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Formation of a tetrahedral intermediate by nucleophilic
attack on the b-lactam carbonyl carbon of penicillins
generates a lone pair on the b-lactam nitrogen which is syn
to the incoming nucleophile, in contrast to the normal anti
arrangement found in peptides. Ring opening of the
b-lactam requires protonation of the b-lactam nitrogen by a
general acid catalyst. The general acid/base catalyst in
b-lactamases is probably a glutamate and a tyrosine residue
in class A and C enzymes, respectively. Phosphonamidates
inactivate class C b-lactamases by phosphonylation of the
active site serine, the rate of which is enhanced by a factor of
at least 106. The enzyme’s catalytic machinery used for
hydrolysis is also used for phosphonylation. The rate
enhancement may be greater than 109 if the mechanism
occurs by an inhibitor assisted reaction involving intra-
molecular general acid catalysis. Class B metallo-
b-lactamases are inhibited by thiol derivatives with Ki as low
as 10 µM. The mechanism of hydrolysis of the metallo-
b-lactamase involves a dianionic tetrahedral intermediate
stabilised by zinc(II).

b-Lactam antibiotics account for 50% of the world’s total
antibiotic market. They have high anti-bacterial activity and low
toxicity.1 In addition to the traditional families of penicillins and

cephalosporins—the penams 1 and cephems 2, respectively—
there are the carbapenems 3, the cephamycins 4, the ox-
acephamycins 5 and the monobactams 6.2 This battalion of
structures differ in their spectrum of antibacterial activity—
from narrow anti-Staphylococcal agents to broad spectrum
b-lactams capable of killing a wide variety of Gram positive and
negative bacteria—and in their ability not to be susceptible to
the b-lactamase hydrolytic enzymes which are the most
common, and growing, form of bacterial resistance to their
normally lethal action. b-Lactamases catalyse the hydrolysis of
the b-lactam to give the ring opened and bacterially inert
b-amino acid (Scheme 1).3

Two main therapeutic strategies have been adopted to
counteract bacterial resistance to b-lactam antibiotics. One
involves the design of antibiotics which are not susceptible to
b-lactamase catalysed hydrolysis. The other is to use an
inhibitor or inactivator of b-lactamase together with a normal
b-lactam antibiotic. Unfortunately, bacteria seem to be able to
produce new b-lactamases which catalyse the hydrolysis of
previously poor substrates and which are no longer susceptible
to previous inhibitors. For example, when the carbapenems 3,
such as imipenem, were first introduced in the 1970s they were
seen as versatile broad-spectrum antibacterials resistant to
hydrolysis by most b-lactamases. However, now ‘carbapena-
mases’ are increasingly produced by a variety of bacteria.4
There are two distinct types of b-lactamase production in
bacteria and so far about 200 different enzymes have been
identified.5 Inducible enzymes may be chromosomal or plasmid
encoded but the more common constitutive b-lactamase
production is predominantly plasmid mediated. Constitutive
mutants of Gram-negative strains produce enormous amounts
of enzyme so that periplasmic b-lactamase concentrations6 may
be up to 1 mM—about 104-fold greater than that used in most
laboratory kinetic experiments. Such high concentrations of
catalyst combined with their high efficiency means that there is
little chance of b-lactam antibiotics reaching their targets
without being hydrolysed.

Chemical reactivity of b-lactams
Four membered b-lactams occur relatively rarely in nature,
therefore it is not surprising that the biological activity of these
compounds should be attributed to the chemical reactivity of the
b-lactam ring. Shortly after the introduction of penicillin to the
medical world it was suggested that the antibiotic’s activity was
due to the inherent strain of the four-membered ring or to
reduced amide resonance.7 The non-planar butterfly shape of
the penicillin molecule 7 could reduce amide resonance and
thus increase the susceptibility of the carbonyl group to
nucleophilic attack, compared with planar amides. However,
there is little evidence to suggest that the kinetic reactivity of
b-lactams in penicillins and cephalosporins is due to an
unusually strained or an amide-resonance inhibited b-lactam.2
Interestingly, although the rate of alkaline hydrolysis of the
simple b-lactam 8 is only three-fold greater than that of 9,2 the
corresponding 4-membered b-sultams8 and b-phospholactams9

are 107–109 fold more reactive than the corresponding acyclic
sulfonamides and phosphonamidates, respectively.

Nucleophilic substitution at the carbonyl of b-lactams is an
acyl transfer process involving covalent bond formation
between the carbonyl carbon and the nucleophile and C–N bond
fission of the b-lactam (Scheme 2). In these types of reactions
the mechanism involves, at least, a two-step process.2,7

Covalent bond formation to the incoming nucleophile occurs
before C–N bond fission, resulting in the reversible formation of

Scheme 1
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a tetrahedral intermediate. Contrary to expectations, opening
the four-membered ring is not a facile process.10 In many of
these nucleophilic substitution reactions the rate-limiting step is
often not the first addition step but a subsequent one which may
sometimes even be ring-opening itself.2

Those reactions which involve the attack of a neutral
nucleophile which has an ionisable hydrogen (Scheme 2)
invariably require general base catalysis to remove the pro-
ton.2,7 The requirement for proton removal is paramount—and
in extreme cases only the reaction of the anionic nucleophile is
observed (Scheme 2). For example, there is no pH-independent

reaction of water with penicillin, and alcohols react only
through their anions.11 The importance of general base catalysis
is a reflection of the fact that contrary to expectations penicillins
are not powerful acylating agents.11 Similarly, C–N bond
fission requires protonation of the amine nitrogen.2,7

It has been suggested that ring opening does not occur by
stretching of the C–N bond but rather by a rotational
motion.10,12 This minimises strain effects and maximises
favourable orbital interactions. The unusual mode of C–N bond
fission could have interesting consequences in the enzyme-
catalysed hydrolysis of b-lactams for the geometrical relation-
ship of the proton donor in the protein and the amine leaving
group.

Another interesting difference between nucleophilic substitu-
tion in penicillins and peptides/amides is the preferred direction
of attack and the geometry of the initially formed tetrahedral
intermediate. It is usually assumed that nucleophilic attack on
the carbonyl carbon of a planar peptide will generate a
tetrahedral intermediate with the lone pair on nitrogen anti to
the incoming nucleophile, (10, 11). Conversely, nucleophilic
attack on b-lactams occurs from the least hindered a-face (exo)
so that the b-lactam nitrogen lone pair is syn to the incoming
nucleophile in the tetrahedral intermediate (12).13, 14 This has
obvious consequences for the placement of catalytic groups—
particularly the general acid donating a proton to the departing
amine of the b-lactam.12

b-Lactamases

The main mechanistic division of b-lactamases is into serine
enzymes and zinc enzymes.3 The former have an active site
serine residue and the catalytic mechanism involves the
formation of an acyl–enzyme intermediate. The metallo-
enzymes appear to involve only non-covalently bound inter-
mediates. On the basis of their amino acid sequences, the serine
b-lactamases are sub-divided into three classes—A, C and
D—whereas the class B b-lactamases consist of the zinc
enzymes.3

Serine b-lactamases

Structure
The class A and class C enzymes are monomeric medium-sized
proteins with Mr values of about 29 000 and 39 000, re-
spectively.3 The structures of four class A15–17 and two class
C18,19 b-lactamases have been reported. There are two major
structural domains—all-a and a/b—with the active site situated
in a groove between the two domains. The class C b-lactamases
have additional loops and secondary structure on the all-a
domain. The active site serine is situated at the N-terminus of
the long, relatively hydrophobic, first a-helix of the all
a-domain. There are several highly-conserved residues sur-
rounding the active site which may be involved in substrate
recognition and the catalytic process of bond making and
breaking. Firstly, a lysine residue is always present as the third
amino acid and one helix-turn further down the chain from the
serine and pointing into the active site. Two other residues
forming one side of the catalytic cavity are Ser-Xaa-Asn (class
A) or Tyr-Xaa-Asn (classes C and D) with the side chains of the
first and third residues pointing into the active site. The Ser130-
Asp131-Asn132 (the SDN loop) motif is also almost invariant
in class A. The other side of the cavity is formed from the
b-sheet of the a/b domain and is generally Lys-Thr-Gly. In class
A enzymes there is also a conserved glutamate which, in the
static crystal structure, is hydrogen-bonded to a conserved water
molecule which in turn is hydrogen-bonded to the active site
serine.

Mechanism of hydrolysis
There is very strong evidence for the formation of an acyl
enzyme intermediate (Scheme 3)—including electrospray mass

spectrometry,20 infra-red measurements,21 trapping experi-
ments,22 the determination of the rate constants for their
formation and breakdown23 and even an X-ray crystal struc-
ture.24

The two experimental kinetic parameters associated with
simple systems exhibiting Michaelis–Menten behaviour are the
second-order rate constant kcat/Km determined below saturation
and the first order rate constant kcat determined above
saturation.25 The interpretation of these experimental macro-
scopic rate constants as they vary with parameters such as pH,
substituents in the substrate26,27 and amino acid replacement in
the enzyme28 depends upon the model assumed for the reaction
pathway. The overall reaction pathway for the serine
b-lactamases is given in eqn. (1).
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It is usually assumed that formation of the usually relatively
unstable acyl enzyme (EA) is irreversible, i.e. k-2 = 0 and the
second-order rate constant kcat/Km, determined below saturation

Scheme 2

Scheme 3
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conditions, is then given by eqn. (2) and hence always reflects
the rate of acylation irrespective of the value of k2 and k3.
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Under saturation conditions the observed rate constant, kcat, is
independent of substrate concentration and is given by eqn. (3)
and so simplifies to the rate of acylation k2, if k3 > > k2 and the
enzyme is essentially present as the enzyme–substrate complex.
Conversely, kcat reflects the rate of deacylation, k3, when k2 > >
k3 and the enzyme is present mainly as the acyl enzyme.
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However, if formation of the acyl enzyme is reversible then kcat/
Km and kcat are given by eqns. (4) and (5), respectively. For

  

k

K

k k k

k k k
cat

m k k
=

+ +- - -

1 2 3

3 1 2 1 2( )
(4)

  
k

k k

k k kcat =
+ +-

2 3

2 2 3
(5)

serine proteases, k-2 represents the ‘intermolecular’ aminolysis
of the acylenzyme to regenerate the peptide substrate. For the
hydrolysis of b-lactams catalysed by b-lactamases the k-2 step
corresponds to ‘intramolecular’ aminolysis to regenerate the
b-lactam substrate (Scheme 3). Although the formation of a
strained four-membered b-lactam is likely to have a significant
activation energy it is not totally inconceivable that this
intramolecular step has an entropic advantage29 and is com-
petitive with intermolecular hydrolysis of the acylenzyme. For
example, we have demonstrated, using esterase enzymes, that
lactams can be formed from amino esters in water in preference
to the hydrolysis product.30 The interpretation of the macro-
scopic rate constant kcat/Km may then become ambiguous
because it reflects all microscopic rate constants up to and
including the first effectively irreversible step.

Formation of the acyl enzyme intermediate requires at least
two proton transfers—proton removal from the attacking serine
and proton donation to the departing b-lactam amine (Scheme
4). Despite the availability of a number of X-ray crystal

structures of several class A and class C b-lactamases15–19 and
many site-directed mutagenesis studies,28 the indentity of the
catalytic groups involved in these proton transfer steps remain
elusive.

In principle, the general base which accepts a proton from the
nucleophilic serine is not necessarily the same residue which
then acts as a general acid to donate a proton to the departing
b-lactam nitrogen. Conceptually this is neater and our preju-
dices are reinforced by the juxtaposition of the nitrogen lone
pair, the serine and the general base/acid being on the same
(exo) a-face of the substrate in the tetrahedral intermediate 12.
Similarly, the hydrolysis of the acyl enzyme requires two proton
transfer steps—from water and to the departing serine—and
only our preference for simplicity requires these to be one and
the same residue and the same as that involved in the acylation

step (Scheme 4). This hydrolytic water probably also ap-
proaches from the a-face and can be displaced by a 6a- or
7a-substituent in the penicillin or cephalosporin nucleus,
respectively, which explains the poor activity of class A
b-lactamases against imipenem31 and cephamycins.32 Protein
stability measurements of covalently-bound phosphonates to a
class A b-lactamase also support this hypothesis.33

There are therefore at least four transition states correspond-
ing to formation and breakdown of the tetrahedral intermediate
to give initially the acyl enzyme followed by its hydrolysis
(Scheme 4). The concept of a unique ‘transition state analogue’
as an inhibitor for an enzyme catalysing a reaction through
many steps becomes ambiguous—there could be many ana-
logues corresponding to different transition states.34 The
evolutionarily-perfect enzyme reduces the transition state
energies for all steps in the conversion of reactants to products
without ‘over-stabilising’ any intermediates.35 The maximum
second-order rate constant for an enzyme-catalysed reaction is
that corresponding to diffusion control (ca. 108 M21 s21) and
some b-lactamases appear to be near this limit and are ‘perfect
catalysts’.36

In class A b-lactamases there are two serious contenders for
the general base/acid—Glu166 and Lys73. The pH-dependence
of kcat/Km indicates two ionising residues are important for
catalysis—one of pKa ca. 5 and formally required in its basic
form and one of pKa ca. 9 and formally required in its acidic
form. If the low pKa group corresponds to the general base then
this is acceptable for the carboxylic acid of Glu166 but is rather
low for an ammonium ion of Lys73. Although it has been
suggested that Lys7324,37 may have a reduced pKa it is difficult
to envisage the required reduction of 5.6 pKa units given the
close proximity to Glu166 (2.8 to 3.4 Å).15–17 A normal pKa of
Lys73 is supported by 13C NMR studies38 and theoretical
calculations.39 In class A b-lactamases15–17 the Glu166 carbox-
ylate oxygen distance to Ser70 oxygen is 3.5–4.0 Å whereas the
Lys73 nitrogen distance to the Ser70 oxygen is 2.5–2.9 Å. It is
possible that the intervening water molecule, seen in the crystal
structure, can act as a bridge for proton transfer from Ser70 to
Glu166, acting as a general base catalyst. Alternatively, the
flexibility of the W-loop on which Glu166 resides may allow the
distance between the two residues to shorten during the
acylation process. The internal structures of proteins are in a
state of constant motion at ambient temperature and a degree of
flexibility in b-lactamases has been proposed for many years.40

The ability of b-lactamases to accommodate substrates of
diverse structure is indicative of their flexibility.

Site-directed mutagenesis of Glu166 shows that the rates of
both acylation and deacylation are affected, although the latter
is more so.28 However, in general base-catalysed reactions the
dependence of reactivity upon the basicity of the catalyst and
the geometrical relationship between the acid-base pair is not
usually strong.25 It is quite conceivable for mutants to act as
reasonable catalysts even when the amino acid residue acting as
the general base/acid in the wild type is replaced because
another residue, or even the peptide link itself,14 can take over
the role of proton acceptor/donor without significant loss of
activity.

On balance it appears that the evidence supports Glu166
(Scheme 4, B = GluCO2

2) acting as the unique proton transfer
agent—as a general base and acid in the formation and
breakdown of the tetrahedral intermediate, respectively, and in
the same role for the hydrolysis of the acyl enzyme inter-
mediate.

Class C b-lactamases

Historically, class C b-lactamases were often referred to as
‘cephalosporinases’ because of the characteristic higher turn-
over numbers, kcat, observed for cephalosporins compared with
penicillins. However, the kcat/Km values for the two classes of
enzymes are generally similar and high for both penicillins and

Scheme 4
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cephalosporins (105 to 108 M21 s21).41 A major difference
between the two classes is that for class C b-lactamases
deacylation is often rate-limiting, so that the acyl enzyme
intermediate may accumulate, giving rise to low values of Km.41

Furthermore, class C enzymes are weak catalysts for the
hydrolysis of non b-lactam substrates such as esters and
thioesters.42 In class C b-lactamase there is no equivalent
glutamate residue but Tyr150 may take its role with Lys67
equivalent to Lys73 in the class A enzyme.18,19 In addition, it
has been suggested that the hydrolytic water involved in
deacylation of the acylenzyme approaches from the b-face43

and that this hydrolysis may be substrate-assisted by the
expelled amine, which was the b-lactam nitrogen, acting as a
general base catalyst.44 In class C b-lactamase it has been
suggested that the phenol of Tyr150 has a severely reduced pKa
and acts as a general base catalyst for proton removal from
Ser6418,42 although this is not supported by site-directed
mutagenesis of Tyr150.45

The E.cloacae P99 class C b-lactamase catalysed hydrolysis
of benzylpenicillin has been shown to yield, in addition to the
normal hydrolysis product, the penicilloyl a-methyl ester in the
presence of methanol.22 This is presumably due to the
partitioning of the acyl enzyme intermediate between its
reaction with water to give the hydrolysis product and its
reaction with methanol to produce the penicilloyl ester. At pH 8,
with 1 M methanol, up to 30% of the product is the methyl ester.
Under saturation conditions the pH-dependence for the second-
order rate constant for methanolysis gives two apparent pKas for
the methanolysis reaction which are similar to those observed
for hydrolysis, implying that the same catalytically important
groups are being used for both reactions.22

The absolute values of the pKa and their shift in D2O indicate
differences between the acidic and basic limbs of the pH–rate
profiles. The shift in pK2

a in D2O obtained from kcat/Km and kcat
for hydrolysis is about 0.4 and is that expected from fractiona-
tion factors for common acidic groups.46 However, DpK1

a is
0.85 from kcat/Km and kcat for both methanolysis and hydrolysis.
This shift and the observed inverse kinetic solvent isotope effect
on kcat/Km is unusual and is indicative of a system with an
abnormally low fractionation factor for the basic species formed
and/or a high fractionation factor for the protonic state
undergoing dissociation.47 The most likely basic group respon-
sible for the acid limb of the pH–rate profile for both acylation
and deacylation is Tyr150, which is hydrogen-bonded to
Lys315 and Lys6722 (Scheme 5).

Because of its relatively positive environment and the strong
hydrogen bonding of the phenoxide ion by lysine residues,
Tyr150 has a severely reduced pKa. It appears that the Tyr150
residue is a very strong candidate for the role of a general base
catalyst in class C b-lactamases (Scheme 4, B = TyrO2).22

Catalytic efficiency of b-lactamase-catalysed acyl and
phosphyl transfer

Nucleophilic substitution at acyl centres generally proceeds via
the formation of an unstable tetrahedral intermediate (TI).25 The
reaction pathway involves a change in geometry as the carbonyl
carbon is converted from three- to four-coordination. Fur-
thermore, it is usually assumed that there is some preferential
direction of nucleophilic attack such that the incoming nucleo-
phile approaches at approximately the tetrahedral angle to the
carbonyl group.48 By contrast, the associative mechanism for

phosphyl group transfer involves a pentacoordinate inter-
mediate with trigonal bipyramidal geometry.25,49 An initially
four-coordinate and tetrahedral phosphorus centre is converted
to a five-coordinate one and, in general, it is assumed that the
preferential pathway involves the nucleophile taking up the
apical position and the leaving group departing from an apical
position of the trigonal bipyramidal intermediate (TBPI).49

Nucleophilic attack at both carbonyl and phosphyl centres is
often facilitated by general base catalysis when the nucleophile
generates an acidic centre upon covalent bond formation in the
intermediate. Similarly if the leaving group is very basic, bond
fission and expulsion of the leaving group may be assisted by
general acid catalysis. Given the preferential geometrical
requirements for incoming nucleophiles and departing leaving
groups, there must be a favoured relative positioning of the
general base and general acid catalysts (Scheme 6).

It is often assumed, but with little actual supporting evidence,
that enzymes catalyse reactions by an exquisite positioning of
the catalytic groups.50 This is obviously not the case for
b-lactamases, which efficiently catalyse the hydrolysis of both
penicillins and cephalosporins where there are significant
geometrical differences, e.g. between the b-lactam carbonyl and
nitrogen and the C-3 carboxylic acid in penicillins and that at C4
in cephalosporins. Also if rigid positioning of catalytic groups
was so important then it is doubtful if an enzyme with a primary
function as a catalyst for acyl transfer could be an effective
catalyst for phosphyl transfer because of the geometrical
differences in the displacement mechanisms (Scheme 6),
although the possibility of pseudorotation in the intermediate
may make matters even more complicated.

The class C b-lactamase is, in fact, extremely efficient in
enhancing the rate of phosphyl transfer51 and the pH depend-
ence of the kinetic parameters indicate that similar catalytic
machinery is used for both acyl and phosphyl transfer. The class
C b-lactamase from Enterobacter cloacae P99 is inactivated by
the phosphonamidate 13 (R = BnO)51 by a phosphonylation
process analogous to the enzyme-catalysed acylation by the
penicillins (Scheme 7).

It is necessary to demonstrate that the enzyme actually
enhances the rate of the phosphonylation reaction. It is well-
known that enzymes can catalyse the same reaction of a variety

Scheme 5

Scheme 6

Scheme 7
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of substrates and even different reactions with alternative
substrates.52 However, demonstrating the efficiency of the
catalysis when the substrate is modified is not straightforward.
Modification of the substrate structure can affect the absolute
free energies of both the initial reactant state and the transition
state, whereas the observed differences in rate constants for the
enzyme catalysed reaction only reflect the difference in energies
between these two states.53 Different chemical structures can
affect the ease of bond-making and -breaking via classical
electronic factors such as inductive, resonance and steric
effects. However, the free energy of activation of an enzyme-
catalysed reaction is also affected by the favourable binding
energies between the protein and substrate substituents not
directly involved with the reaction site. It is therefore necessary
to separate these two effects before conclusions about the
efficiency of enzyme catalysis can be made. We have
suggested26 that an ‘enzyme rate-enhancement factor’ (EREF)
can be evaluated by dividing the second-order rate constant for
the enzyme catalysed reaction, kcat/Km, by that for hydrolysis of
the same substrate catalysed by hydroxide ion, kOH. These
factors ‘normalise’ substrate reactivity and indicate the true
efficiency of catalysis.

Both diastereoisomers of the phosphonamidate 13 (R =
BnO) completely and irreversibly inactivate the P99 class C
b-lactamase in a time-dependent manner to give apparent first
order rate constants, kobs, for inactivation. These in turn show a
first-order dependence on the concentration of the phosphona-
midate to give the second-order rate constants, ki, for inactiva-
tion. The two diastereoisomers show different rate constants for
inactivation (5.10 and 0.14 dm3 mol21 s21). There is no
discernible difference in the chemical reactivity of the two
diastereoisomers towards alkaline hydrolysis. The 36-fold
difference in reactivity is therefore good evidence of selectivity
in the reaction of the enzyme with the two phosphonamidates
and indicative of specific interactions between the inactivators
and the protein. Further evidence of selectivity is seen from the
fact that the phosphonamidate 13 (R = BnO) is not a significant
inhibitor of either the class A b-lactamase or the class B zinc-
dependent b-lactamase from B. cereus. The time-dependent
inactivation is indicative of covalent bond formation between
the enzyme and the phosphonamidate, which is confirmed by
electrospray mass spectrometry (ESMS).51 For the most
reactive diastereoisomer, inactivation of the enzyme occurs by
formation of a 1 : 1 covalently bound enzyme–inactivator
complex in which a proline residue has been displaced by a
nucleophilic group on the enzyme—presumably the active site
serine. Conversely, the less reactive diastereoisomer reacts with
b-lactamase by displacing ethanol, which can be detected by gas
chromatography. The observation that the enzyme reacts with
one diastereoisomer by displacing proline and with another by
displacing ethanol is again indicative of a stereoselective
reaction occurring at the active site.

Phosphonamidates are relatively chemically stable and the
fast reaction with the b-lactamase indicates that the catalytic
machinery of the enzyme used for hydrolysis is also used for
phosphonylation and inactivation. This is confirmed by the
enzyme rate enhancement factors. The P99 b-lactamase cataly-
ses the hydrolysis of benzylpenicillin with an EREF of 2.63
108. Phosphonylation of b-lactamase by the most reactive
diastereoisomer of the phosphonamidate 13 occurs by P–N
fission and displacement of proline, but the hydroxide ion-
catalysed hydrolysis of the phosphonamidate 13 occurs with
P–O fission, so the EREF value for phosphonylation is therefore
> 2 3 106. Clearly, the enzyme is facilitating P–N fission
almost as effectively as it does C–N fission in b-lactams.
Despite the differences in geometrical requirements for sub-
stitution at acyl and phosphyl centres and the enormous
differences in intrinsic chemical reactivities between the
b-lactam in penicillin and the phosphonamidate, the
b-lactamase enzyme is able to significantly lower the activation
energy for reactions of both compounds.

The generation of a formal negative charge on oxygen in the
tetrahedral intermediate is accompanied by a large change in the
basicity of the oxygen—a change in pKa of the corresponding
conjugate acids of at least 12 pKa units (Scheme 6). The
kinetically important species of the tetrahedral intermediate is
its anion even though the thermodynamically more stable form
is the neutral conjugate acid at neutral pH. Nonetheless, the
anion must be strongly solvated by hydrogen-bonding and many
enzymes which catalyse acyl transfer reactions have an
‘oxyanion hole’ which stabilises the tetrahedral intermediate by
hydrogen-bonding from adjacent peptide links. The difference
in this interaction between the initial state carbonyl oxygen and
the tetrahedral intermediate as a result of the change in oxygen
basicity makes a major contribution to the lowering of the
activation energy compared with the non-enzyme-catalysed
reaction.54 Such an ‘oxyanion hole’ exists for the serine
b-lactamases55 and, in common with serine proteases, one of the
peptide N–H hydrogen-bond donors is that belonging to the
serine residue—Ser70 in the class A enzymes and Ser64 in the
class C enzymes. The ‘intramolecular’ hydrogen-bond with the
active site serine peptide NH presents a fairly well-defined
geometry. In the equivalent pentavalent phosphyl enzyme the
negative charge on the oxygen presumably takes up an
equatorial position so that it is ca. 90° to the newly formed
serine O–P bond compared with the approximately tetrahedral
angle formed with the b-lactam substrate (Scheme 6). Despite
these differences, the enzyme is capable of catalysing the
phosphonylation with extreme efficiency.

It is often assumed that the phosphylation of serine enzymes
can only occur with organophosphorus compounds with good
leaving groups because these do not require proton transfer
from general acid catalysts to aid departure.56 However, the
class C b-lactamase is obviously capable of displacing the
proline residue from the phosphonamidate 13 despite the poor
leaving group and the presumed need for protonation of the
amine nitrogen.

There are two ionisations in class C b-lactamase which
control hydrolytic catalytic activity (Fig. 1)—corresponding to

groups of pKa ca. 6.1 and 10.1.22 The pH-dependence of ki (Fig.
1) shows that inactivation also depends on a catalytic group of
pKa 6.2, which suggests that the catalytic machinery used for
hydrolysis is also used for the phosphonylation of 13. However,
the pH–rate profile for inactivation indicates an additional
proton is required, i.e. whereas hydrolysis apparently requires
the group of pKa 6 to be in its deprotonated, basic form,
phosphonylation apparently requires this group to be in its
protonated, acidic form, which is probably the result of kinetic
ambiguity. The rate of hydrolysis of the substrate S is
proportional to [EH][S] where [EH] is the protonic form of the
enzyme with the groups of pKa 6 and 10 in their basic and acidic
forms, respectively (Scheme 8). The observed kinetics (Fig. 1)

Fig. 1 (1) A plot of kcat/Km (left hand axis) for the class C E.cloacae
b-lactamase-catalysed hydrolysis of benzylpenicillin against pH and (-) ki

(right hand axis) against pH for the inactivation of the enzyme by the
phosphonamidate 13 (R = BnO)
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for inactivation by the inhibitor I indicate a rate proportional to
[EH2][I], which, for a process of phosphonylation of the active
site serine (Scheme 7) is difficult to interpret mechanistically.
Of course, the rate law can have various kinetic equivalents
[eqn. (6)].

Rate = i
i

i a

k
k

K

k K

K

[ ] [

[
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+
2 =

=

1

1
(6)

Phosphonylation could occur through EH with the group of pKa
6 acting as a general base for serine attack as in the hydrolytic
reaction (Scheme 9). Breakdown of the trigonal bipyramidal

intermediate, however, could occur by proton donation to the
proline nitrogen from the solvent hydronium ion and not the
protein [eqn. (6)]. Only the L-proline phosphonamidate 13 (R =
BnO) is an effective inhibitor; the corresponding ester is
ineffective and the D-proline isomers are much weaker. This
could reflect the normal requirement of a carboxylate anion for
molecular recognition. It could, however, indicate that the
reaction occurs through EH and IH [eqn. (6)] where the latter is
the conjugate acid of the phosphonamidate 13, i.e. with the
carboxylic acid group undissociated. The pKa of this carboxylic
acid is 3.86, so, over the pH range studied for inactivation, the
major species present is the carboxylate anion of the phospho-
namidate 13. The pH-dependence for inactivation (Fig. 1)
would then be given by eqn. (7). The true second-order rate
constant for phosphonylation would then be kiK1/Ka =

  
k k

K

K Kobs
inact

i
a

+

+

H

H
= ◊ ◊

+
1

1
(7)

6.43 3 103 dm3 mol21 s21, giving an EREF of > 33 109. The
class C b-lactamase is indeed very effective at enhancing the
rate of phosphonylation. If the mechanism does involve the
undissociated carboxylic acid of the phosphonamidate as
‘substrate’ then this is probably the result of ‘substrate’-assisted
catalysis, with the carboxylic acid acting as an intramolecular
general acid catalyst facilitating P–N fission from the trigonal
bipyramidal intermediate (Scheme 9).

Class B metallo-b-lactamases

Class B b-lactamases are metalloproteins which require zinc(II)
ions for their activity. The first of these enzymes discovered was
called b-lactamase II57 and is produced by Bacillus cereus,
which also produces two distinct class A enzymes. In 1985 there
were just two species identified as producing metallo-
b-lactamases. Now there are at least 20 bacterial sources of the

metallo-enzyme including those found in Pseudomonas malto-
philia (L-1), Aeromonas hydrophila (A2) and Bacteroides
fragilis.58

Although these metallo-enzymes were initially thought to be
clinically unimportant, some pernicious strains have been
shown to owe their antibiotic resistance to their ability to
produce zinc-b-lactamases.59 The mechanism-based inactiva-
tors which have been used against the serine enzymes are
generally ineffective against the ZnII-dependent enzymes, and,
at present, there are no clinically-useful inhibitors known. One
of the main characteristics of the zinc-enzyme is its ability to
catalyse the hydrolysis of nearly all b-lactams including
carbapenems 3. These b-lactamases are extremely efficient at
catalysing the hydrolysis of imipenem with values of kcat/Km of
ca. 106 M21 s21, which is at least a 1000-fold greater than that
shown by ‘classical’ class A b-lactamases such as TEM-1. A
review of the catalytic properties of the well-characterised class
B b-lactamases shows that the A. hydrophila enzyme exhibits
the most specific substrate profile, while the other enzymes are
rather broad-spectrum.60

The sequences of the metallo-b-lactamases have been
established and they all contain a single peptide chain,
composed of 220–230 residues.61 A sequence comparison
indicates that the P. maltophilia enzyme is only remotely related
to the others, which do appear to constitute a more homogenous
group and exhibit 37 strictly conserved residues. Surprisingly,
His86, one of the histidine residues which seems to be involved
as ZnII-binding ligands in the Bacillus cereus enzyme, is
replaced by an Asn residue in the A. hydrophila b-lactamase.

Of particular ambiguity is the number of zinc ions per
molecule of b-lactamase. A low resolution crystal structure of
the B. cereus (569/H/9) b-lactamase showed 1 mol of ZnII in the
active site bound by three histidines and one cysteine.62 A
second metal-binding site was identified, but this only weakly
bound ZnII. However, more recently, a second crystal structure
of the same enzyme showed only a single metal-binding site,
with other significant differences. The zinc ion, in the B. cereus
(569/H/9) b-lactamase is coordinated by three histidine residues
(86, 88 and 149) and, probably, a water molecule in a distorted
tetrahedral arrangement.63 Equilibrium dialysis64 and 1H NMR
analysis65 indicate that the B. cereus II enzyme is capable of
binding two zinc ions but computer-assisted molecular model-
ling indicates there is just one major metal ion binding site.62 As
with many metallo-b-lactamases, the zinc ion of the B. cereus II
enzyme can be replaced by different metal ions and still retain
some b-lactamase activity.64 Most mechanistic and structural
information is derived from the B. cereus enzyme. However,
there has very recently been a structure reported for the
binuclear zinc b-lactamase from B. fragilis66 which tightly
binds both ZnII ions, although the loss of a single ZnII is not
catastrophic for b-lactamase activity.67.

The mechanism of action of B. cereus II metallo-b-lactamase
is generally thought to be similar to that of carboxypeptidase A
and to involve a water molecule, bound to the zinc ion of the
active site, attacking the carbonyl group of the b-lactam ring. It
was originally proposed that glutamate-37 acts as a general base
and deprotonates the water molecule with the proton subse-
quently being donated to the nitrogen atom of the b-lactam ring
to cause cleavage.68 However, glutamate-37 is too far from the
zinc ion to perform this function and site-directed mutagenesis
studies have shown this glutamate is not essential for the
catalytic function of the enzyme.69 It has been demonstrated
that aspartate-90 is essential for enzyme activity and conse-
quently suggested that this residue acts as the general base to
assist in the hydrolysis of the amide bond of b-lactam
substrates.63,70 In summary, it is not known whether the
hydrolysis of b-lactams catalysed by class B b-lactamases
occurs by general base catalysis or whether zinc acts simply as
an electrophile or as a provider of zinc-bound hydroxide ion.
Furthermore, if there is a second binding site for zinc its exact
role is not known.

Scheme 8

Scheme 9
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Inhibition of metallo-b-lactamases
Whatever the detailed mechanism of action of b-lactamase, it is
likely that zinc(II) stabilises the tetrahedral intermediate 12
presumed to be formed during the catalytic process. Thiols are
well-known inhibitors of metallo-proteases because of their
ability to coordinate to the active site zinc.34 We have
synthesised several thiol derivatives with structures containing
suitable sites for molecular recognition (14) as potential

inhibitors of the class B metallo-b-lactamases.71,72 The thiols
are indeed competitive inhibitors of the B.cereus class B
b-lactamase and values of Ki were determined by the effect of
varying concentrations of the thiol on the value of the second-
order rate constant kcat/Km for the hydrolysis of benzylpenicillin
and cephaloridine. The inhibition constants vary from 10 to 400
µM and are dependent on the nature of the substituents and the
stereochemistry at R2 and R3.71 The antihypertensive drug and
ACE thiol inhibitor captopril is also an effective inhibitor with
a Ki of 27 mm. Replacing the CH2SH moiety in 14 by CO2H
gives far less effective inhibitors. As described later, these thiol
inhibitors were useful in determining the pKa of the zinc bound
water.72

Despite the increasing clinical importance of the metallo-
b-lactamases there have been few reports of effective in-
hibitors.73

Mechanism of hydrolysis
The number of binding sites for zinc(II) per molecule of class B
b-lactamases appears to be one63 or two.66 The crystal structure
of the enzyme from B.cereus 569/H used in our studies has one
tightly bound zinc.63 The effect of additional zinc(II) in solution
on the catalytic activity of the enzyme is minimal. Between pH
5.5 and 7.0 a ten thousand-fold excess of zinc(II) increases kcat/
Km by less than 36%, indicating that for this enzyme, at least,
there is no catalytically important second site for zinc(II).72

The pH-dependence of the rate of hydrolysis of b-lactams
catalysed by the class B metallo-b-lactamase from B. cereus is
very unusual. The pH-dependence of the logarithm of the rate
constants, kcat/Km and kcat, for the hydrolysis of benzylpenicillin
and cephaloridine show characteristic bell-shaped behaviour,
but, amazingly, the slope on the acidic limb is 2.0 and not the
usual 1.0. The variations in kinetic constants are the result of
reversible ionisation and are not due to acid-catalysed inactiva-
tion/degradation of the protein.72 There is no evidence for rapid
and reversible denaturation of the enzyme at pH 4.5 from
changes in the CD spectrum.

It therefore appears that the rate is suppressed at lower pH
because of two protonation processes. Because similar behav-
iour is observed for the two substrates, a penicillin and a
cephalosporin, this unusual behaviour is attributable to protona-
tion of the enzyme. The pKas corresponding to these two
equilibrium processes, i.e. pKa1 and pKa2 in Scheme 10, must be

similar, with pKa1 = pKa2 = 5.60 ± 0.20. Altogether, there are
three kinetically important ionising groups including one with a
pKa of 9.5 (Scheme 10). The mechanism may not necessarily
involve the two groups of pKa 5.6 and that of pKa 9.5 in their
deprotonated and acidic forms, respectively. The kinetics

simply indicate that there are three basic residues and a proton
controlling activity. Two of the most likely candidates for these
ionisations are the zinc-bound water molecule and Asp90. The
zinc of B. cereus b-lactamase is co-ordinated to three protein
ligands—His86, His88 and His149—and a water molecule.63

Formally, either the pKa of 5.6 or 9.5 could conceivably
correspond to the ionisation of zinc-bound water. The pKa of
hydrated Zn2+ is 9.5 but the enzyme environment and the
nitrogen ligands could modify this. For example, the pKa of
zinc-bound water in carbonic anhydrase is 6.874 and in
carboxypeptidase A it is 6.2.75 The most likely amino acid
candidate for the pKa of 5.6 is aspartate-90, which is highly
conserved.

It has been possible to deduce the pKa of the zinc-bound water
in b-lactamase by determining the dependence of the inhibition
constant pKi of the thiols 14 against pH. Binding is pH-
independent between pH 6 and 9 but decreases in both acidic
and basic solution—the inflections are very similar to those
observed for enzyme-catalysed hydrolysis which indicates that
the ionisation states of the enzyme required for catalysis are also
those required for binding the inhibitor. However, the slope on
the acidic limb is 1.0, in contrast to that observed for hydrolysis,
which implies that only one acidic group in the enzyme has an
effect on binding the inhibitor. The pH-independent binding of
the thiol inhibitor between pH 6 and 9 indicates that the pKa of
the zinc-bound water is the low value of 5.6 because the only
scheme which gives pH-independent binding between pH 6 and
9 would be if the neutral undissociated thiol, pKa 9.5, binds to
the species of enzyme in which the water bound to the zinc is
fully deprotonated [eqn. (8)].73

EZn·OH + RSH " EZn·SR + H (8)

A major problem with the widely accepted mechanism of
general base-catalysed removal of a proton from zinc(II)-bound
water in a process which is concerted with nucleophilic attack
on the b-lactam carbonyl group is the relative acidity of this
proton. Even if the pKa of the zinc(II)-bound water is about 9
then 10% of the species already exists in the fully deprotonated
form at pH 8 and 1% at pH 7. Presumably, the deprotonated
form is a much better nucleophile than the species which is only
partially deprotonated. There is little or no catalytic advantage
in having a general base remove a proton when the more active
species is already present. Although C–N bond fission is the
most energetically difficult process in amides hydrolysis, little
attention is normally given to the mechanism of the breakdown
of the tetrahedral intermediate.

The mechanism which is compatible with the observation
that two catalytically important groups of pKa ca. 5.6 are both
required in their deprotonated forms is shown in Scheme 11.

Zinc(II)-bound water is present at neutral pH in its deprotonated
form and acts directly as the nucleophile to attack the b-lactam
carbonyl. Zinc(II) also acts as an electrophile to stabilise the
negative charge generated on the carbonyl oxygen on forming
the tetrahedral intermediate. Ring opening of the b-lactam ring
is not a facile process and this first step is likely to be reversible,

Scheme 10
Scheme 11
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i.e. collapse of the tetrahedral intermediate to regenerate the
b-lactam occurs at a faster rate than C–N bond fission (k-1 > >
k2, Scheme 11). This is not surprising; carbon–oxygen bond
fission expels a reasonable leaving group—the zinc bound
hydroxide ion, the conjugate acid of which has a pKa of 5.6.
Carbon–nitrogen bond fission to expel the amine leaving group
will not occur without protonation of nitrogen. In amide
hydrolysis carbon–nitrogen bond fission is sometimes facili-
tated by deprotonation of the tetrahedral intermediate to
generate a dianionic tetrahedral intermediate. In the metallo-
b-lactamase mechanism this process could occur by the
carboxylate anion of Asp90 (Scheme 11) to give a dianionic
system with two negatively charged oxygens bound to zinc. The
formation of the dianion of the tetrahedral intermediate nicely
explains the requirement for two negative charges in the
transition state. Deprotonation of the attacking zinc-bound
hydroxide also avoids formation of an unstable system of a
neutral undissociated carboxylic acid bound to zinc(II). The
final step would then involve general acid-catalysed breakdown
of the zinc-bound dianionic tetrahedral intermediate with the
now undissociated Asp90 donating a proton to the departing
amine nitrogen (Scheme 11). Either k2 or k3 could be rate-
limiting, and kinetic solvent isotope effects do not distinguish
between these. The proposed mechanism also suggests struc-
tures which may be suitable for inhibiting the metallo-
b-lactamases.

Summary

The battle between humans and bacteria appears relentless and
the ability of bacteria to develop and pass on resistance to
antibiotics seems never-ending. Understanding the mechanisms
of the broad classes of b-lactamases makes one contribution to
overcoming this conflict.

Although there is superficial similarity between the serine
b-lactamases and the more familiar serine proteases the details
of the mechanisms of the necessary proton transfer steps
remains unknown. We need to know more about the mechanics
of C–N bond fission in the b-lactam leading to ring opening.
Given the relative conformational inflexibility of the normal
b-lactam substrates it is intriguing to note the apparent
flexibility of the enzyme in efficiently catalysing the reactions
of a wide variety of substrates and inactivators. There does not
appear to be an exquisite positioning of the catalytic groups and,
indeed, the detailed mechanism may vary with substrate
structure. This may be an advantage with respect to the design
of potential enzyme inactivators and inhibitors. In addition to
acyl and phosphyl transfer the serine b-lactamases may catalyse
other reactions.

The metallo-b-lactamases are becoming clinically more
important as a form of bacterial resistance. The mechanism of
their action again appears to be different from the formally
similar metallo-proteases. Now that it appears that a dianionic
tetrahedral intermediate is involved, the design of suitable
transition state analogues may lead to effective inhibitors of the
zinc-dependent b-lactamases. The importance of a second metal
ion in the metallo-b-lactamases remains unknown.
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