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Inhibition of a Class C B-Lactamase by a Specific

Phosphonate Monoester

R. E. Pra1T

A phosphonate monoester, m-carboxyphenyl phenylacetamidomethylphosphonate,
has been found to be a specific inhibitor of the class C B-lactamase of Enterobacter
cloacae P99. Inactivation is rapid (10° per second per molar concentration) and
reactivation very slow (2.2 X 107% per second). Apparently concerted with the
inactivation, one equivalent (with respect to the enzyme) of m-hydroxybenzoate is
released. Reactivation is accelerated by hydroxylamine and benzohydroxamate. This
suggests that the loss of enzyme activity is due to phosphonylation of an active site
functional group. This discovery holds the promise of a new general class of B-
lactamase inhibitors and, perhaps, antibiotics.

HE [(3-LACTAMASE ENZYMES PRO-

I vide much of the bacterial resistance
toward B-lactam antibiotics (7). The
majority of these enzymes, and in particular
those of clinical importance, catalyze hydrol-

ysis of B-lactams by a double displacement
mechanism (scheme 1), where the acyl-en-
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zyme intermediate is an acyl-serine (2). Most
of the effective inhibitors of these enzymes,
including those currently used clinically, are
of the mechanism-based variety and are
themselves B-lactams (2, 3). Research in this
laboratory has shown that the serine B-
lactamases also catalyze the hydrolysis of a
variety of acyclic depsipeptides of general
structure 1 (4). This result suggested that
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new classes of acyclic inhibitors of these
enzymes may be devised, and, in particular,
transition state—analog inhibitors. Such in-
hibitors of acyl-transfer enzymes usually
have a tetrahedral and negatively charged
group in place of the acyl carbonyl group of
the substrate, which is thought to mimic the
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transition state for nucleophilic attack at the
acyl group (5). Boronic acids, for example,
which form tetrahedral adducts with active
site nucleophiles, are well known as inhibi-
tors of serine proteinases (6) and B-lacta-
mases (7). In this paper, I describe a phos-
phonate monoester analog of 1, which is a
novel and very effective inhibitor of the class
C B-lactamase of Enterobacter cloacae P99.
The depsipeptide 2 is the best (kcat/Km)
depsipeptide substrate that we have yet
found for B-lactamases (4) (where kgq is the
catalytic rate and Ky, is the Michaelis con-
stant). Therefore m-carboxyphenyl phenyla-
cetamidomethylphosphonate 3 was a ratio-
nal target for a transition state—analog inhib-
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itor (8, 9); in addition, the phosphonate 4
was synthesized (10).

Compound 3 strongly inhibited the class
C B-lactamase of Enterobacter cloacae P99 in a
time-dependent fashion. For example, on
incubation of the enzyme (2 pM) with 3 (10
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Fig. 1. Activity of the E. cloacae P99 B-lactamase
(13.9 wM) as a function of added 3 concentra-
tion. Enzyme and inhibitor were incubated to-

gether at 25°C and assayed against benzylpenicil-
lin after 5 hours.

wM), the activity of the enzyme against
benzylpenicillin or 2, fell to zero after about
10 min. The kinetics of the inhibition (11)
could be determined directly from measure-
ments of B-lactamase activity as a function of
time (12). These data demonstrated that the
inactivation followed second-order kinetics,
and yielded a rate constant (k;) of (1120 %
150) s™' M~! (all error limits are + SE)
(13). Kinetic data could also be obtained,
and at higher inhibitor concentrations, by
following the absorbance of a competing
substrate, such as cephalothin, as a function
of time in the presence of 3 (14). The
reaction sequence of scheme 2 applied at
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concentrations of 3 up to 2.5 mM, which
means that there was no evidence for tight
binding of 3 to the enzyme before the
inhibition reaction. The inhibited enzyme,
isolated from any excess 3 by gel-exclusion
chromatography, slowly reactivated on
standing in buffer, with a rate constant of
(2.32 +£0.22) x 107%s™". Thus the lifetime
of the enzyme-inhibitor (EI) complex under
these conditions was ~86 hours.

Since 3 reacts rapidly and effectively irre-
versibly on a time scale of minutes with the
enzyme at micromolar concentrations, it
could be used as an active-site titrant at such
concentrations. Compound 3 was titrated
against 13.9 wM enzyme (Fig. 1). The x
intercept of the plot indicates that (0.84 +
0.03) mole of 3 per mole of enzyme were
required for inactivation; this is presumably
a direct measure of the proportion of the
enzyme sample with a functional active site.

Another important feature of the inhibi-
tion, and an unexpected one, was the release
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of m-hydroxybenzoate in amounts stoichio-
metric with the enzyme. m-Hydroxyben-
zoate was detected and determined by its
characteristic fluorescence [excitation wave-
length of 294 nm and a fluorescence wave-
length of 410 nm (15)]. A sample of enzyme
(18.0 pM) was treated with an equimolar
amount of 3. After incubation of the mix-
ture for 30 min at 25°C, at which time
essentially no enzyme activity remained, the
enzyme was separated from small molecules
in solution by ultrafiltration (Amicon Cen-
tricon). The filtrate contained a compound
with a fluorescence emission and excitation
spectrum identical to that of m-hydroxyben-
zoate and present to the extent of
0.75 £ 0.05 mole per mole of protein, or
0.89 + 0.06 mole per mole of active sites;
the data from Fig. 1 was used to estimate the
latter. Rates of m-hydroxybenzoate release
could also be measured by the increase in
fluorescence of reaction mixtures with time.
Under pseudo—first-order conditions, the
rate constants determined from measure-
ments of m-hydroxybenzoate release were
linear with the concentration of 3 up to 25
wM. The slope of this plot yielded a second-
order rate constant of (950 = 60) s™' M.
The close agreement between this rate con-
stant and that obtained from activity mea-
surements suggested that loss of enzyme
activity was concerted with release of one
molar equivalent (with respect to the
amount of enzyme) of m-hydroxybenzoate.

The above observations strongly suggest
that 3 inhibits the P99 B-lactamase by phos-
phonylation of a component of the active
site; the phosphonyl-enzyme thus produced
hydrolyzes to regenerate free enzyme only
very slowly. This idea was supported by the
observation that reactivation of the enzyme
was accelerated by hydroxylamine (0.1M)
and benzohydroxamic acid (0.02M) (16).
Since 3 is a close analog of the substrate 2,
which is thought to form a covalent inter-
mediate during turnover by acylation of the
active site Ser hydroxy group (4), it appears
likely that 3 inhibits by phosphonylation of
the same residue (scheme 3). If 3, as is likely
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for a substrate analog, binds specifically and
noncovalently to the enzyme before the
phosphonylation reaction (scheme 4, where

k2
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Scheme 4.

E — I is the phosphonyl-enzyme of scheme
3), the above data show K; = 2.5 mM and
thus k, (= kiK;) = 2.5

The reaction depicted in scheme 3, if
correct, is of considerable interest for several
reasons. First, it represents an unusually
facile nucleophilic displacement at the phos-
phorus atom of a phosphonate monoester
(17). This indicates a strong and specific
interaction of 3 with the components of the
B-lactamase active site in the transition state.
This reactivity can be contrasted with that of
the serine proteinases. Although the latter
enzymes are rapidly and specifically inacti-
vated by phosphate triesters and other neu-
tral phosphoryl derivatives (18), there seems
to be no example where any such enzyme is
so rapidly modified and inhibited by a nega-
tively charged phosphate diester or phos-
phonate monoester. This contrast indicates
the existence of a significant difference be-
tween the active sites, and the details, at
least, of the catalytic mechanisms of (-
lactamases and serine proteinases. Reflection
on the ribonuclease mechanism and the
mechanisms of phosphoryl transfer reactions
suggests that the negatively charged phos-
phonate must be activated toward nucleo-
philic attack by interaction with a positively
charged enzyme functional group. The -
lactamase active site, of course, contains two
conserved and essential Lys residues, one of
which, Lys”, appears to lie close to the
active site Ser in crystal structures (19). The
Lys ammonium ion may activate the phos-
phonate to an extent not possible by the
histidinium ion that develops during the
reaction of serine proteinases. This ion may
similarly act to stabilize tetrahedral interme-
diates in normal catalysis (20). Although the
putative phosphonyl enzyme reacts sponta-
neously to regenerate the free enzyme only
very slowly [as does the “aged” product of
reaction between chymotrypsin and diiso-
propylfluorophosphate (21)], the reaction is
actually fast with respect to normal phos-
phonate monoester hydrolysis (17), and
therefore must also be enzyme-catalyzed;
the B-lactamase is thus a modestly effective
phosphonate monoesterase.

The importance of specific interaction be-
tween 3 and the P99 B-lactamase was evi-
dent from the observations that 3 (at 0.5 to
1 mM concentration) had little effect on
class A B-lactamases (the TEM B-lactamase,
Bacillus cereus B-lactamase I, and the Staphy-

lococcus aureus PC1 B-lactamase), the class B
B. cereus B-lactamase II, and the p-alanyl-p-
alanine transpeptidase/carboxypeptidase of
Streptomyces R61; this would correlate with
the lesser ability of 2 as a substrate of these
enzymes (4). Furthermore, 3 had no signifi-
cant antibacterial activity against a variety of
Gram-positive and Gram-negative strains.
The p-lactate 4 (at 0.5 to 1 mM concentra-
tion) is also not an inhibitor of any of the
above enzymes, even the P99 B-lactamase,
nor does it demonstrate antibiotic activity.
The much poorer leaving group in 4 than in
3 may contribute to this difference. Despite
this specificity, this result suggests the feasi-
bility of design of a new general class of
inhibitors (phosphonate, phosphate, phos-
phonamidate, and so forth) of B-lactamases,
and therefore perhaps also of the related (4,
22) p-alanyl-p-alanine transpeptidases (that
is, of antibiotics). Optimization of negative
charge separation in the phosphonate may
well be an essential feature of this process.
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Molecular Mechanisms and Forces Involved in the
Adhesion and Fusion of Amphiphilic Bilayers

CHRISTIANE A. HELM, JACOB N. ISRAELACHVILL*

Patricia M. McGUIGGAN

The surface forces apparatus technique was used for measuring the adhesion, deforma-
tion, and fusion of bilayers supported on mica surfaces in aqueous solutions. The most
important force leading to the direct fusion of bilayers is the hydrophobic interaction,
although the occurrence of fusion is not simply related to the force law between
bilayers. Bilayers do not need to “overcome” some repulsive force barrier, such as
hydration, before they can fuse. Instead, once bilayer surfaces come within about 1
nanometer of each other, local deformations and molecular rearrangements allow

them to “bypass” these forces.

HE FUSION OF AMPHIPHILIC (SUR-

factant and lipid) monolayers or bi-

layers arises in both colloidal and
biological systems (1). However, an under-
standing of interbilayer forces, the mecha-
nisms of fusion, and the relation between
the two is still far from clear. Some of the
forces between amphiphilic surfaces have
only recently been discovered. Thus, in ad-
dition to the expected attractive van der
Waals forces and repulsive electrostatic dou-
ble-layer forces (1-3), the existence and im-
portance of repulsive hydration and attrac-
tive hydrophobic forces (2-6), short-range
attractive ion-correlation forces (7), and me-
dium- to short-range repulsive undulation
(or fluctuation) forces (8) are only now
being recognized. Their role in fusion has
not yet been investigated. The origin of the
so-called “hydration” and “hydrophobic”
forces is still far from clear. Second, various
models of the fusion process have been
suggested, mainly based on electron micro-
graphs of small vesicles or membranes (1, 9,
10) or of optical, capacitance, and conduc-
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tance measurements of large fusing vesicles
or “black lipid membranes” (BLMs) (1, 11).
However, the precise molecular events and
rearrangements accompanying the fusion
process are still unknown. We present re-
sults of measurements of the interactions

between various adsorbed bilayers in aque-
ous clectrolyte solutions using the surface
forces apparatus (SFA) technique.

The SFA technique allows forces and
pressures to be measured between two
curved or flattened molecularly smooth mica
surfaces (12), or between monolayers or
bilayers deposited on such surfaces (5, 6,
13), with a distance resolution at the ang-
strom level. Surface deformations accompa-
nying adhesion (14) and fusion (15) can be
directly visualized in real time. We note the
good agreement in the measured forces be-
tween lecithin bilayers using the SFA and
osmotic pressure technique (16).

We used two methods for coating mica
surfaces with bilayers: (i) adsorption from
solution and (ii) for insoluble lipids, con-
trolled deposition using a Langmuir-Blod-
gett (LB) trough. Single-chained bilayers of
CTAB (recrystallized in 9:1 ethanol:ether)
were adsorbed onto mica surfaces at concen-
trations at or above their critical micelle

Fig. 1. Forces (F/R, force to radi-
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where it corresponds to bilayer
contact. The concentration of
CTAB + NaBr of the solution in
the chamber was progressively di-
luted below the CMC (about 1
mM), until hemifusion occurred at
and below 0.4 mM. The long-range
forces are repulsive electrostatic
“double-layer” interactions. The
measured Debye lengths were 11
nm at 0.4 mM, 9 nm at 0.6 mM,
and 8 nm at both 1 and 5 mM.
[The similarity of the latter two
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Debye lengths arises because above
the CMC the micelles and their
bound counterions no longer con-
tribute to the Debye length (17).]
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The adhesion forces at the minima are for bilayers that had been in contact for 1 hour. At high values of
F/R, the surfaces flatten elastically, and the pressure can be measured, as shown in the inset. Hemifusion
(see Fig. 2) occurred at 0.4 mM at a pressure of 1.5 atm.
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