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b-Lactamases of classes A and C are the two most prevalent resistant determinants to b-
lactam antibiotics among bacterial pathogens. Both these enzymes pursue different mechanisms
for their catalytic processes, highlighted by the fact that the hydrolytic water molecule in each
approaches the ester of the intermediary acyl-enzyme species from the opposite ends. 6,6-
Bis(hydroxylmethyl)penicillanate was designed as an inhibitor that would impair the approach
of the hydrolytic water molecule in either of these enzymes upon formation of the acyl-enzyme
species. The design, synthesis, and kinetic evaluation of this inhibitor are disclosed herein.
q 2001 Academic Press

INTRODUCTION

b-Lactamases are bacterial resistance enzymes to b-lactam antibiotics. There are
at least four different classes of these enzymes known, each of which follows a
distinct catalytic mechanism in turnover of the substrates (1–3). b-Lactamases of
classes A and C are the first and the second most common among these enzymes.
The catalytic mechanisms for turnover of substrates in these enzymes go through two
steps. In the first, the enzyme experiences acylation at an active site serine, and
in the second step the enzyme undergoes deacylation. In their respective catalytic
mechanisms, enzymes of classes A and C pursue different strategies. In class A
enzymes the hydrolytic water approaches from the a face of the ester species, and
in the case of class C enzymes, the approach of the hydrolytic water is from the
opposite b face. The processes of promotion of the hydrolytic water in both cases
are also different in the two enzymes (4–8).

We had shown previously that 6a-hydroxymethylpenicillanate (1) acylates the class
A TEM-1 b-lactamase readily. However, the acyl-enzyme species did not undergo
hydrolysis for a number of hours (6,9). We demonstrated by the determination of the
X-ray structure of the acyl-enzyme species for the inhibited enzyme that the hydroxyl
moiety makes a critical hydrogen bond to the hydrolytic water molecule, whereby
the nucleophilicity of the water molecule is reduced (9). Also, the hydroxymethyl
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group presented a physical barrier to the approach of the water molecule at the ester
carbonyl. In essence, compound 1 is able to impair the deacylation step of the catalytic
process. In light of the fact that the approach of the water molecule in the class C
enzymes is precisely from the trajectory opposite that of class A enzymes, we wondered
if 6,6-bis(hydroxymethyl)penicillanate (2) would be able to acylate the active sites
of these enzymes and if the two hydroxymethyl moieties would block the approach
of the hydrolytic water molecule from either the a or the b direction. We present the
synthesis of compound 2 in this report and in kinetic experiments with purified
enzymes we demonstrate that indeed the compound is capable of such a task.

RESULTS AND DISCUSSION

Compound 2 was synthesized according to Scheme 1. It employs an alkylation of
b-bromo-a-(hydroxylmethyl)penicillanate 3 (10), which was synthesized from 6b-
aminopenicillanate according to a literature procedure (6,11). The treatment of b-
bromo-a-(hydroxylmethyl)penicillanate 3 with n-BuLi, followed by the addition of
formaldehyde, gave bis(hydroxymethyl)penicillanate 4. Compound 4 was then depro-
tected by trifluoroacetic acid (TFA) in the presence of anisol as an acid scavenger to
afford the desired bis(hydroxymethyl)penicillanic acid 2.

Compound 2 was evaluated with homogeneous preparations of representative mem-
bers of both class A and class C b-lactamases. These were the TEM-1 b-lactamase
from Escherichia coli and the b-lactamase from Enterobacter cloacae strain P99,
respectively. Table 1 summarizes the kinetic measurements with these enzymes.
Compound 2 showed time dependence in inactivation of both enzymes. This indicates
that it is able to acylate the active site and that the acylated species enjoys longevity.
This was consistent with the design concept, which envisioned that the enzymes
should undergo acylation by 2 and that the hydroxymethyl groups (a or b depending
on the enzyme) would impair the deacylation step (Scheme 2).

SCHEME 1.
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SCHEME 2.

Compound 2 inhibited the TEM-1 b-lactamase more readily than it did the P99
enzyme (i.e, kinact values). In both cases, when enzyme inhibition was established,
recovery of activity was extremely slow (krec of the order of 1023 to 1024 s21).
However, it is clear that prior to the onset of inhibition, conceivably before the
establishment of the requisite hydrogen bond to the hydrolytic water molecule, some
turnover takes place. The P99 b-lactamase turns over the compound roughly three-
fold more readily than does the TEM-1 enzyme (kcat values), a factor reflected in a
higher partition ratio (kcat/kinact) for the former.

Our findings here further support the proposals for the approach of the hydrolytic
water molecules in the two enzymes from two opposite ends at the ester of the acyl-
enzyme species. Whereas the affinities of the two enzymes for compound 2 were not
sufficiently high for it to have clinical utility, this compound to our knowledge is
only the second inhibitor that has been shown to inhibit both classes A and C of b-
lactamases (12–14). In light of the fact that an inhibitor capable of inhibiting the two
enzymes is currently highly sought, mechanism-based strategies such as the one
disclosed here should pave the way for future developments.

EXPERIMENTAL
1H and 13C NMR spectra were recorded on a Varian Mercury-400 spectrometer.

Chemical shifts are reported in parts per million from tetramethylsilane on the d scale.
Infrared spectra were recorded on a Nicolet 680 DSP spectrometer. Mass spectra
were recorded on Kratos MS 80RFT and MicroMass Quatro LC spectrometers. Melting
points were taken on an Electrothermal melting point apparatus and are uncorrected.
Thin-layer chromatography was performed with Whatman reagents on 0.25-mm silica

TABLE 1

Kinetic Parameters for Interactions of Inhibitor 1 with the TEM-1 and P99 b-Lactamasesa

Enzyme kcat (s21) kinact (min21) kcat/kinact Ki (mM) krec (s21) KI (mM)

TEM-1 5 6 3 1.1 6 0.6 258 6 28 0.48 6 0.08 (1.3 6 0.04) 3 1023 15 6 8
P99 12 6 5 0.07 6 0.03 10321 6 377 0.7 6 0.1 (5.5 6 0.2) 3 1024 6 6 3

a Ki is a dissociation constant, whereas KI is a more complicated constant akin to Km.
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gel 60-F plates. All other reagents were purchased from the Aldrich Chemical Com-
pany and Across Organics. The TEM-1 b-lactamase was purified according to Zafara-
lla et al. (15) and P99 was isolated as described by Ross (16). Cephaloridine and
penicillin G were purchased from Sigma.

Kinetic measurements. All kinetics measurements were performed on a Hewlett–
Packard 8453 diode array spectrophotometer. Calculations of the kinetic constants
were performed using MS Excel software. The assays were carried out by monitoring
hydrolysis of penicillin G (D«240 5 570 M21 cm21) in the assays with TEM-1 b-
lactamase and hydrolysis of cephaloridine (D«295 5 1000 M21 cm21) in the assays
with P99 b-lactamase. All assays were carried out at room temperature in 100 mM
sodium phosphate buffer (pH 7.0). Inactivation rate constants were obtained by moni-
toring the loss of activity of the enzymes in a mixture of enzyme and inhibitor.
Enzyme (1.94 mM for TEM-1 and 2.66 mM for P99 b-lactamase) and inhibitor (1–4
mM) were incubated at 48C, and at appropriate times small aliquots were removed
from this mixture and diluted 50 times into an assay mixture containing 2 mM
penicillin G or 1 mM cephaloridine. The highest steady-state rates, during the course
of substrate hydrolysis, were used in the calculation of the remaining activity. The
rate constants for recovery of activity were measured under the excess substrate
concentrations (17).

The partition ratios of the inhibitor to both enzymes were determined by the titration
method (18). Several buffered mixtures containing various molar ratios of inhibitor
to enzyme ([I ]/[E ]) were incubated at 48C for 20 h. In the case of the TEM-1 enzyme,
molar ratios were from 10 to 500 and for the P99 enzyme they varied from 600 to
5000. The first-order rate constants for the recovery of enzyme activity (krec) were
measured at the molar ratio ([I ]/[E ]) that gave the longest delay before reaching the
linear steady-state rate of substrate hydrolysis. The calculations of the constants were
performed according to the method of Glick et al. (19).

The dissociation constants (Ki) of the inhibitor with both enzymes were calculated
by the method of Dixon (20). Two substrate concentrations were used in each case:
200 and 600 mM of penicillin G for the TEM-1 enzyme, and 200 and 400 mM of
cephaloridine for the P99 enzyme. The inhibitor concentration for this set of experi-
ments varied from 0.4–1.0 mM.

Diphenylmethyl 6a,6b-bis(hydroxymethyl)penicillanate (4). To a solution of diphe-
nylmethyl 6b-bromo-6a-(hydroxymethyl)penicillanate 3 (6,10,11) (1.20 g, 2.52 mmol)
in dry THF (36 mL), 2.5 M solution of n-butyllithium in hexane (2.02 mL, 5.04
mmol) was added dropwise at 2788C and stirred for an additional 10 min at the
same temperature. Formaldehyde gas, generated by heating paraformaldehyde at
160–1808C (5 g), was passed into the reaction solution, and the resultant mixture
was stirred for 1.5 h at 2788C. The reaction was quenched by the addition of saturated
NH4Cl solution at 2788C, the reaction mixture was warmed to room temperature,
and the solvent was evaporated. Both water and ethyl acetate were added to the
residue, and the organic layer was washed with 5% NaHCO3 and brine, dried over
MgSO4, and concentrated in vacuo. The product was purified by flash column chroma-
tography using a gradient solvent system (hexane/ethyl acetate 5 20/1 to 10/1 to
5/1 to 3/1 to 2/1 to 1/1 to 2/3) to obtain compound 4 (230 mg, 21%) as a pale yellow
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oil: IR (film) 3439, 1747, 1652, 1495, 1455, 1310, 1255, 1178, 1155, 1129 cm21;
1H-NMR (CDCl3, 400 MHz) d 1.27 (3 H, s, Me), 1.62 (3 H, s, Me), 2.39 (1 H,
br s, OH), 2.55 (1 H, br s, OH), 4.03–4.20 (4 H, m, CH2O), 4.50 (1 H, s, C3H), 5.41
(1 H, s, C5H), 6.93 (1 H, s, CHPh2), 7.30–7.40 (10 H, m, Ph); 13C-NMR (CDCl3,
100 MHz) d 26.45, 32.78, 61.48, 63.81, 64.99, 65.83, 68.69, 68.72, 78.56, 127.23,
127.46, 127.76, 128.44, 128.62, 128.70, 128.85, 139.31, 139.42, 166.98, 173.14; ESI
MS 449.97 ([M 1 Na]+); FAB HRMS calcd for C23H26NO5S ([M 1 H]+) 428.1532,
found 428.1526.

6a,6b-Bis(hydroxymethyl)penicillanic acid (2). Compound 4 (230 mg, 0.54 mmol)
was dissolved in anisole (4 mL) and TFA (8 mL) at 2108C under an atmosphere of
argon, and the mixture was stirred for 10 min. The volatile component was evaporated
in vacuo, and the residue was purified by flash column chromatography using a
gradient solvent system (CHCl3/MeOH 5 20/1 to 10/1 to 8/1 to 5/1 to 3/1 to 2/1) to
obtain compound 2 as a colorless solid (90 mg, 78%): m.p. . 2008C; IR (KBr) 3424,
1745, 1599, 1422, 1333, 1206, 1141, 1043 cm21; 1H-NMR (CD3OD, 400 MHz)
d 1.55 (3 H, s, Me), 1.63 (3 H, s, Me), 3.80 (1 H, d, J 5 11.2 Hz, CH2O), 3.98
(2 H, s, CH2O), 4.01 (1 H, d, J 5 11.2 Hz, CH2O), 4.17 (1 H, s, C3H), 5.30 (1 H,
s, C5H); 13C-NMR (CD3OD, 100 MHz) d 26.22, 30.72, 59.05, 61.16, 63.50, 65.34,
67.52, 70.88, 174.01, 174.69; ESI MS 283.93 ([M 1 Na]+); FAB HRMS calcd for
C10H16NO5S ([M 1 H]+) 262.0749, found 262.0756.
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