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Abstract—The 8-thioxocephalosporins are poor substrates for the B. cereus metallo b-lactamase (kcat/Km=61.4M�1 s�1) and act as
weak competitive inhibitors (Ki �700 mM). The hydrolysis product of thioxocephalosporin, a thioacid, also inhibits the enzyme
competitively with a Ki=96 mM, whereas the cyclic thioxo-piperazinedione, formed by intramolecular aminolysis of thioxo-
cephalexin has a Ki of 29 mM.
# 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The large barrier to rotation in amides and their low
chemical reactivity towards nucleophilic attack at the
acyl centre has been attributed to amide resonance
which is usually described in terms of charge transfer
from N to O (Scheme 1). It is expected that there would
be greater p charge transfer from N to S in thioamides
due to the larger size of S and weaker p bond of C=S
despite the smaller electronegativity of S compared with
O (Scheme 1). Thioamides have a larger barrier to C–N
bond rotation than amides1 and are more easily proto-
nated on sulfur.2 We have recently reported the relative
reactivities of the cephalosporin (1) group of antibiotics
and their thioxo-analogues (2).3 In addition to the dif-
ferences in chemical reactivity, which are generally
small,3 the different charge distribution in thioamides2,4

and their acidities5 may cause interesting differences in
their interaction with enzymes compared with their
oxygen analogues.

A major cause of bacterial resistance to the otherwise
lethal action of b-lactam antibiotics is their ability to
produce b-lactamase enzymes which catalyse the
hydrolysis of the b-lactam ring.6 One class of these
enzymes contains zinc at their active site. Pratt et al.
have reported that 8-thioxo-cephalosporins are poor
substrates for the BC II metallo b-lactamase.7 Given
that certain thiols8,9 and thiol esters10 have been shown
to act as potent inhibitors of the metallo b-lactamases,
we were interested to examine whether the hydrolytic
product thioacids or other degradation products of thi-
oxo-lactams would act as inhibitors by binding to the
metal-ion of the metallo b-lactamases.11�13
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2. Results and discussion

The alkaline hydrolysis of the 3-methyl-7b(phenylaceta-
mido)-thioxoceph-3-em-4-carboxylic acid, thioxoceph-
alosporin (3), gives the ring opened thioacid (4) (Scheme
2) at a rate of which is just 2-fold less than that of the
standard cephalosporin (5).3 In terms of chemical reac-
tivity therefore there is little difference between the
thioxo- and oxo-analogues. However, cephalexin (6) is a
cephalosporin with an amino group in the side-chain at
C7 that is known to alter the degradation pathway of
cephalexin in water. This occurs via both b-lactam
hydrolysis and intramolecular aminolysis, the relative
importance of which varies with pH.14 Nucleophilic
attack by the amino group of the C7 side chain on the
b-lactam carbonyl carbon causes ring opening and for-
mation of a piperazinedione derivative (7). The thioxo
analogue of cephalexin, 3-methyl-7b(2-amino-phenyl-
acetamido)-thioxoceph-3-em-4-carboxylic acid (8), also
reacts in water with intramolecular aminolysis by the
7b-amino side chain to give the corresponding mono-
thioxo-piperazinedione analogue (9) (Scheme 3).3 It is
interesting to note that the thioxo-b-lactam and its
oxygen analogue react at similar rate towards hydrox-
ide-ion catalysed hydrolysis but the intramolecular
aminolysis is 103-fold faster with thioxo-b-lactam than
that of its oxygen analogue.3

Given the propensity of sulfur to co-ordinate to zinc,15

we were interested to compare the interaction of the
three thioxo species, 3, 4 and 9 with the zinc metallo-
enzyme Bacillus cereus 569/H (BCII) b-lactamase.6,8

The enzyme catalysed hydrolysis of thioxocephalosporin
(3) was assayed in 0.1M pH 7.0MOPS aqueous buffer
with an ionic strength of 1.0M (KCl) and 5.0�10�5 M
ZnSO4 at 30

�C in a reaction cell of total volume of 2.6
mL. containing B. cereus 569/H (BCII) b-lactamase
(7.0�10�7 to 1.4�10�6 M) and the thioxo-b-lactam
(2.0�10�5 M). For thioxocephalexin (8), the enzyme
catalysed hydrolysis was carried out in the same buffer
but with 1�10�4 M ZnSO4 and 1.2�10�6 M of BCII in
the reaction cell. The disappearance of both compounds
was followed at 310 nm.

The thioxocephalosporin (3) and its hydrolysis product
(4) were also tested as competitive inhibitors against the
metallo-b-lactamase. The hydrolysis product was pre-
pared by reacting the thioxocephalosporin (3) with
sodium hydroxide and then using the neutralised solu-
tion. Their inhibitory activities were determined with
1�10�5 M nitrocefin as a reporter substrate in 0.1M pH
7.0MOPS aqueous buffer with an ionic strength of
1.0M (KCl) and 5.0�10�5 M ZnSO4 at 30 �C. The Ki

values were determined by the effect of varying concen-
tration of the compounds on the value of the second-
order rate constant kcat/Km for the hydrolysis of nitro-
cefin using the following equation in which (kcat/Km)I
and (kcat/Km)o are the observed second-order rate con-
stants for hydrolysis of the reporter substrate in the
presence and absence, respectively, of a given concen-
tration of the inhibitor, I, and Ki is the dissociation
constant of the enzyme–inhibitor complex.
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�
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The competitive inhibition of the metallo-b-lactamase
by the intramolecular aminolysis product (9) of thioxo-
cephalexin (8) was monitored by injecting the metallo-b-
lactamase (1.59�10�5 M, 20 ml) and reporter substrate
cephaloridine (0.01M, 20 ml) into reaction cells after
reacting thioxocephalexin (8) of different concentrations
(5�10�5 to 2�10�4 M) in 2 mL of 0.1M pH 7.0MOPS
aqueous buffer with 1�10�4 M of ZnSO4 for 8 min to
give 9. The Ki value was determined using the method
described above.
Scheme 2.
 Scheme 3.
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The hydrolysis of 3-methyl-7b(phenylacetamido)-thioxo-
ceph-3-em-4-carboxylic acid (3), but not thioxoceph-
alexin (8), was catalysed by the Zn2+-dependent
metallo-b-lactamase 569/H from Bacillus cereus (BCII). A
first-order disappearance of the substrate (3) was observed
and no saturation kinetics seen up to 0.2 mM con-
centrations of the thioxo-cephalosporin. The second-order
rate constant for the enzyme-catalysed hydrolysis (kcat/
Km) of (3) was 61.4M

�1 s�1 at pH 7.02 in 0.1M MOPS
buffer, 1% dioxan-water (v/v) with an ionic strength of
1.0M (KCl) at 30 �C, can be compared with a reported
value of 3.69�103 M�1 s�1 for the O-analogue (5).14 It
is thought that an important role of the active site zinc-
ion in catalysis is to enhance the rate of formation of and
to stabilise the tetrahedral intermediate by Lewis acid
co-ordination to the b-lactam oxygen. The significantly
reduced rate of hydrolysis of the S-derivative probably
results from a poor productive binding to the enzyme
because of the larger sulfur atom and longer C=S
bond, although stronger binding of the sulfur anion to
the zinc-ion may have been anticipated.15 Thioxo-
cephalexin (8) showed no enzyme catalysed hydrolysis
because of the fast competing intramolecular aminolysis
and kcat/Km is estimated to be less than 100M�1 s�1.

Although the thioxocephalosporin (3) was hydrolysed
by BCII, it also acts as a competitive inhibitor of the
enzyme against the hydrolysis of more reactive sub-
strates. For example, monitoring enzyme activity
against nitrocefin, it shows a Ki=720 mM, compatible
with its high Km. Presumably the sulfur of the b-lactam
of (3) only weakly coordinates to the active site zinc.
The hydrolysis product of (3), the thioacid (4), acts as a
better competitive inhibitor of the metallo-enzyme BCII
with a Ki=96 mM. The thioacid anion also probably
binds to the active site zinc (10), more effectively than
the thioxo-b-lactam possibly reflecting observations that
certain thiols are potent inhibitors of MBLs.8�10

Thioamides have not previously been reported as inhi-
bitors of zinc proteases — and yet their increased acid-
ity gives them the potential to co-ordinate to metal ions.
The pKa of (9) in water at 30 �C is 10.1, similar to that
for thiols. Indeed, the thioamide (9) does act as a com-
petitive inhibitor of BCII with a Ki=29 mM. We assume
that it is the ionised form which binds to the active site
zinc as illustrated in (11).

Diketopiperazine libraries have been used extensively in
screening for small molecules with biological activity.16

In the case of metallo-enzymes the present results sug-
gest it may be productive to include the readily prepared
thioxo analogues of diketopiperazines within libraries
used for screening.
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