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It has been suggested that class C b-lactamases have evolved to carry out a metabolic reaction other than
hydrolysis of b-lactam antibiotics. It is demonstrated in the present study that the class C b-lactamase from
Enterobacter cloacae P99 has reached the diffusion limit in its ability to hydrolyze its preferred cephalosporin
substrates. The increase in the solution viscosity by addition of a microviscogen (sucrose) caused the decline
in the parameter kcat/Km for hydrolysis of cephaloridine and cephalosporin C (approximately 2.5-fold at a
relative viscosity of 2.9). A similar increase in viscosity has no effect on the turnover rate of the poorer
substrates cefepime and penicillin G. Addition of a macroviscogen (polyethylene glycol) to the reaction mixture
did not change the rate of turnover for any of the substrates tested because in this case the viscogen would not
interfere with the motion of small molecules, as was expected. Therefore, it would appear that the driving force
behind the evolution of this class C b-lactamase and, in principle, other enzymes of this class is indeed the
functional reaction of this enzyme as a drug resistance factor.

b-Lactamases are the primary cause of bacterial resistance
to b-lactam antibiotics. These enzymes hydrolyze the b-lactam
bonds of these antibacterial agents, whereby the activity of the
drug is lost and the phenotypic expression of resistance is
manifested. There are four classes of b-lactamases, of which
class A enzymes are the most common group and class C
enzymes are the second most common group (7, 8).

Literature from the late 1960s had suggested that certain b-
lactamases might have additional metabolic functions besides
hydrolysis of b-lactams (32, 34). The recent disclosure of an
elaborate system for regulation and recycling of the pepti-
doglycan has revealed metabolic ties to induction of the class C
b-lactamases from gram-negative organisms (19, 29, 30). These
observations have prompted the assertion that, indeed, for the
case of the class C b-lactamases an alternative metabolic func-
tion may have been at the roots of the evolution of these
enzymes (26). We disclose herein evidence that evolution of
class C b-lactamases has been driven solely by the need of the
organisms that harbor them as a protective means against
cephalosporin antibiotics.

Enzymes as biocatalysts evolve to perform the metabolic
task for which they specialize. A measure of the catalytic com-
petence of any enzyme is the kinetic parameters (kcat, Km, and
kcat/Km) for the given reaction performed by the enzyme. The
kcat/Km ratio has acquired a special place in these analyses
since it can be considered a “bimolecular rate constant” for the
reaction between the enzyme and the substrate, permitting
direct comparison of different catalysts to one another. It has
been noted that there exists an upper limit for this ratio in
enzymatic reactions. According to theory, for the reaction of a
large molecule (i.e., an enzyme) and a small molecule (a typical
nonpolymeric substrate) this value approaches 108 to 109 M21

s21 (33, 35, 36). Once this limiting level for catalysis is reached
for any enzyme, the actual chemical steps in the catalytic pro-
cesses, that is, bond making and bond breaking, are considered
to have reached “catalytic perfection” (1). That is, the steps

that require covalent bond making and bond breaking, which
typically are slow processes, are no longer limiting for such a
perfect catalyst. On the contrary, diffusional steps, which are
rapid, become the limiting steps in catalysis by such an enzyme.
To put this differently, travel (diffusion) of the substrate into
the active site of the enzyme or movement of the product away
from the active site becomes the slow step in catalysis. Such a
“perfect” enzyme can no longer improve its catalytic ability in
the course of evolution from that point on and is said to be
“diffusion controlled.” The chances are that many critical met-
abolic enzymes have reached such a diffusion-controlled state,
because the advantage that the rapid reaction provides for the
organisms is selected in the course of evolution. However,
few enzymes have specifically been shown to operate at such
a level. The following are a few examples: triosephosphate
isomerase (20), phosphorylase b (11), horseradish peroxidase
(14), chymotrypsin (6), carbonic anhydrase (17, 31), invertase
(27), acetylcholinesterase (2), adenosine deaminase (22), class
A b-lactamase (16), and aminoglycoside 39-phosphotransfer-
ase type III (25).

Of the four classes of b-lactamases (7, 8, 23), the class A b-
lactamases (penicillinases) are the most common, and it is
widely accepted that they have evolved to hydrolyze penicillins
(10). This matter was put on firm ground by the demonstration
of Hardy and Kirsch (16) that indeed the class A b-lactamase
from Bacillus cereus (b-lactamase I) operates at the diffusion-
controlled limit. As discussed earlier, it has been suggested in
the literature that the chromosomal class C b-lactamases may
have evolved to catalyze a reaction other than hydrolysis of
b-lactam (4, 26, 32, 34, 38). This assertion can be tested, even
if one does not know the nature of the alternative reaction.
The rationale is as follows. These enzymes are known as cepha-
losporinases, and if one demonstrates that they catalyze hydro-
lysis of cephalosporins at the diffusion limit, then it is unlikely
that their evolution may have been driven by a different reac-
tion. Indeed, we have performed such an analysis, and it is
clear that these enzymes have evolved to “perfection” for their
reaction in hydrolysis of their preferred cephalosporin sub-
strates, as will be detailed below.
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MATERIALS AND METHODS

Cephaloridine, cephalosporin C, penicillin G, sucrose and polyethylene glycol
(PEG) 8000 were purchased from Sigma Chemical Co. (St. Louis, Mo.).
Cefepime was a gift from Bristol-Myers Squibb (Princeton, N.J.). Spectropho-
tometric studies were performed on a Hewlett-Packard 8453 diode array instru-
ment. Nonlinear regression analysis was performed by the use of the program
SigmaPlot (Jandel Scientific). Other calculations were performed with the Mi-
crosoft Excel software. The class C b-lactamase was purified from Enterobacter
cloacae P99 by affinity chromatography (9). The purified enzyme was homoge-
neous, as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

The kinetic parameters for turnover (Km and kcat) of substrates were deter-
mined either from the Lineweaver-Burk plot or by nonlinear regression of the
equation for Michaelis-Menten kinetics. Six to seven substrate concentrations
were used for each kinetic determination, and the reported parameters were the
averages for at least three independent measurements. All the experiments were
carried out in 100 mM sodium phosphate (pH 7.0) at 20°C with the correspond-
ing amount of viscogen added. The typical assay volume was 1.0 ml. The con-
centration ranges for various substrates were as follows: cephaloridine, 200 to
600 mM; cephalosporin C, 200 to 800 mM; penicillin G, 100 to 700 mM; cefepime,
10 to 150 mM. A portion of the enzyme was added to a solution of substrate to
give a final enzyme concentration of 15 nM. Substrate hydrolysis was monitored
at 290 nm for cephaloridine (Dε290 5 2,070 M21 cm21), 280 nm for cephalo-
sporin C (Dε280 5 2,390 M21 cm21), 240 nm for penicillin G (Dε240 5 560 M21

cm21), and 260 nm for cefepime (Dε260 5 750 M21 cm21). The viscosity of the
solution was controlled by the addition of the appropriate amounts of sucrose or
PEG 8000 to the buffer. The relative viscosities (hrel) of the solutions were
determined from the reference data (37).

RESULTS AND DISCUSSION

The way to demonstrate that the rate of enzymatic reaction
is controlled by the diffusion-controlled limit is to probe for the
change in the rate of the reaction as a function of the viscosity

of the solution. The more viscous the solution, the more dif-
ficult will be the diffusion of the molecules in and out of the
active site of the enzyme, resulting in a decrease in the value of
kcat/Km. Moreover, the Km component should be influenced
more than the kcat component. We hasten to add that the
decrease in the second-order rate constant on an increase in
solution viscosity does not necessarily mean that the reaction is
under diffusion control. The decrease in the rate could also be
attributed to the decrease in the free energy of the unbound
substrate. To prove that the reaction is indeed under the dif-
fusion limit, a control experiment should be performed. In a
control experiment one can use either a poor substrate for the
given enzyme (16) or, if no poor substrate is available for the
system, a sluggish mutant variant of the enzyme (5). In either
case the rate for hydrolysis of a sluggish enzyme-substrate
system should not undergo change upon the increase in solu-
tion viscosity.

The viscosity of the solution is commonly altered by the
addition of viscogens such as sucrose, glycerol, Ficoll, or PEG.
Although the presence of any of the four compounds in solu-
tion would increase the macroscopic viscosity of the solution,
at the microscopic level their behaviors are quite different.
According to theory, polymers such as Ficoll and PEG do not
influence the rates of diffusion of small molecules (3, 28). On
the other hand, small-molecule viscogens such as sucrose and
glycerol not only will increase the macroscopic viscosity of the
solution but also will slow down the diffusion of molecular
particles in solution (18, 21). For this reason, sucrose and

FIG. 1. Dependence of kcat/Km on relative viscosity (hrel) of the solution for hydrolysis of cephaloridine (A), cephalosporin C (B), penicillin G (C), and cefepime
(D) by the class C b-lactamase from E. cloacae P99.
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glycerol are called microviscogens, in contrast to macrovisco-
gens, such as Ficoll and PEG.

b-Lactamases are typically efficient catalysts in hydrolysis of
the b-lactam bonds of their preferred substrates. In many cases
the kcat/Km values for the b-lactamase hydrolysis of a good
substrate is in the range of 107 to 108 M21 s21. That is also true
for the AmpC family of b-lactamases, for which the kcat/Km for
turnover of cephaloridine by several of the members is in the
range of 107 to 108 M21 s21 (13).

We have investigated the hydrolysis rates for four selected
b-lactam substrates for the E. cloacae P99 b-lactamase in the
presence of viscogens. The substrate selection was made such
that both good and poor substrates would be represented. Two
cephalosporins, cephaloridine and cephalosporin C, are excep-
tionally good substrates for this b-lactamase. Penicillin G,
which was used as a representative penicillin substrate, is not
preferred by class C b-lactamases. Finally, cefepime is one of
the worst cephalosporin substrates for the enzyme.

Analysis of the kinetic parameters (kcat, Km, and kcat/Km)
revealed the following trends (Tables 1 to 4 and Fig. 1). As
expected, addition of PEG (macroviscogen) did not influence
appreciably the kinetic parameters for any of the substrates
tested. However, in a manner similar to that for other enzymes
that operate at the diffusion-controlled limit, the rate of hy-
drolysis of the good substrates for the E. cloacae P99 b-lac-
tamase decreased proportionally with the increase in the rel-
ative viscosity in the presence of sucrose (microviscogen). The
kcat/Km value decreased 2.5-fold in the case of cephaloridine
and cephalosporin C (Fig. 1A and B, respectively). An impor-
tant factor that affected the ratio kcat/Km for these substrates
was the increase in Km (Tables 1 and 2). The effect of viscosity
on kcat values was very small throughout the viscosity range,
giving no trends as a function of increasing viscosity, as would
be expected.

The situation is quite different for the poorer substrates. The
kcat/Km value virtually did not change, when one considers the
calculated standard deviations in each case for penicillin G
(Fig. 1C; Table 3) and cefepime (Fig. 1D; Table 4), as would be
expected. The effects on other kinetic parameters were also
negligible, with no trends for the fluctuation being observed.

These observations confirm the hypothesis that the hydro-
lytic process for the good substrates for the E. cloacae P99 b-
lactamase is diffusion controlled. In the case of moderate to

poor substrates, the slow steps are at the bond-making and
bond-breaking levels. Therefore, the diffusional ability in the
presence of the microviscogen has minimal to no effect on the
overall rate of turnover of the poorer substrates by the E.
cloacae P99 class C b-lactamase.

The processing of murein (peptidoglycan) in gram-negative
bacteria is elaborate, and it involves several gene products
(19). The presence of some of the intermediates in this process
induces the expression of the AmpC gene product, which en-
codes the class C b-lactamase of gram-negative bacteria. It is
likely that the presence of such intermediates is a signal for
expression of the resistance enzyme because, indeed, such deg-
radation of peptidoglycan takes place as a consequence of the
action of b-lactam drugs on the organism. Therefore, this may
serve as a signal to upregulate the expression of the resistance
enzyme to come to the rescue of the organism in distress.

It is actually tantalizing that it has been demonstrated that
the AmpC gene products do perform other reactions such as
hydrolysis of depsipeptides and amides (12, 15). These are
taken as “vestigial reactions” for these enzymes, suggestive of
their relationships to other proteins such as certain penicillin-
binding proteins (PBPs). However, it is evident that true to the
term “vestigial reaction,” these atypical transformations for the
AmpC enzyme are carried out at rates that approach those for
some of the poorer b-lactam substrates for the class C b-
lactamases (12, 15, 39, 40).

An enzyme would reach catalytic “perfection” only for the
reaction that drives its evolution. On the basis of the results
presented here, it would appear that that reaction for class C
b-lactamases is hydrolysis of their preferred cephalosporin
substrates. Previous findings argued the same for the evolution
of class A b-lactamases in response to the challenge by peni-
cillins (16). It would appear to be intuitive, in retrospect, that
these enzymes should be chemically perfect for their resistance
function, since this matter has a direct bearing on the ability of
the bacteria to survive in the presence of the antibacterial
agent.

Structural and kinetic considerations led Matagné et al. (24)
to suggest recently that class C enzymes are “primitive” forms
of b-lactamases. The results presented in this report are in-
consistent with this characterization of class C enzymes. We
have argued recently that the diversification of the two lines of
PBPs that ultimately gave rise to classes A and C of b-lactam-
ases was an early event in the evolution of PBPs (23). Further-

TABLE 1. Kinetic parameters for turnover of cephaloridine by
the class C b-lactamase from E. cloacae P99

hrel (% viscogen) kcat (s21) Km (mM) kcat/Km (M21 s21)

1 (0) 230 6 20 2.1 6 0.2 (1.08 6 0.14) 3 108

1.49 (13% sucrose) 310 6 25 4.1 6 0.4 (7.5 6 0.9) 3 107

1.93 (21.6% sucrose) 280 6 40 4.3 6 0.7 (6.60 6 0.15) 3 107

2.92 (28% sucrose) 345 6 50 7.9 6 0.9 (4.4 6 0.7) 3 107

2 (6.7% PEG) 285 6 15 3.4 6 0.2 (8.3 6 0.7) 3 107

TABLE 2. Kinetic parameters for turnover of cephalosporin C by
the class C b-lactamase from E. cloacae P99

hrel (% viscogen) kcat (s21) Km (mM) kcat/Km (M21 s21)

1 (0) 460 6 15 14 6 3 (3.25 6 0.80) 3 107

1.49 (13% sucrose) 790 6 70 26 6 8 (3.0 6 0.9) 3 107

1.93 (21.6% sucrose) 600 6 35 29 6 7 (2.1 6 0.5) 3 107

2.92 (28% sucrose) 670 6 12 50 6 4 (1.3 6 0.1) 3 107

2 (6.7% PEG) 420 6 20 16 6 4 (2.6 6 0.7) 3 107

TABLE 3. Kinetic parameters for turnover of penicillin G by
the class C b-lactamase from E. cloacae P99

hrel (% viscogen) kcat (s21) Km (mM) kcat/Km (M21 s21)

1 (0) 22 6 5 10 6 3 (2.1 6 0.8) 3 106

1.49 (13% sucrose) 21 6 4 11 6 4 (1.8 6 0.7) 3 106

1.93 (21.6% sucrose) 21 6 2 12 6 3 (1.8 6 0.4) 3 106

2.92 (28% sucrose) 22 6 6 14 6 6 (1.6 6 0.8) 3 106

TABLE 4. Kinetic parameters for turnover of cefepime by
the class C b-lactamase from E. cloacae P99

hrel (% viscogen) kcat (s21) Km (mM) kcat/Km (M21 s21)

1 (0) 3.7 6 0.2 11 6 3 (3.3 6 0.9) 3 105

1.49 (13% sucrose) 8.4 6 0.6 27 6 6 (3.2 6 0.7) 3 105

1.93 (21.6% sucrose) 7.4 6 1.3 19 6 7 (3.9 6 1.7) 3 105

2.92 (28% sucrose) 3.3 6 0.2 11 6 3 (3.0 6 0.8) 3 105

2 (6.7% PEG) 3.1 6 0.5 10 6 3 (3.1 6 1.0) 3 105
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more, the details of the mechanisms for the catalytic processes
of the two classes of b-lactamases argue for independent and
perhaps parallel evolutions for the two classes of enzymes. The
results presented in this report shed further light on this pro-
cess by showing that the evolutionary developments of both
classes A and C of b-lactamases have been driven to catalytic
perfection. Since class A b-lactamases prefer penicillins as
substrates, whereas class C enzymes show better competence
in turnover of cephalosporins, it is clear that evolution of each
class of enzymes was advanced by those respective substrates.
The structures of penicillins and cephalosporins are different,
and they each provided a differential selection pressure for
evolution of b-lactamases. This differential selection pressure
is at the roots of the differences in evolution of classes A and
C of b-lactamases, but what is significant in our opinion is the
fact that each selection pressure was sufficient individually to
drive the evolution of their respective enzymes to catalytic
perfection.
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