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Abstract

Background: The stabilization of enzymes in the presence of
substrates has been recognized for a long time. Quantitative
information regarding this phenomenon is, however, rather scarce
since the enzyme destroys the potential stabilizing agent during the
course of the experiments. In this work, enzyme unfolding was
followed by monitoring the progressive decrease of the rate of
substrate utilization by the Staphylococcus aureus PC1 L-lactam-
ase, at temperatures above the melting point of the enzyme.

Results : Enzyme inactivation was directly followed by spectro-
photometric measurements. In the presence of substrate concen-
trations above the Km values, significant stabilization was
observed with all tested compounds. A combination of unfolding
kinetic measurements and enzymatic studies, both under steady-
state and non-steady-state regimes, allowed most of the param-
eters characteristic of the two concurrent phenomena (i.e.
substrate hydrolysis and enzyme denaturation) to be evaluated.

In addition, molecular modelling studies show a good correlation
between the extent of stabilization, and the magnitude of the
energies of interaction with the enzyme.

Conclusions: Our analysis indicates that the enzyme is substan-
tially stabilized towards heat-induced denaturation, independently
of the relative proportions of non-covalent Henri^Michaelis
complex (ES) and acyl^enzyme adduct (ES*). Thus, for those
substrates with which the two catalytic intermediates are expected
to be significantly populated, both species (ES and ES*) appear to
be similarly stabilized. This analysis contributes a new quantitative
approach to the problem. ß 2001 Elsevier Science Ltd. All
rights reserved.

Keywords: Enzyme kinetics ; L-Lactamase; Molecular modelling;
Protein stability; Thermal unfolding

1. Introduction

The stability of many enzymes is dependent on the pres-
ence of substrates, co-factors or inhibitors. The strong and
speci¢c binding of the ligand to the native conformation
generally results in a reduced sensitivity of the enzyme to
heat-induced denaturation, possibly as a consequence of a
conformational change or `conformational tightening' [1^

4]. With glucose oxidase [5], enhanced thermal stability
results from the reduction of the enzyme during catalysis,
but this change of electronic state is also probably associ-
ated with a subtle structural change of the enzyme. Bind-
ing of a metal ion was reported to increase the thermal
stability of Escherichia coli RNase HI by up to V12 kJ/
mol [6], due to the cancellation of charge repulsion around
the active site. In a few cases [1,7,8], however, destabiliza-
tion (`labilization') of the enzyme has also been reported.
Although enzyme stabilization, and conversely destabiliza-
tion, upon ligand binding have been well known for a long
time (see also [9^11]), very few detailed quantitative anal-
yses have been performed.

In order to understand this important phenomenon, we
have investigated the thermal unfolding of two class A
L-lactamases, produced by Staphylococcus aureus PC1
and Streptomyces albus G, in the presence of a variety
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of substrates. L-Lactamases are bacterial enzymes which
catalyze the irreversible hydrolysis of the amide bond of
the L-lactam ring of penicillins and related antibiotics,
yielding biologically inactive product(s) [12,13]. Most
L-lactamases display an active site serine and, on the basis
of their amino acid sequences, are divided into three mo-
lecular classes A, C and D. With most substrates, these
enzymes function by a three-step mechanism:

where E is the enzyme, S the antibiotic, ES a non-covalent
Henri^Michaelis complex, ES* a covalent acyl^enzyme,
and P(s) the inactive degradation product(s) of the anti-
biotic. According to this model, the steady-state parame-
ters kcat and Km are related to the microscopic rate con-
stants by the following equations:

kcat � k2Uk3=�k2 � k3� �1�

Km � k3UK 0=�k2 � k3� �2�

K 0 � �k31 � k2�=k�1 �3�

Remarkably, with the S. aureus PC1 L-lactamase, it was
shown [14] that the values of the acylation (k2) and deacy-
lation (k3) rate constants for benzylpenicillin and related
penicillin substrates are approximately the same. Con-
versely, the acyl^enzyme intermediate accumulates during
turnover of cephalosporins containing good leaving
groups at the C-3P position [15], i.e. deacylation is the
rate-limiting step (k3Ik2).

The folding process of the S. aureus PC1 L-lactamase
has been studied in some details [16^19]. It constitutes a
good model for protein folding studies, being one of the
largest single domain proteins under investigation. It ex-
hibits a thermodynamically stable partially folded state in
the presence of 0.8 M guanidinium chloride (20³C, pH 7;
[16]), and kinetic intermediates accumulate during the re-
folding reaction [16]. Stability measurements [20] revealed
that heat-induced denaturation of the S. aureus PC1
L-lactamase is fully reversible, whereas that of the S. albus
G enzyme is not.

In this work, we have studied the thermal unfolding of
the S. aureus PC1 and S. albus G L-lactamases. The pres-
ence of su¤ciently high substrate concentrations (sKm)
signi¢cantly stabilized both enzymes, but this phenomenon
could only be quantitatively analyzed with the former,
because denaturation of the latter was not fully reversible.
Not surprisingly, the degree of stabilization depended
upon the substrate structure, and appeared to be corre-
lated with the enzyme^substrate energy of interaction. We
present data obtained in the presence of various L-lactam
compounds, using £uorescence and activity measurements.
These data indicate that during turnover of the substrate,
a substantial reduction in the rate of enzyme inactivation
can occur.

2. Results and discussion

2.1. Thermal unfolding of class A L-lactamases

The heat-induced equilibrium transition of the S. aureus
PC1 L-lactamase (Fig. 1) was determined by intrinsic £uo-
rescence and catalytic activity measurements. Both meth-
ods indicate that the enzyme unfolds in a single transition
(TmW41.5³C), which can be analyzed by assuming a two-
state folding mechanism (Eq. 1). The good coincidence of
the two curves in Fig. 1 suggests that both £uorescence
and activity measurements monitor the same process,
namely thermal unfolding and concomitant inactivation
of the enzyme. Hence, with the S. aureus PC1 enzyme,
inactivation and denaturation can be considered inter-
changeably.

By contrast, thermal inactivation of the S. albus G en-
zyme is irreversible and concentration-dependent. Thus,
when enzyme concentrations of 1.25 mg ml31 and
1.25U1033 mg ml31 are incubated at 45³C, inactivation
rate constant values of (0.4 þ 0.05)U1033 s31 (t1=2V30
min) and (0.2 þ 0.03)U1033 s31 (t1=2V60 min) are found,
respectively. This phenomenon could be due to enzyme
aggregation.

The unfolding kinetics of the S. aureus PC1 L-lactam-
ase, in the absence of substrate, were monitored by £uo-
rescence spectroscopy at various temperatures, and ana-
lyzed according to a single exponential function, yielding
the rate constant values listed in Table 1. At 45³C, the
S. aureus PC1 L-lactamase displays a lower half-life value

Fig. 1. Thermal unfolding transition of S. aureus PC1 L-lactamase deter-
mined by measurements of intrinsic £uorescence (a) and catalytic activ-
ity (b). Data have been normalized such that the value of the native
state is 1. Both sets of data were analyzed on the basis of a two-state
model and the lines represent the best ¢t to Eq. 1, calculated using
Tm = 41.8 þ 0.3³C and 41.2 þ 0.6³C, and vHm = 420 þ 30 kJ mol31 and
300 þ 30 kJ mol31, for £uorescence and activity measurements, respec-
tively. The latter were performed with 1 mM benzylpenicillin, as de-
scribed in Section 4.
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(t1=2V1 min) than the S. albus G enzyme (t1=2v30 min),
which correlates with its lower thermodynamic stability
[20].

A typical thermal unfolding trace, monitored continu-
ously during substrate turnover, is shown in Fig. 2. In
these experiments, less than 25% of the substrate is utilized
and the kinetics can be ¢tted to Eq. 6, with the appropri-
ate correction when [S]6Km, thus yielding the various
rate constant values (ku) for thermal inactivation of the
S. aureus PC1 enzyme, in Table 1. When the substrate
concentration can be chosen far below the Km value (ceph-
alosporin C, [S]/Km 6 0.1, see Table 1), the rate constant
of enzyme unfolding display values similar to those deter-
mined by intrinsic £uorescence measurements, i.e. in the
absence of substrate (Table 1). At saturating substrate
concentrations ([S]/Km v 5, see Table 1), however, a sig-

ni¢cant reduction in the rate of enzyme inactivation is
observed. A markedly higher degree of stabilization of
the enzyme is achieved by increasing the concentration
of the substrate present during the inactivation reaction.
This is illustrated in Fig. 3, where thermal inactivation of
the enzyme is monitored at 52³C in the presence of cefa-
zolin as reporter substrate (KmW13 WM, see below), in a
concentration range from 20 to 350 WM. Maximum pro-
tection of the enzyme is observed when [S]/Km v 8. A sim-
ilar e¡ect was observed when using 6-aminopenicillanic
acid (2^18 mM, with maximum protection V10 mM)
and nitroce¢n (60^360 WM, with maximum protection
V200 WM) as substrates. Nevertheless, due to its relatively
low kcat and Km values (2.1 s31 and 13 WM, respectively, at
52³C), cefazolin is the best substrate for further investiga-
tions of the thermal unfolding behavior of the S. aureus

Table 1
E¡ect of substrates on the unfolding rate constant (ku) of the S. aureus PC1 L-lactamase measured in the temperature range from 40³C to 60³C

Ligand 103Uku (s31) Ka
m;30 �WM� Energy of interaction (kJ/mol)b

40³C 45³C 50³C 55³C 60³C

Nonec 2.9 10.5 35 ^ ^ ^ ^
Cephalosporin Cd 3.2 6.8 48 ^ ^ 370 ^
Cefazolin ^ 6 1 10 41 ^ 1.4 178
6-Aminopenicillanic acid 6 1 1.6 9.6 30 ^ 170 162
Penicillanic acid 6 1 4 10.5 22 ^ 200 147

Ampicillin ^ ^ 6 1 2.9 8.3 15 239
Nitroce¢n ^ ^ 6 1 2.6 15.4 1.5 265
Cephaloglycin ^ ^ 6 1 2 s 70 3 231
Benzylpenicillin ^ ^ 6 1 1.8 s 70 3 212

Fluorescence and activity measurements were performed as described in Section 4. With all substrates (except cephalosporin C, see text), experiments
were performed at saturating concentrations ([S]/Km;30W50a). The standard deviation for ku is about 10%. (^) Not determined.
aValues obtained at 30³C (A. Matagne, A. Lejeune and J.M. Fre©re, unpublished data). Measurements performed between 40³C and 60³C with some
substrates indicated that the Km is increased by a factor of 10, or less at the highest temperature. It is assumed to be similar for all compounds, and
hence the substrate concentration can be considered as close to saturation ([S]/Kmv5) at all temperatures.
bCalculated total energy of interaction (absolute values) during formation of the Henri^Michaelis complexes between the S. aureus PC1 L-lactamase and
the various substrates. Note that similar values were obtained [37] for the Henri^Michaelis complexes formed between the S. albus G L-lactamase and
benzylpenicillin (151 kJ/mol) and cephalosporin C (197 kJ/mol).
cFluorescence measurements.
dActivity measurements performed with 50 WM (6 0.1UKm) cephalosporin C.

Table 2
E¡ect of substrates on the unfolding rate constant (ku) of the S. albus G L-lactamase at 56³C

Substrate Concentration (WM) Km;30 (WM)a 103Uku (s31)

Benzylpenicilln 1 000 1 000 21 þ 3
2 000 12 þ 1.5

Ampicillin 1 000 650 18.6 þ 1
6-Aminopenicillanic acid 1 000 200 16 þ 1.5

2 000 12 þ 1
Carbenicillin 1 000 s 10 000 38 þ 7

4 000 24 þ 2
Cephaloridine 100 320 31 þ 2

200 25 þ 2
Cephalosporin C 200 4 500 30.5 þ 2

400 32 þ 2

Values were obtained by activity measurements, in the presence of various substrates, as described in Section 4.
aValues at 30³C [14]. Measurements with both benzylpenicillin and ampicillin on the temperature range from 20³C to 50³C (A. Matagne and J.M.
Fre©re, unpublished data) indicated that the Km values decrease slightly (Km;20/Km;50 = 2^3) at higher temperatures.
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PC1 L-lactamase during turnover, since it allows complete
unfolding time-courses to be monitored at substrate satu-
ration, without signi¢cant substrate depletion and in a
reasonably high enzyme concentration range.

Measurements of the initial (v0) and steady-state (vss)
rate values for the kinetic experiment at 52³C in Fig. 2
indicate that V4% (vss/v0 = 0.04) of the enzyme remains
active. This result contrasts with the thermal unfolding
curves in Fig. 1, which indicate that virtually complete
denaturation/inactivation of the enzyme occurs at 52³C.
This apparent discrepancy can easily be explained by the
enhanced stability of the enzyme during substrate turn-
over. In principle, by measuring v0 and vss at various tem-
peratures, it should be possible to obtain the thermal un-
folding curve of the enzyme in the presence of substrate.
This proved, however, to be technically di¤cult, especially
at T9Tm where enzyme inactivation occurs very slowly
(t1=2 s 1h). Under these conditions, the reporter substrate
method is not practical. Nevertheless, the data (not
shown) obtained at TvTm bring further evidence in favor
of the enhanced thermodynamic stability of the enzyme in
the presence of substrate, consistently with its reduced ku

values.
Similar experiments performed with the S. albus G

L-lactamase (Table 2) indicate that this enzyme is also

signi¢cantly stabilized in the presence of substrate at con-
centrations vKm. The S. aureus PC1 enzyme is, however,
a more favorable subject for further investigation of this
phenomenon. Thermal inactivation of this enzyme is fully
reversible, and occurs at relatively low temperature
(Tm = 41.5³C) in comparison with the S. albus G enzyme
and other class A L-lactamases [20]. This is critical in
order to monitor enzyme inactivation by the reporter sub-
strate method, in a temperature range where L-lactam
compounds are su¤ciently stable on the time scale of
the experiment. This would be technically much more dif-
¢cult with, for instance, the TEM-1 (Tm = 50³C [20]) or the
Bacillus licheniformis (Tm = 63³C [20]) enzymes. In addi-
tion, all the kinetic constants in model 1 can be deter-
mined with the S. aureus PC1 L-lactamase and cefazolin
(see below).

Model 2 (Section 4) has been used to describe the ther-
mal stabilization of the S. aureus PC1 L-lactamase in the
presence of substrate. To test this model, we compared the
experimental and calculated values of the inactivation rate
constant (ku) of the enzyme at 52³C, in the presence of
cefazolin concentrations ranging from 17 to 350 WM (Fig.
3). This analysis indicates that model 2 is suitable for the
description of the data.

2.2. Evaluation of the kinetic constants in model 2

In this section we describe how the 11 kinetic constants
(i.e. ku;1, kf ;1, ku;2, kf ;2, ku;3, kf ;3, k2, k3, kcat, KP and Km),
which de¢ne parameters A, B, D, F and G (Eqs. 13^17)

Fig. 2. The rate of thermal inactivation of S. aureus PC1 L-lactamase in
the presence of cefazolin. The enzyme (0.05 WM) was incubated at 52³C
with 68 WM cefazolin in 50 mM sodium phosphate bu¡er, pH 7. Hydro-
lysis of the reporter substrate was monitored by recording the decrease
in absorbance at 260 nm and, according to the method described in
[46], an apparent ¢rst-order rate constant (ku) value of 0.012 þ 0.001 s31

was computed. The curve represents the best ¢t of the data to Eq. 6,
modi¢ed as in [46]. Note that spontaneous hydrolysis of cefazolin occurs
throughout the time-course of the experiment. However, this phenome-
non does not account for more than 8% of substrate utilization and can
thus be considered as occurring at a constant rate. It only in£uences the
v0 and vss values, and not ku. After correction for this phenomenon,
v0 = 5.73 Wmol min31 mg31 and vss = 0.24 Wmol min31 mg31. The inset
shows the simulated kinetics (see text).

Fig. 3. In£uence of the concentration of cefazolin on the inactivation
rate (ku) of the S. aureus PC1 L-lactamase at 52³C. b Experimental
data. These values were obtained as described in Section 4 (see also Fig.
2). a Simulated data computed on the basis of model 2, as described in
the text. Values given in Table 3 were used for kcat, Km, k2, k3, KP, ku;1

and kf ;1, with ku;2 = 3U1033 s31, kf;2 = 0.039 M31s31, ku;3 = 3U1033 s31

and kf ;3 = 1.5U1033 s31.
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can be derived. Direct measurements at 52³C are not pos-
sible, and thus some extrapolations are needed.

The steady-state parameters kcat and Km were deter-
mined between 17³C and 48³C. Above this temperature,
signi¢cant enzyme inactivation occurs on the time scale of
the kinetic experiment, and no data could be obtained. Up
to 48³C, however, a typical Arrhenius temperature depen-
dence of the turnover number (kcat) is observed (Fig. 4),
which allows the kcat value (2.1 s31) at 52³C to be ob-
tained by extrapolation with a good con¢dence. Interest-
ingly, the simple Arrhenius behavior of kcat (Eq. 1) sug-
gests that k2 and k3 display the same temperature
dependence, or alternatively, that one of the two catalytic
steps (i.e. acylation or deacylation) in model 1 is consis-
tently rate-limiting (i.e. kcat = k2 or kcat = k3, see below).
Km is a function of the four microscopic rate constants
in model 1 (i.e. k�1, k31, k2, and k3, see Eq. 2), and
thus a complex temperature dependence of this parameter
could be expected. Nevertheless, a linear relationship ap-
pears to prevail between ln Km and T (Fig. 5), leading to
an approximate value of 13 WM at 52³C.

The rate constant values for acylation (k2) and deacyla-
tion (k3) could be measured under non-steady-state con-
ditions, using stopped-£ow measurements. These experi-
ments were performed between 15³C and 30³C, at
intervals of 2.5³C. Under these conditions, the population
of unfolded enzyme species is negligible (Fig. 1). In all
cases, the stoichiometry of the burst (see Eq. 7) was found
to be close to unity (BV1), suggesting that the interaction
between cefazolin and the S. aureus PC1 L-lactamase can
be interpreted on the basis of model 1, with k3Ik2 (i.e.
kcat = k3). Thus, no branched pathway [15] needs to be

considered, although the presence of a good leaving group
on C-3P of cefazolin suggests that the acyl^enzyme is prob-
ably the rearranged adduct.

The dependence of the rate constant for acyl^enzyme
formation (ka) on cefazolin concentration at 22.5³C is
shown in Fig. 6. Similar experiments were performed at
each temperature, and ¢tting the various data to Eq. 8
provides values of k2, k3 and KP in the temperature range
from 15³C to 30³C (data not shown). The values of k3 are
in reasonable agreement with those of kcat determined at

Fig. 4. Temperature dependence of the turnover number (kcat) for S.
aureus PC1 L-lactamase and cefazolin, shown as an Arrhenius plot. kcat

has units of s31 and T has units of K. (b) Measured values; (a) ex-
trapolated value at 52³C (kcat = 2.1 s31). Errors are given as standard
deviations. The continuous line is the best ¢t to ln kcat = ln A3Ea/RT,
with Ea = 82 þ 2 kJ mol31.

Fig. 5. Temperature dependence of Km for S. aureus PC1 L-lactamase
and cefazolin. Km has units of WM. (b) Measured values; (a) value at
52³C (KmW13 WM) based on linear extrapolation. Errors are given as
standard deviations.

Fig. 6. Kinetics of interaction between S. aureus L-lactamase and cefazo-
lin at 22.5³C. Variation of ka ( = k3+(k2x[S])/(KP+[S])) with cefazolin
concentration. (b) Stopped-£ow measured values; (a) kcat (see text).
The data were ¢tted (full line) to Eq. 8, yielding k2 = 0.92 þ 0.02 s31 and
KP= 13.5 þ 0.8 WM.
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the steady-state. In the pre-steady-state experiments, how-
ever, concentrations of cefazolin below 10 WM (i.e. below
the KP value) give very small absorbance variations
(vA6 0.08), and hence yield very inaccurate data. In con-
sequence, it appears that ¢tting of the data to Eq. 8 gives
better results when the value of ka at [C] = 0 (i.e. ka = k3) is
taken as the kcat value, and is considered as an additional
experimental point in the analysis. This is especially crit-
ical at the lowest temperatures where the KP value is low
(KP= 13.5 WM at 22.5³C). The temperature dependence of
k2 is shown in Fig. 7. The Arrhenius-like behavior of the
temperature dependence of the acylation rate constant (k2)
indicates a value of 45 s31 at 52³C. Assuming a linear
temperature dependence of ln KP (not shown) leads to
an approximate value of 68 WM at 52³C. The extrapolated
values of k2 (45 s31, Fig. 7) and k3 ( = kcat = 2.1 s31, Fig. 4)
at 52³C, and the estimated value of Km (V13 WM, Fig. 5)
allow computation of KP ( = k2/k3UKm) = 280 WM. Con-
versely, a KP value of 68 WM leads to Km = 3.2 WM. The
fact that these two values for KP and Km are not very
di¡erent suggests that they are reasonable estimates at
52³C. In our simulations (see below), we use KP=
k2/kcatUKm ( = 280 WM).

The values of the microscopic rate constants for unfold-
ing (ku;1) and refolding (kf;1) of the free protein (E+EP)
could be estimated from the intrinsic £uorescence experi-
ments, performed at equilibrium and far from the transi-
tion zone.

In the transition range (35³C to 50³C) of the thermal
denaturation curve (Fig. 1), the values of Ku;1 ( = ku;1/kf;1)
can be analyzed according to the van't Ho¡ equation
([21]; Fig. 8a). Similarly, the temperature dependence (be-

tween 40³C and 60³C) of the unfolding rate constant
(ku = ku;1+kf ;1) values can be analyzed according to the
Arrhenius equation (Fig. 8b). By combining these data,
the values of ku;1 (Fig. 8c) and kf ;1 (Fig. 8d) can be com-
puted between 40³C and 50³C. Above 50³C, ku;1 = ku

(ku;1Ekf ;1) and thus can be determined experimentally
(ku;1 = 6U1032 s31, at 52³C). Fig. 8d shows that there is
a marked curvature in the Arrhenius plot for the temper-
ature dependence of kf ;1. Non-Arrhenius kinetics is a com-
mon phenomenon for protein refolding reactions, and is
due, at least in part, to a relatively large change in heat
capacity (vC#

p ) between the unfolded and the transition
state for the folding transition [22^26]. Following the anal-
ysis of Chen et al. [22], the temperature dependence of the
microscopic rate constant kf ;1 can be analyzed according
to Eq. 4:

ki � exp�Ai � Bi �T�=T� � Ci ln �T�=T� � ln T � �4�
where:

Ai � �3vC#
pi � vS#

i �T���=R� ln �kB=h�

Bi � �vC#
pi3vS#

i �T���=R3vG#
i �T��=RT�

Ci � 3vC#
pi=R

and T³ is the reference temperature (293.15 K in our cal-
culations), kB, h and R are the Boltzmann, Planck, and gas
constants, respectively. vG#

i , vS#
i and vC#

pi are the free
energy of activation, the entropy of activation, and the
heat capacity change between the denatured and the tran-
sition states, respectively.

As shown in Fig. 8d, the temperature dependence of the
microscopic refolding rate constant (kf ;1) is adequately de-
scribed by the above equation, yielding vG#

UN = 95.4 kJ
mol31, vS#

UN = 2.1 kJ mol31 K31 and vC#
pUN =333.3 kJ

mol31 K31. Extrapolation to 52³C gives a value of
kf ;1 = 2.2U1034 s31.

Unlike protein refolding reactions, there is relatively
little change in exposure of hydrophobic residues between
the native state and the transition state on unfolding and,
hence, the activation heat capacity for unfolding is small.
The transition state ensemble for the folding process of a
variety of proteins is somewhat expanded and loosely
packed compared to the native state, although still glob-
ally collapsed and excluding water, thus roughly resem-
bling the folded state [27^33]. Consistent with these ¢nd-
ings, Fig. 8C shows no signi¢cant deviation from standard
Arrhenius-type behavior. A similar observation was made
with hen lysozyme [34] chymotrypsin inhibitor 2 [35], pro-
tein G [36], CspB [24] and protein L [25].

The curves in Fig. 8c,d intersect to a Tm value of
41.4³C, in agreement with the values (41.8³C and
41.2³C) obtained in equilibrium folding experiments (Fig.
1).

The values of the four microscopic rate constants (ku;2,

Fig. 7. Temperature dependence of the acylation rate constant (k2) for
S. aureus PC1 L-lactamase and cefazolin, shown as an Arrhenius plot.
k2 has units of s31 and T has units of K. (b) Measured values; (a) ex-
trapolated value at 52³C (k2 = 45 s31). Errors (S.D. values) on these
measurements are 6 10%. The continuous line is the best ¢t to ln
k2 = ln A3Ea/RT, with Ea = 103 þ 5 kJ mol31.
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kf;2, ku;3, kf;3), corresponding to the unfolding equilibrium
of the non-covalent (ES) and covalent (ES*) enzyme^sub-
strate complexes, are not accessible and were chosen arbi-
trarily. Thus, both ku;2 and ku;3 were taken as ku;1/20
( = 3U1033 s31) to take into account the stabilization of
the kinetic intermediate species. The value of kf ;2 ( = 0.039
M31 s31) is determined by the equilibrium relationship
between E, EP and ES, i.e. Ku;2 = Ku;1UKP. Fixing
Ku;3 = 2 leads to kf ;3 = 1.5U1033 s31.

The values of the various constants that de¢ne param-
eters A, B, D, F and G are given in Table 3.

2.3. Analysis of the unfolding kinetics

As indicated in Section 4, we have used model 2 to
describe the in£uence of cefazolin on the thermal stability
of the S. aureus PC1 L-lactamase at 52³C. The experimen-
tal data were simulated using Eqs. 9^17. On the basis of
the values estimated for the various constants (Table 3)
which de¢ne the parameters A, B, D, F and G, the

time-courses of the concentrations of the native (x, Eq.
9) and unfolded (y and z, Eqs. 10 and 11) enzyme species
could be simulated (Fig. 9) at substrate concentrations
ranging from 17 to 350 WM. Similarly, by using Eq. 12

Table 3
Values at 52³C of the kinetic constants used in model 2

Parameters Values

kcat 2.1 s31

Km 13 WM
k3 = kcat 2.1 s31

k2 45 s31

KP= (k2/kcat)UKm 280 WM
ku;1 6U1032 s31

kf ;1 2.2U1034 s31

ka
u;2 (0.10^6)U1032 s31

kf ;2 = ku;2/(Ku;1UKP)a 0.015^1 M31 s31

ka
u;3 (0.01^1)U1032 s31

ka
f ;3 (0.001^0.75)U1032 s31

aThe values of these parameters had to be ¢xed arbitrarily. In each
case, a range of values is given which ¢t the experimental data (see
text).

Fig. 8. Temperature dependence of the equilibrium constant (Ku;1) and of the microscopic rate constants for unfolding (ku;1) and refolding (kf;1) of the
free S. aureus PC1 L-lactamase. Ku;1 has no units, ku, ku;1 and kf;1 have units of s31, and T has units of K. (a) van't Ho¡ plot of Ku;1 = ku;1/kf ;1. The
continuous line is the best ¢t to ln K =3vH/RT+vS/R, with vH = 425 þ 10 kJ mol31 and vS = 1.35 þ 0.02 kJ mol31 K31. (b) Arrhenius plot of
ku = ku;1+kf ;1. The continuous line is the best ¢t to ln ku = ln A3Ea/RT, with Ea = 210 þ 3 kJ mol 31. (c) Arrhenius plot of ku;1. The continuous line is
the best ¢t to ln ku;1 = ln A3Ea/RT, with Ea = 250 þ 10 kJ mol 31. Note that values at 52³C, 55³C and 60³C were determined experimentally (ku;1 = ku).
(d) Arrhenius plot of kf;1. The continuous line is the best ¢t to Eq. 4. The activation parameters derived from this ¢t are vG#

UN = 95.4 kJ mol31,
vS#

i = 2.1 kJ mol31 K31 and vC#
pi =333.3 kJ mol31 K31. The extrapolated kf ;1 (2.2U1034 s31) value at 52³C is represented by an open circle.
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the kinetics of substrate hydrolysis could also be computed
(Fig. 2).

At all substrate concentrations, the time-courses of x, y
and z correspond to the sums of two exponential func-
tions. The kinetics of EP and EPS* formation (Fig. 9),
i.e. enzyme denaturation, indicate that most of the enzyme
is inactivated under its free form (ECEP), and not as an
acyl^enzyme (ES*CEPS*). The kinetics (Fig. 9) of deple-
tion of the native (E+ES+ES*) enzyme species are in a
good agreement with the thermal inactivation curves
(Fig. 2) observed in the presence of the reporter substrate.
Indeed, at all substrate concentrations the value of the rate
constant for the ¢rst major phase (e.g. 97% amplitude and
k1 = 13U1033 s31 at 68 WM cefazolin) obtained in the
simulations is consistent with the value measured in the
inactivation experiments (ku = 12U1033 s31 at 68 WM ce-
fazolin). The second minor phase (2% amplitude and
k2 = 5U1034 s31 at 68 WM cefazolin) in the simulations,
however, is not observed in the kinetic experiments. This is
most likely due to both its very small amplitude and its
low rate constant value (t1=2W20 min). Close examination
of the kinetics of substrate hydrolysis (Fig. 2) indicates
that the vss/v0 ratios measured at all concentrations corre-
late well with the corresponding calculated values (Fig.
10). All these observations bring compelling evidence
that model 2 provides a good description of the inactiva-
tion phenomenon observed in the presence of substrate.

A series of alternative values was also tested for the
parameters for which only rough estimates could be ob-
tained (i.e. Km, ku;2 and ku;3, and hence KP, kf ;2 and kf ;3,
see above). Changing the value of Km (and hence KP and
kf;2) in a concentration range from 10 to 20 WM resulted in
no signi¢cant deviation between the simulated and calcu-

lated ku values, indicating that the relative uncertainty on
the Km value at 52³C has a negligible in£uence on the
simulation. In contrast to Km, ku;2 and ku;3 could not be
measured at any temperature, and thus had to be arbitra-
rily ¢xed. Simulations were performed with very di¡erent
values for these parameters, i.e. ku;2 = (0.1^60)U1032 s31

and ku;3 = (0.01^6)U1032 s31. In addition, Ku;3 was al-
lowed to vary between 0.4 and 10. No major deviation
from the experimental data is observed when ku;2 6 ku;1

and ku;3 6 ku;1/10. When 0.16 ku;3/ku;1 6 1, the simulations
indicate that the enzyme remains protected, but to a lesser
extend than observed experimentally. By contrast, there is
a strong discrepancy between the simulated and calculated
ku values when ku;2 or ku;3 are vku;1.

These important ¢ndings clearly demonstrate that when
the substrate is bound, covalently (ES*) or not (ES), the
enzyme is signi¢cantly stabilized towards heat-induced de-
naturation. This is consistent with our observation that,
with both the S. albus G and the S. aureus PC1 L-lac-
tamases, no protection is obtained at substrate concentra-
tions far below the Km, whereas maximum protection is
achieved at saturating concentrations.

For a three-state model (model 1) where two distinct
intermediate species occur, enzyme stabilization may be
associated with the enhanced thermal stability of both
the non-covalent complex (ES) and the covalent adduct
(ES*). With the S. aureus PC1 L-lactamase and both ce-
fazolin and cephaloglycin, the presence of a good C-3P
leaving group leads to acyl^enzyme accumulation [15].
Thus, the acyl^enzyme is the only signi¢cantly populated
species during hydrolysis of these substrates, i.e. [ES] is
negligible, and hence the intrinsic value of ku;2 is irrelevant
(with ku;2 6 ku;1). This contrasts, however, with the hydro-

Fig. 10. Measured (¢lled bars) and calculated (empty bars) vss/v0 ratios
as a function of cefazolin concentration. vss/v0 ratios were calculated on
the basis of model 2, with the parameter values given in Table 3 and in
the legend of Fig. 3.

Fig. 9. Simulated time-courses at 52³C of the native and unfolded en-
zyme species in the presence of 68 WM cefazolin. Model 2 and Eqs. 9^
17 were used, with the parameter values given in Table 3 and in the
legend of Fig. 3. The continuous line corresponds to x ( = E+ES+ES*),
the dashed line to y ( = EP) and the dotted line to z ( = EPS*).
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lysis of benzylpenicillin, for which Waley and co-workers
[14] showed that the rate constant values for acylation and
deacylation are approximately the same (k�2/k�3 = 1.8 at
20³C, pH 7). Consequently, in the presence of this sub-
strate, the stability of the S. aureus PC1 enzyme is con-
trolled by the stability of both ES and ES*.

Interestingly, the data in Table 1 show that the extent of
enzyme stabilization achieved with the di¡erent substrates
can vary signi¢cantly (t1=2 = 20^400 s at 55³C). Thus, data
obtained at 55³C clearly indicate that benzylpenicillin and
cephaloglycin are the most e¤cient substrates, whereas
6-aminopenicillanate and cefazolin are the poorest. This
e¡ect might, in principle, arise from a di¡erence in stabil-
ity between the non-covalent (ES) and the covalent (ES*)
adducts, which are populated to various extends at the
steady-state, depending on the substrate. This possibility
must, however, be discarded, since very similar ku values
are obtained with benzylpenicillin and cephaloglycin,
although they display very di¡erent [ES]/[ES*] ratios. On
the contrary, with both cephaloglycin and cephalothin, the
acyl^enzyme is by far the most populated species at the
steady-state (s 99% at saturating concentrations), but
nevertheless the two compounds have markedly di¡erent
e¡ects on the stability of the enzyme. In consequence, the
di¡erence in stability observed with the various substrates
tested is due, not to their di¡erent k2/k3 ratios but, more
probably, to their intrinsic binding properties.

2.4. Modelling the interactions with S. aureus
PC1 L-lactamase

The L-lactam molecules used in this study (Table 1)
were docked into the S. aureus PC1 active site. As previ-
ously described [37,38], the L-lactam carbonyl oxygen
atom was located in the oxyanion hole formed by the
backbone nitrogen atoms of Ser-70 and Gln-237, and the
carboxylate group (on C-3 or C-4 of penicillin and ceph-
alosporin substrates, respectively) was oriented towards
the side-chain amino group of Lys-234. With all com-
pounds, the energies of the corresponding non-covalent
complexes were minimized as described in Section 4, al-
lowing the total energy of interaction of the Henri^Mi-
chaelis complexes formed between the S. aureus PC1
L-lactamase and the various compounds to be computed.
The energy values given in Table 1 correspond to the
di¡erence between the energy of the optimized complex,
and the sum of the energies of the enzyme and the ligand,
taken in the conformation they adopt in the complex [37].
With class A L-lactamases, the opening of the L-lactam
ring induces no dramatic changes in the relative positions
of the various atoms involved in enzyme^substrate binding
[37,39^41]. Hence, for a given compound, the three com-
ponents of the total energy of interaction associated with
the formation of the Henri^Michaelis complex, i.e. van der
Waals, electrostatic and hydrogen bond, should not di¡er
signi¢cantly between ES and ES*, while the contribution

of the covalent bond is most likely independent on the
structure of the substrate. Thus, although the total ener-
gies of interaction at the level of the acyl^enzymes are
certainly di¡erent from those shown in Table 1, the rank-
ing of the di¡erent compounds should not be markedly
di¡erent. With cefazolin and cephaloglycin, calculations
were also performed in the absence of the respective
side-chains on C-3P. In both cases, the interaction energies
of the leaving groups (25 kJ/mol and 23 kJ/mol for cefa-
zolin and cephaloglycin, respectively), not present in the
acyl^enzyme, with the enzyme in the corresponding Hen-
ri^Michaelis complexes are negligible (178 kJ/mol and 231
kJ/mol for cefazolin and cephaloglycin, respectively).

There appears to be a good correlation between the
extent of stabilization observed with the di¡erent sub-
strates, and the magnitude of the corresponding energies
of interaction with the enzyme. As indicated by the dashed
line in Table 1, two groups of substrates can be clearly
distinguished. Thus, with the three less e¡ective com-
pounds (cefazolin, 6-aminopenicillanic acid and penicil-
lanic acid), the half-life (t1=2) of the inactivation process
at 50³C is enhanced by a factor of V4, and energy values
in the range of 150^180 kJ mol31 were calculated. By
contrast, signi¢cantly higher values (210^270 kJ mol31)
were obtained with ampicillin, nitroce¢n, cephaloglycin
and benzylpenicillin, which are much better stabilizing
agents (t1=2 at 50³C is enhanced by a factor s 40).

Interestingly, Rahil and Pratt [42] showed that the
S. aureus PC1 L-lactamase was signi¢cantly stabilized by
covalently bound transition-state analog inhibitors. The
results obtained here indicate, at least qualitatively, a sim-
ilar e¡ect with good substrates.

3. Signi¢cance

Although enzyme stabilization or destabilization upon
ligand binding is a well-known phenomenon, quantitative
data about the in£uence of substrates are relatively scarce,
because their concentration is due to change during the
course of measurement. Here, we were able to monitor
the thermal inactivation of the S. aureus PC1 L-lactamase
by directly following the decrease of the rate of substrate
utilization. Not unexpectedly, substrate concentrations
well below the Km value have no stabilizing e¡ect, but
protection increases with substrate concentration and
reaches a maximum under saturating conditions.

A model was used to simulate the kinetic traces ob-
tained for the hydrolysis of cefazolin at 52³C. The simu-
lations account for the experimental results in a satisfac-
tory manner, and the constants which could not be
directly determined (i.e. those characterizing the denatur-
ation rate of the Henri^Michaelis complex and of the
acyl^enzyme adduct) can be assigned values within a
rather wide variation range without a¡ecting signi¢cantly
the simulation. The e¤ciency of the protection is strongly
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substrate-dependent and correlates well with the calculated
energies of interaction of the various Henri^Michaelis
complexes, which also appear to be valid for the corre-
sponding covalent species. This is consistent with the view
[8,42^43] that the di¡erence in stability between the free
enzyme and the saturated ligand^enzyme complex quanti-
tatively measures the non-covalent energetic complemen-
tarity between the ligand and the enzyme.

4. Materials and methods

4.1. Enzymes and chemicals

The S. albus G (Mr = 29 500) L-lactamase preparation was that
used for the study of the substrate pro¢le [44], and the S. aureus
PC1 (Mr = 28 800) enzyme was kindly given by Dr R. Virden
(University of Newcastle upon Tyne, UK). L-Lactamase concen-
trations were determined using molecular extinction coe¤cients
of 32 750 and 19 870 M31 cm31 at 280 nm, for the S. albus G (A.
Matagne and J.M. Fre©re, unpublished data) and the S. aureus
PC1 [45] enzymes, respectively. Benzylpenicillin was from Rhoªne-
Poulenc (Paris, France), ampicillin was from Bristol Benelux
(Brussels, Belgium), 6-aminopenicillanic acid was from Beecham
Research Laboratories (Brentford, UK), cefazolin, cephaloglycin
and cephalosporin C were from Eli Lilly and Co. (Indianapolis,
IN, USA). Penicillanic acid was a gift from Professor P. Claes
and the late Professor H. Vanderhaeghe (Katholieke Universiteit,
Leuven, Belgium). Nitroce¢n was purchased from Oxoid (Basing-
stoke, UK).

All experiments were performed in 50 mM sodium phosphate
bu¡er, pH 7, with the addition of 5% glycerol and 5% ethylene
glycol in the case of the S. albus G L-lactamase. Bu¡er solutions
containing 0.1 mg ml31 of bovine serum albumin (BSA) were
used to dilute this enzyme below a concentration of 0.1 mg
ml31. BSA 0.1 mg ml31 was also used in the stopped-£ow kinetic
experiments performed with the S. aureus PC1 L-lactamase. With
both enzymes, the presence of BSA was shown not to in£uence
the kinetics (thermal inactivation and acyl^enzyme formation,
respectively).

4.2. Equilibrium unfolding transitions (S. aureus PC1)

Thermal unfolding curves of the free enzyme were obtained by
intrinsic £uorescence and catalytic activity measurements. Fluo-
rescence measurements were performed on a Perkin-Elmer LS50
spectro£uorimeter, with excitation and emission wavelengths of
280 nm and 335 nm, respectively, and using a protein concentra-
tion of V0.07 mg ml31 (2.4 WM). Enzyme activity was followed
by absorbance measurements on an UVIKON 860 spectropho-
tometer (Kontron Instrument). The enzyme was incubated at
various temperatures from 20³C to 60³C, using an enzyme con-
centration of V0.025 mg ml31 (0.9 WM). Samples were with-
drawn at regular time intervals, and the initial rate of 1 mM
benzylpenicillin hydrolysis (vOM =3775 M31 cm31 at 235 nm)
was rapidly determined at 30³C, before any signi¢cant refolding
could take place. The observation of a time-independent initial
rate indicated that equilibrium had been reached.

The equilibrium thermal unfolding curves obtained by both

methods were analyzed by assuming a two-state transition, and
the data were ¢tted using Eq. 5 [20]

y � f�N � pT� � �U � qT�U exp�a�g=f1� exp �a�g �5�

with a � vHmU��T=Tm�31�=RT

where Tm is the mid-point of the thermal unfolding curve, Tm = T
at vG = 0, and vHm is the enthalpy of unfolding at Tm.

4.3. Unfolding kinetics

Denaturation rate constants (ku) were derived by ¢tting the
kinetic traces to single exponential functions. In the absence of
substrate, the kinetics of thermal unfolding of the free S. aureus
PC1 enzyme (0.07 mg ml31) were followed by the decrease in
£uorescence emission at 335 nm, with excitation at 280 nm.
The thermal stability of the S. albus G L-lactamase was assayed
as described in [44].

In the presence of substrate, enzyme inactivation was followed
by monitoring the hydrolysis of the substrate, and using Eq. 6
[46]

�vt3vss�=�v03vss� � exp �3kuUt� �6�
where vt and v0 are the rate of transformation of the reporter
substrate at times t and 0, respectively, and vss is the rate of
transformation at the steady-state. Concentrations in the range
of 0.01^100 Wg ml31 (0.35^350 nM), and 0.02^2 Wg ml31 (0.7^70
nM) were used for the S. aureus PC1 and the S. albus G enzymes,
respectively, depending on both the temperature and the sub-
strate.

At non-saturating substrate concentrations, a correction was
introduced to account for the decrease in rate due to substrate
utilization during the inactivation reaction [46].

4.4. Determination of the kinetic parameters (S. aureus PC1)

In general, a complete time-course of the hydrolysis of the
substrate was recorded and the steady-state parameters (kcat

and Km) were derived as described in [46]. At the highest temper-
atures (40³C and 48³C), however, enzyme inactivation is not neg-
ligible over the experiment time scale, and initial rates were de-
termined and ¢tted to the Henri^Michaelis equation. In all
experiments, kcat values were also derived from initial rate mea-
surements at saturating substrate concentrations.

4.5. Determination of the ¢rst-order rate constant (k2) for
acylation (S. aureus PC1)

Using cefazolin as a substrate, acyl^enzyme formation was di-
rectly monitored at 263 nm, in the temperature range from 15³C
to 30³C. These experiments were carried out using a Bio-logic
SFM-3 stopped-£ow apparatus. In all experiments, cefazolin (6^
70 WM) was mixed with 5 WM enzyme and the kinetic data ¢tted
to:

A263 � BU exp�3kat� � vt �7�
where A263 is the absorbance at 263 nm, B is the size of the
`burst', ka is the pseudo ¢rst-order rate constant for acyl^enzyme
formation, and v is the rate of cefazolin hydrolysis when the
steady-state has been reached. Under these conditions and on
the basis of model 1, the dependence of ka on the concentration
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of substrate is given by Eq. 8:

ka � k3 � �k2U�S��=�K 0 � �S�� �8�

4.6. Analysis of the unfolding kinetics (S. aureus PC1)

The following model was used to account for the in£uence of
substrate on the ku value:

Under the experimental conditions where the in£uence of the
substrate concentration on thermal unfolding was analyzed in
detail, it could be considered that the steady-state was reached
in the catalytic branch (model 2) within the manual mixing dead-
time. Indeed, even at the lowest substrate concentration, the turn-
over number remained larger than 1 s31, while the ku;1 value is
less than 0.1 s31. Hence, the time-courses of the product (P), the
native (E+ES+ES*) and the denatured (EP and EPS*) enzyme
species are given by:

dx
dt
� Dy� Fz3Ax �9�

dy
dt
� �A3B�x3Dy �10�

dz
dt
� Bx3Fz �11�

dP
dt
� Gx �12�

where:

x � �E� � �ES� � �ES��; y � �E0�; z � �E0S��
and:

A � ��ku;1Uk3UK 0� � �ku;2Uk3U�S���

�ku;3Uk2U�S���=��k3UK 0� � �k2 � k3�U�S�� �13�

B � �ku;3Uk2U�S��=��k3UK 0� � �k2 � k3�U�S�� �14�

D � kf ;1 � �kf ;2U�S�� �15�

F � kf ;3 �16�

G � �kcatU�S��=�Km � �S�� �17�
The program GraFit 3.09 (Erithacus software) was used to

carry out linear or non-linear least-squares ¢tting of the data.
Simulations were performed with the help of the Berkeley-Ma-
donna 7.0.1. software (Kagi Shareware, Berkeley, CA, USA).

4.7. Molecular modelling

The crystallographic structure from the Brookhaven Protein
Data Bank (entry 3BLM) was used for the S. aureus PC1 L-lac-
tamase [47].

The structures of the L-lactam compounds were optimized by
the AM1 semi-empirical method, with the Ampac/Mopac module

of the INSIGHT II package (Molecular Simulations, Inc., San
Diego, CA, USA).

Each antibiotic structure was docked into the enzyme active
site, and the geometry of the corresponding Henri^Michaelis
complexes was optimized by total energy minimization with the
use of the molecular mechanics AMBER V 4.1 framework [48],
running on a Silicon Graphics Indy workstation. Standard point
charges on the amino acid residues and a distance-dependent
dielectric constant, O= Rij , were used for the calculation of the
Coulombic term. CH, CH2 and CH3 groups were treated as
united atoms. CNDO partial atomic charges on the ligands
were used. The bond lengths, angles, and ring dihedral angles
of the substrates were constrained to the AM1 values, while al-
lowing rotation around the free bonds, as described in [37].
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