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Kinetic Studies on the Inhibition of Proteus vulgaris 3-Lactamase by
Imipenem

TERUTAKA HASHIZUME,l* AKIHITO YAMAGUCHI,2 TAKAHIRO HIRATA,2 AND TETSUO SAWAI2

Research Laboratories, Nippon Merck-Banyu Company, Ltd., Menuma-machi, Saitama, 1 and Faculty ofPharmaceutical
Sciences, Chiba University, Chiba,2 Japan
Received 3 June 1983/Accepted 11 October 1983

Imipenem was found to inhibit Proteus vulgaris 1-lactamase in a progressive manner. Kinetic experi-
ments confirmed that the inactivated enzyme was not completely recovered after intact imipenem had been
exhausted.

Recently developed P-lactamase inhibitors such as clavu-
lanic acid and penicillanic acid sulfone have proved to be
suicide inactivators as well as competitive inhibitors of
certain types of P-lactamases (1, 2, 6, 8, 14, 16). Since the
discovery of thienamycin (7), many detailed kinetic studies
have appeared describing reversible inhibition of ,-lacta-
mase by various kinds of carbapenem compounds, such as
PS-5 (9), olivanic acid derivatives (3, 5), and 5,6-cis-carba-
penem compounds (10). Our previous study showed that
imipenem (formerly imipemide, N-formimidoyl thienamy-
cin, or MK 0787) is a progressive inhibitor of several types of
P-lactamases (14). In the present investigation, we elucidate
the mechanism of inhibition of Proteus vulgaris cephalospo-
rinase by imipenem.
Imipenem was supplied by Merck Sharp & Dohme Re-

search Laboratories, Rahway, N.J. Cephalothin was a com-
mercial product of Shionogi Pharmaceutical Co., Osaka,
Japan.

P. vulgaris GN76/C-1, a constitutive mutant with respect
to the production of cephalosporinase, was derived from the
wild-type strain GN76 (13, 15). The P-lactamase from P.
vulgaris was purified as described previously (13); purity
was confirmed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (4, 11). The specific activity of the
enzyme was 319 U/mg of protein. One unit of 1-lactamase
was defined as the amount of enzyme which hydrolyzed 1
p.mol of cephalothin per min at pH 7.0 and 30°C.

,B-Lactamase inactivation by imipenem was measured by a
modification of the dilution method of Fisher et al. (6). The
Ki of imipenem for the 1-lactamase was determined by the
procedure described previously (14). The Km(inact) and the
rate constant of inactivation were determined from a double-
reciprocal plot of the initial rate of inactivation of the
enzyme at different initial inactivator concentrations (3). The
rate constant of hydrolysis kcat was determined from the
initial velocity of imipenem hydrolysis with the cephalospor-
inase at a concentration of imipenem sufficiently higher than
the Ki. The hydrolysis of imipenem was determined by
measuring the change of absorption at 298 nm. The rate
constant of reactivation (kreact) was determined by measur-
ing the recovery of the enzyme activity after gel filtration (6).
The progressive inhibition by imipenem of P. vulgaris

cephalosporinases and the hydrolysis of imipenem by the 1-
lactamase are shown in Fig. 1. P. vulgaris cephalosporinase
was rapidly inactivated by imipenem several minutes after
preincubation, although further incubation led to restoration
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of enzyme activity to some extent, depending on the inhibi-
tor-to-enzyme ratio. The number of hydrolytic events per
enzyme molecule before complete and irreversible inactiva-
tion of the enzyme by imipenem was 110 (the turnover
number), estimated by extrapolation of the plot of the
irreversible part of inactivation versus the imipenem-to-,B-
lactamase ratio to the intercept on the abscissa. The rate
constant of inactivation and Km(inact) were estimated to be
0.70 min-' and 0.38 ,uM, respectively. The Km(inact) was
approximately equal to the Ki, 0.59 ,uM within experimental
error.

Partial reactivation in Fig. 1 started after complete con-
sumption of imipenem. The kcat was estimated to be 1.51
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FIG. 1. Effect of preincubation of P. vulgaris ,B-lactamase with
imipenem on enzyme activity and hydrolysis of imipenem by 1-
lactamase. Three-hundred microliters of 1-lactamase (E) (final
concentration of active enzyme, 380 nM) was preincubated with 15
>1d of 2 (A), 5 (U), 10 (0), and 20 (v) ,uM imipenem (I) in 50 mM
sodium-potassium phosphate buffer (pH 7.0) at 30°C for an appropri-
ate period of time. After incubation, a 5-A1d portion of the mixture
was removed and immediately added to 3.0 ml of prewarmed
phosphate buffer containing 100 ,uM cephalothin. Remaining 1-
lactamase activity was measured for the first 2 min of the reaction at
30°C by a spectrophotometric method at a wavelength of 265 nm. 1B-
Lactamase inactivation was expressed as the percent activity re-
maining compared with the enzyme activity assayed in the absence
of imipenem. The reaction of hydrolysis was caied out at 30wC in
3.0 ml of the same buffer containing 12.5 (Oi) and 25 (0) ,uM
imipenem with 950 nM enzyme. Hydrolysis of imipenem was
monitored by spectrophotometry at a wavelength of 298 nm.
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FIG. 2. Determination of the rate constant for irreversible inacti-

vation of P. vulgaris cephalosporinase by imipenem. The enzyme

preparation (final concentration, 3.8 ,uM) was preincubated with 10
mM imipenem in 100 ,ul of 50 mM sodium-potassium phosphate
buffer (pH 7.0) at 37°C for 30, 60, 120, and 180 min. After the
reaction was stopped by rapid cooling in an ice bath, the reaction
mixture was immediately applied to a Sephadex G-25 column (0.9 by
8.0 cm), which was developed at 4°C with the same buffer. Pooled
fractions containing the enzyme were quickly incubated at 30°C, and
reactivated enzyme activity was measured by the spectrophotomet-
ric assay. The fraction of enzyme recovered after incubation was

calculated by comparison with a control reaction in which imipenem
was absent.

min-' from the initial velocity of hydrolysis. However, the
rate of hydrolysis progressively decreased for the duration of
the incubation period (Fig. 1, dotted line), although the
concentration of imipenem was sufficiently higher than the
Ki. This finding implies that active enzyme was constantly
transformed to an inactivated form. Figure 1 also shows that
complete recovery of enzyme activity was not attained. To
investigate the irreversible inactivation of the enzyme by
imipenem, reactivation was tested after the imipenem-,B-
lactamase complex had been separated from excess imi-
penem by gel filtration. The kreact was estimated to be 0.031
min-', independent of the inactivation time of the experi-
ment, whereas the maximum reactivation was dependent on
the inactivation time, and the rate constant for irreversible

E+ EI-M E + P
11
x Y

FIG. 3. Possible minimal scheme for the inactivation of P. vul-
garis cephalosporinase by imipenem. E* I is the Michaelis complex.
M is the acyl-intermediate. X and Y correspond to the unstable
complex and irreversible complex, respectively. P represents hydro-
lyzed imipenem.

inactivation was found to be 0.003 min-' from first order
kinetics (Fig. 2).
Richmond reported that imipenem is a potent irreversible

inhibitor of P-lactamases from Enterobacter cloacae and
Bacteroides fragilis (12). However, apparent irreversibility
may be due to the presence of unhydrolyzed imipenem in the
reaction mixture (competitive inhibition). We observed that
an acceleration of hydrolysis of good substrates by the
inactivated enzyme of P. vulgaris occurred within a few
seconds after dilution by excess good substrates (data not
shown).

In kinetic studies on the interaction of olivanic acid and its
derivatives with TEM-2 penicillinase (3, 5) and of PS-5 with
P. vulgaris cephalosporinase (9), it was demonstrated that
full recovery of the enzyme activity occurred but only after
disappearance of intact inhibitor from the reaction medium.
However, irreversible inhibition of the enzyme by imipenem
was evident in our study.
On the basis of the results described above, we propose

the minimum scheme for the inactivation of the P. vulgaris
cephalosporinase by imipenem (Fig. 3). In this scheme, Y is
sequentially formed from X, since the irreversible inactiva-
tion kinetics were apparently monophasic. If Y was formed
directly from M, we should have observed a rapid initial loss
of activity, as reported in the case of clavulanic acid (6).
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