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Bulgecin A, a sulphonated N-acetyl-D-glucosamine unit linked to
a 4-hydroxy-5-hydroxymethylproline ring by a β-glycosidic link-
age, is a novel type of inhibitor for binuclear metallo-β-lactam-
ases. Using steady-state kinetic analysis with nitrocefin as the
β-lactam substrate, bulgecin A competitively inhibited the met-
allo-β-lactamase BceII from Bacillus cereus in its two-zinc form,
but failed to inhibit when the enzyme was in the single-zinc
form. The competitive inhibition was restored by restoring the
second zinc ion. The single-zinc metallo-β-lactamase from Aero-
monas veronii bv. sobria, ImiS, was not inhibited by bulgecin

A. The tetrameric L1 metallo-β-lactamase from Stenotropho-
monas maltophilia was subject to partial non-competitive inhi-
bition, which is consistent with a kinetic model in which the
enzyme bound to inhibitor retains catalytic activity. Docking ex-
periments support the conclusion that bulgecin A co-ordinates to
the zinc II site in metallo-β-lactamases via the terminal sulphonate
group on the sugar moiety.

Key words: antibiotic resistance, bulgecin A, inhibitor, metallo-
β-lactamase, Stenotrophomonas, zinc co-ordination.

INTRODUCTION

The metallo-β-lactamases are a family of clinically important
zinc hydrolases. All possess a characteristic αββα fold and the
active-site zinc-binding motif HXHXD (His-Xaa-His-Xaa-Asp),
and most readily hydrolyse carbapenems, an important class of
β-lactam antibiotics. Some metallo-β-lactamase genes, such as
members of the IMP [1] and VIM [2] families, and SPM-1 [3], can
be mobilized on mobile genetic elements, particularly Class 1 in-
tegrons [4].

There are currently no clinically useful inhibitors of metallo-β-
lactamases; however, several studies have been undertaken with
a variety of experimental inhibitors. These can be divided into
(i) compounds which irreversibly covalently modify the enzyme,
resulting in inhibition or inactivation of activity, (ii) compounds
which chelate zinc from the active site, resulting in reversible
inactivation of the enzymes, or (iii) compounds which competi-
tively inhibit substrate binding, either by mimicking the structure
of the β-lactam substrate or by co-ordinating to an active-site zinc
ion, preventing binding of the β-lactam substrate or displacing
a bound substrate. Inhibitors that covalently modify metallo-β-
lactamases include small thiol-modifying reagents, such as mer-
curic(II) salts [5], p-chloromercuribenzoate [6], iodoacetic acid
[7] and mercaptoacetic acid thiol esters [8]. Inhibitors that chelate
the active-site zinc include EDTA, 1,10-phenanthroline, dipico-
linic acid, two phenazines from Streptomyces spp. [9], bis(1N-
tetrazol-5-yl)amine [10] and EGTA [11].

Although these two groups of compounds offer many useful
experimental tools for probing reactive sites and mechanisms of
β-lactam hydrolysis, neither covalent modifiers nor zinc chelators
are likely to provide clinically useful inhibitors, because they are
relatively non-specific and are likely to be inhibitory to physio-
logically important zinc hydrolases of the infected individual.
More promising compounds are those which reversibly block
the active site by competitive inhibition, since these offer the
potential for modification of the structure to improve the specifi-
city of the inhibitor for metallo-β-lactamases alone. Such com-
pounds include biphenyl tetrazoles [10], mercaptophenyl acetic

acid derivatives, which do not covalently modify the enzyme (pro-
bably because the phenyl ring sterically hinders the hydrolysis of
the carbonyl-thiol bond) [8], trifluoromethyl alcohols and ketones
[12], N-(2′-mercaptoethyl)-2-phenylacetamide [13], thioman-
delic acid [14], D- and L-captopril inhibitors [15], inhibitors based
on thiazolidinecarboxylic acid [16], 6-(mercaptomethyl) penicil-
linates [17] and thioxo-cephalosporin derivatives [18].

The majority of metallo-β-lactamases described are binuclear,
with two zinc ions at their active sites. However, mononuclear
(single-zinc)enzymeshavebeendescribed.Themetallo-β-lactam-
ases of Aeromonas spp. exemplified by CphA from Aeromonas
hydrophila are native mononuclear zinc enzymes, although they
have a second, normally empty, zinc-binding site. When zinc is
bound to this second site, it is inhibitory [19]. The metallo-β-
lactamase from Bacillus cereus has two zinc sites with different
affinities [20]. Accordingly, the enzyme can be manipulated to
have one or two zinc ions. Both forms of the enzyme are hydro-
lytically active against β-lactams, although the binuclear form
shows the greater activity. This ability to produce both mono-
and bi-nuclear forms, based on the same metallo-β-lactamase,
is exploited in the present study. Of particular relevance to the
present work is the weak inhibition by Mes of the CcrA metallo-
β-lactamase from Bacteriodes fragilis. A crystal structure of the
enzyme inhibitor complex has been determined [21]. Mes co-
ordinates to the zinc II site via an oxygen atom of its sulphonate
group.

Bulgecins are O-sulphonated glycopeptides produced by
Pseudomonas acidophila and Pseudomonas mesoacidophila [22]
that potentiate the antibacterial activity of β-lactam antibiotics
and produce characteristic bulges when added to bacteria such as
Escherichia coli in association with β-lactams. Ps. mesoacido-
phila contains three such glycopeptide components, A, B and C,
which make up 88%, 2% and 10% of the total bulgecin content
respectively [23]. These compounds specifically target the 70-kDa
soluble lytic transglycosylase (SLT70) from E. coli [24,25]. The
SLT70 transglycosylase catalyses an intramolecular glycosyl-
transferase reaction, resulting in the formation of 1,6-anhydro-
muropeptides, which are believed to function as a signal for the

Abbreviations used: AAS, atomic absorption spectroscopy; SLT70, 70-kDa soluble lytic transglycosylase.
1 To whom correspondence should be addressed (email A.M.Simm@bristol.ac.uk).
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Figure 1 Structure of bulgecin A

Reprinted with permission from [25]. Copyright (1995) American Chemical Society.

induction of some inducible β-lactamase expression in Gram-
negative bacteria [26,27]. The structure of bulgecin A is shown
in Figure 1. In the present paper, we report that bulgecin A also
inhibits binuclear zinc-dependent metallo-β-lactamases. It inter-
acts specifically with the zinc II ion, probably as a consequence
of co-ordination between one of the sulphonate groups and the
zinc ions. The characteristics of inhibition for the tetrameric L1
metallo-β-lactamase from Stenotrophomonas maltophilia, mono-
meric BceII enzyme from B. cereus (in both its mononuclear and
binuclear forms) and the monomeric, mononuclear ImiS, have
been determined, and a model of inhibitor binding to the L1
metallo-β-lactamase is presented and used to identify those amino
acid residues that are potentially involved in inhibitor binding.
These enzymes have been chosen as representative types of a
family of enzymes which also includes clinically relevant metallo-
β-lactamases.

EXPERIMENTAL

Preparation of metallo-β-lactamases

Preparation of L1 from S. maltophilia

The L1 gene [28] was amplified by PCR. PCR products were TA-
cloned into plasmid vector pTrcHis2-TOPO (Invitrogen, Paisley,
U.K.). Following induction of high-level L1 production with
IPTG (isopropyl β-D-thiogalactoside), a periplasmic fraction was
prepared by lysozyme treatment. L1 was purified from this crude
preparation by using ion-exchange and gel filtration in 50 mM
cacodylate buffer containing 10 µM ZnCl2, as described by
Avison et al. [29].

Preparation of ImiS from Aeromonas veronii bv. sobria

An overnight culture of the high-level β-lactamase-expressing
mutant, 163a-M [30], was used as the source of ImiS. Cells were
harvested, and ImiS was purified from a periplasmic preparation
by a two-stage FPLC process, as described by Walsh et al. [31].

Preparation of BceII from B. cereus

The BceII enzyme of B. cereus 569/H was obtained commercially
from Sigma–Aldrich, Poole, U.K. As supplied, the enzyme is
binuclear [two zinc atoms per subunit, confirmed by AAS (atomic
absorption spectroscopy) in the present study, Table 1] and the
preparation contained BSA as a stabilizer. The metallo-β-lactam-
ase was separated from the BSA by gel filtration through a
Superdex 200 column (Amersham Biosciences, Little Chalfont,
Bucks., U.K.) using 50 mM cacodylate buffer, pH 7.0. The mono-
nuclear form (one zinc atom per subunit) was prepared by dialys-
ing the purified enzyme against 50 mM cacodylate buffer con-
taining 1 µM ZnCl2 at pH 6.0 for 2 days. The binuclear form was

Table 1 Zinc content and type of inhibition seen with the enzymes used in
the present study

Results are means +− S.D. for three measurements.

Zn content
Enzyme (mol of Zn2+/mol of enzyme) Type of inhibition K i (µM)

L1 1.9 +− 0.3 Partial non-competitive 2.5
ImiS 0.8 +− 0.2 No inhibition >900
BceII 2.1 +− 0.2 Competitive 230
BceII (mononuclear) 0.9 +− 0.3 No inhibition >900
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Scheme 1 Reaction flow scheme for the BceII metallo-β-lactamase
inhibition

restored by re-dialysing against 50 mM cacodylate buffer contain-
ing 100 µM ZnCl2 at pH 7.0 for a further 1 day.

Zinc assay

Assays to determine the zinc content per monomer of each enzyme
were performed using AAS in a Unicam 919 Atomic Absorption
Spectrometer at 213.9 nm. Protein was prepared for AAS as de-
scribed by Simm et al. [32].

Enzyme kinetics

Steady-state enzyme kinetics were performed using, as substrates,
nitrocefin (Becton-Dickinson, Cockeysville, MD, U.S.A.), with
product formation monitored at 482 nm (L1 and BceII), and
Imipenem (Merck Sharpe & Dohme, Hoddesdon, Herts., U.K.),
with substrate hydrolysis monitored at 299 nm (ImiS). Initial rate
absorbance data at various substrate and inhibitor concentrations
(10–150 µM) were collected using a Lambda 35 spectrophoto-
meter (PerkinElmer, Cambridge, U.K.) and analysed using Eadie–
Hofstee plots (v against v/[S]) [33]. All assays were performed
in 50 mM cacodylate buffer, pH 7.0, containing 100 µM Zn2+ as
ZnCl2 at 25 ◦C, with the exception of assays on the single-zinc
form of BceII, which contained 1 µM ZnCl2. The appropriate
concentration of inhibitor dissolved in 18.2 M� water was added
to the substrate immediately before the addition of enzyme.

N-Acetylglucosamine and hydroxyproline, the substituent
components of bulgecin A, were also tested for inhibitory activity
up to maximum concentrations of 200 µM.

Data for BceII were fitted to Scheme 1, using eqn 1:

v = [S] · Vmax

Km

(
1 + [I]

K i

)
+ [S]

(1)

where v is the rate of hydrolysis (in µM · s−1), Vmax is the maximal
velocity in the absence of inhibitor (= [E]kp), [S] is the substrate
concentration (in µM) and [I] is the concentration of inhibitor.
Fitting was achieved with the Ledveburg–Marquadt non-linear
least-squares algorithm using the program MATLAB [17].
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Scheme 2 Reaction flow scheme for the L1 metallo-β-lactamase inhibition

Figure 2 Eadie–Hofstee plot of the effect of bulgecin A on the BceII 569/H
metallo-β-lactamase from B. cereus with nitrocefin as substrate

The rate of hydrolysis in µmol/min per 10 nmol of enzyme, v, is shown on the y-axis. The
rate/substrate concentration (µmol/min per µM of nitrocefin), v/[S], is shown on the x-axis.
�, Linear regression fit of uninhibited BceII activity. �, Linear regression fit of activity in the
presence of 50 µM bulgecin A. �, Linear regression fit of activity in the presence of 100 µM
bulgecin A. �, Linear regression fit of activity in the presence of 150 µM bulgecin A. All data
points are the average of three separate experiments. The S.E.M. was <0.05 for all data points,
and regression coefficients of fitted lines was >0.99.

Data for L1 were fitted to Scheme 2 using eqn 2:

v = Vmax · S

Km

(
1 + [I]

K i

)
(

1 + β[I]

αK i

) + [S]

(
1 + [I]

αK i

)
(

1 + β[I]

αK i

)
(2)

where α is a factor representing the affinity of enzyme bound to
inhibitor for substrate and β is a factor representing the ability of
the ESI intermediate to produce product. The different kinetic pro-
files fitted were the simplest reaction schemes that could account
for the different Eadie–Hofstee plots seen for BceII and L1 (Fig-
ures 2 and 3), taking account of previously reported negatively
co-operative effects in the L1 enzyme [32] and the molecular
architecture of the L1 active site (see discussion below).

Protein–inhibitor docking

The molecular structure of bulgecin A was extracted from the
Protein Data Bank (code 1LMC), which is a 2.0 Å (1 Å = 0.1 nm)
resolution structure of bulgecin A with E. coli lysozyme. A sol-
vent-accessible Connolly surface [34] of the L1 metallo-β-lactam-

Figure 3 Eadie–Hofstee plot of the effect of bulgecin A on the L1 metallo-
β-lactamase from S. maltophilia with nitrocefin as substrate

The rate of hydrolysis in µmol/min per 10 nmol of enzyme, v, is shown on the y-axis. The
rate/substrate concentration (µmol/min per µM of nitrocefin), v/[S], is shown on the x-axis.
�, Linear regression fit of uninhibited L1 activity. �, Linear regression fit of activity in the
presence of 50 µM bulgecin A. �, Linear regression fit of activity in the presence of 100 µM
bulgecin A. �, Linear regression fit of activity in the presence of 150 µM bulgecin A. All data
points are the average of three separate experiments. The S.E.M. was <0.05 for all data points,
and regression coefficients of fitted lines was >0.99.

ase crystal structure (Protein Data Bank code 1SML) was
created with Quantum Chemistry Program Exchange program
429 (Indiana University, Bloomington, IN, U.S.A.) using a 1.4 Å
solvent probe. The extracted bulgecin A structure was docked
into this surface using the FlexX docking algorithm (Tripos,
Cambridge, U.K.) with a 130 Å × 130 Å × 130 Å grid centred on
the atomic co-ordinates of zinc I and a grid spacing of 0.375 Å.
All rings were treated as rigid, and all other bonds were allowed
to rotate freely. The 30 lowest-energy docked conformers were
retained for analysis.

RESULTS

Preparation of metallo-β-lactamases

Each of the metallo-β-lactamase preparations used contained a
single protein, demonstrated by a single band on SDS/PAGE gels
stained with Coomassie Blue G250. The molecular mass of each
protein was consistent with the predicted molecular mass for the
particular metallo-β-lactamase. The zinc contents per subunit for
the various enzymes are shown in Table 1.

Inhibition of metallo-β-lactamases by bulgecin A

ImiS and the mononuclear zinc form of the BceII 569/H metallo-
β-lactamase were not inhibited by bulgecin A at any concentration
within the range tested (50–150 µM). In contrast, the binuclear
zinc form of the monomeric enzyme from B. cereus was com-
petitively inhibited by bulgecin A (Figure 2). Fitting of these data
to eqn 1 gave a K i of 230 +− 10 µM. When the mononuclear zinc
form of BceII was dialysed against 100 µM Zn2+, to restore the bi-
nuclear zinc state, competitive inhibition with bulgecin A was
restored. Inhibition of the L1 metallo-β-lactamase by bulgecin A
showed partial non-competitive kinetics (Figure 3), consistent
with the enzyme–inhibitor complex retaining some catalytic activ-
ity (see enzyme Scheme 2 above). Fitting these data to eqn 2 gave
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Figure 4 Interaction of bulgecin A with the metallo-β-lactamase from S. maltophilia

The bulgecin A molecule (Protein Data Bank code 1LMC; bulgecin A in complex with lysozyme) has been docked into the crystal structure of L1 metallo-β-lactamase (Protein Data Bank code
1SML) using the program FlexX. Amino acid residues implicated in stabilizing and/or binding the molecule are labelled in accordance with 1SML. Phe124 and Ile128 are the beginning and the end
respectively of the active-site loop implicated in catalysis.

estimates of K i = 2.5 +− 0.3 µM with α = 0.65 +− 0.15 and β =
0.9 +− 0.1. Regression coefficients of fitted curves were always
>0.985. The types of inhibition seen for the different enzymes
investigated are noted in Table 1. The inhibition was not time-
dependent for 2 < t < 30 min, where t is the time of prior incuba-
tion with inhibitor (results not shown). Neither N-acetylglu-
cosamine nor hydroxyproline inhibited any of the enzymes at
concentrations up to 200 µM.

Docking of bulgecin into the L1 crystal structure

Docking simulations of bulgecin A with the L1 metallo-β-lactam-
ase using the FlexX docking algorithm showed bulgecin as
interacting with the zinc site via the sulphonate group of the sugar
moiety. The 30 lowest-energy structures show little movement of
the sugar ring and a degree of flexibility in the positioning of the
proline ring, which appears to form an interaction with Asp14 of
the protein. On closer inspection, it was found that this docking
was critically dependent on the state of protonation of the bulgecin
molecule. In the present study, the bulgecin A model used was
generally fully deprotonated; although both of the sulphonate
groups of bulgecin A would be deprotonated under physiological
conditions, it is not known whether the molecule becomes proton-
ated in the active site of metallo-β-lactamases. The effect of pro-
tonation was therefore also investigated by computer simulation.
When both sulphonate groups are protonated, the bulgecin mol-
ecule is modelled as binding to the zinc site of L1 via its taurine
moiety. Protonation at the sugar sulphonate, but not the taurine sul-
phonate, resulted in two thirds of the lowest-energy structures
showing bulgecin binding via its taurine sulphonate and the re-
maining third showing binding via the sulphonate group of the
sugar (results not shown). Conversely, when the taurine sulpho-
nate is protonated, but the sugar sulphonate is not, all of the lowest-
energy structures show the bulgecin A molecule binding via the
sulphonate group of the sugar (results not shown) in a manner
virtually identical with that of the fully deprotonated form. De-
protonation of the proline nitrogen had no effect on binding,

giving only minor changes in the position of the proline ring. The
structure of the lowest-energy conformer (fully deprotonated
bulgecin A) together with associated L1 residues are shown in Fig-
ure 4. The Protein Data Bank file of the lowest-energy conformer
docked into the L1 crystal structure (code 1SML) is available at
http://www.BiochemJ.org/bj/387/bj3870585add.htm.

DISCUSSION

The proliferation of zinc-dependent metallo-β-lactamases poses a
significant threat to the future efficacy of treatment of many severe
bacterial infections that currently are treatable with the latest
β-lactams, e.g. carbapenems. The threat could be substantially re-
duced if effective inhibitors of these enzymes were available. In
the present paper, we have reported inhibition of two binuclear
zinc metallo-β-lactamases, L1 from S. maltophilia and BceII from
B. cereus, by the O-sulphonated glycopeptide, bulgecin A. We
have shown that such inhibition is a consequence of the binuclear
state, and predict that this will be extendable to other more clini-
cally relevant binuclear metallo-β-lactamases, such as the IMP
and VIM groups.

Bulgecin A inhibited the binuclear zinc β-lactamases tested, but
neither the mononuclear zinc enzyme, ImiS, from A. veronii bv.
sobria nor the mononuclear form of the B. cereus enzyme BceII
was inhibited. It is known from the crystal structure that the mono-
nuclear zinc form of BceII retains zinc I [35–37]. Although there
is currently no crystal structure for ImiS, biochemical and mol-
ecular genetic studies of the closely related enzyme CphA from
A. hydrophila AE036 [19] indicate that the single zinc atom as-
sociated with each enzyme molecule is equivalent to zinc I in bi-
nuclear zinc enzymes. These observations suggest that the specific
interactions of bulgecin A with some zinc-dependent β-lactam-
ases is mediated via the zinc II ion, a view that is strongly sup-
ported by the differential inhibition of the binuclear zinc form
of BceII. The results of docking studies with bulgecin A and the L1
metallo-β-lactamase support this interpretation and suggest fur-
ther that the interaction involves co-ordination of the sulphonate
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group of the inhibitor to the second zinc ion. This conclusion is in
accord with the crystal structure of the complex of the inhibitor
Mes and the metallo-β-lactamase from B. fragilis [21] in which
the sulphonate group of the inhibitor is co-ordinated to zinc II. The
time-independence of this inhibition suggests that bulgecin is not
acting as a zinc chelator in the manner of EDTA, EGTA or 1,10-di-
picolinic acid [11]. The fact that neither N-acetylglucosamine nor
hydroxyproline, constituent parts of bulgecin A, inhibit any of the
metallo-β-lactamases tested indicates that the inhibition exhibited
by bulgecin A cannot be explained solely by interactions between
the enzymes and the sugar or peptide constituents themselves.

The type of inhibition observed for the L1 and BceII β-lactam-
ases differs, being competitive for the latter and partial hyper-
bolic non-competitive for L1. Bearing in mind the conclusions
drawn from the docking studies, competitive inhibition of BceII by
bulgecin A is expected. For L1, the form of the Eadie–Hofstee plot
(Figure 3) is that normally associated with uncompetitive inhi-
bition, i.e. that observed when an inhibitor binds to the enzyme–
substrate complex, but not the free enzyme. However, an exam-
ination of the L1 active site reveals that if a β-lactam substrate
were bound to the zinc I atom (as occurs in hydrolysis), bulgecin
A binding would be sterically impeded.

This inhibition profile can be explained by the tetrameric nature
of L1, a structure in which the subunits interact via their N-termini
and in which negative co-operativity is seen [32,38]. Hence, bind-
ing of bulgecin A to one subunit might be expected to influence
the binding kinetics of the inhibitor to adjacent subunits, a typical
example of non-competitive inhibition. Under conditions in which
α is approximately equal to β (eqn 2) the partial non-co-operative
system outlined in Scheme 2 will yield kinetics with a form similar
to uncompetitive kinetics [33]. The fitted values of α and β are
consistent with this interpretation. This is the minimum kinetic
model which will explain these results. It is possible that this is an
oversimplification, in that there may be multiple ESI complexes,
corresponding to one, two and three molecules of bulgecin A
bound to one or more of the subunits of the enzyme complex. Un-
fortunately, bulgecin A is currently not produced commercially,
and more detailed kinetic analyses than those reported in the pre-
sent paper must await further synthesis of the compound.

The results of the docking study (Figure 4) fully support the
hypothesis that bulgecin A co-ordinates with the zinc II ion of
binuclear zinc-dependent β-lactamases. The predicted structure
also allows us to draw some conclusions as to which amino acid
groups at or near the active site of the L1 metallo-β-lactamase are
likely to be involved in binding bulgecin A. In particular, amino
acid residues that have already been implicated in substrate bind-
ing are predicted to be close to the bulgecin A molecule, e.g. the
amino acids comprising the short Phe124–Ile128 loop [38] and Trp17

[32]. In addition, Ser185, which co-ordinates to zinc II via a water
molecule in the native enzyme [38], is displaced by the sulphonate
group of bulgecin A in the docked structure. Other amino acids,
at positions that have not been specifically identified with the
active site, may also contribute to the association with bulgecin A,
specifically Ala228, Tyr249 and Gln260.

Although bulgecin A itself is not a particularly potent inhibitor
of the binuclear zinc-dependent β-lactamases examined at con-
centrations that would be clinically meaningful, nonetheless the
molecule represents a new class of inhibitor of these enzymes and
a valuable tool with which to probe mechanistic aspects of the
activities of these clinically important enzymes.
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Bacillus cereus at 1.9 Å resolution: binuclear active site with features of a mononuclear
enzyme. Biochemistry 37, 12404–12411

38 Ullah, J. H., Walsh, T. R., Taylor, I. A., Emery, D. C., Verma, C. S., Gamblin, S. J. and
Spencer, J. (1998) The crystal structure of the L1 metallo-β-lactamase from
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