (approximately) equally good
substrates for BLS. This result is encouraging for
attempts to modify BLS by mutation to mediate the
formation of b-lactams with a hydroxyethyl function-
ality at C-2 and a readily functionalisable (e.g.,
CH2CO2H) or cleavable group on the lactam nitrogen.
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Figure 4. Selected regions of the 1H NMR spectra (500MHz, D2O) of
(a) 2-methyl CEA (6), (b) 2-methyl DGPC (9) and (c) assay mixture.
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