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β-Lactamase-mediated resistance to β-lactam antibiotics poses a major
threat to our antibiotic armamentarium. Among β-lactamases, a significant
threat comes from enzymes that hydrolyze extended-spectrum cephalos-
porins such as cefotaxime. Among the enzymes that exhibit this phenotype,
the CTX-M family is found worldwide. These enzymes have a small active
site, which makes it difficult to explain how they hydrolyze the bulky
extended-spectrum cephalosporins into the binding site. We investigated
noncovalent substrate recognition and product release in CTX-M enzymes
using steered molecular dynamics simulation and X-ray diffraction. An
arginine residue located far from the binding site favors the capture and
tracking of substrates during entrance into the catalytic pocket. We show
that the accommodation of extended-spectrum cephalosporins by CTX-M
enzymes induced subtle changes in the active site and established a high
density of electrostatic interactions. Interestingly, the product of the
catalytic reaction initiates its own release because of steric hindrances and
electrostatic repulsions. This suggests that there exists a general mechanism
for product release for all members of the β-lactamase family and probably
for most carboxypeptidases.
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Introduction

Production of β-lactamases is the predominant
cause of resistance to β-lactam antibiotics in Gram-
negative bacteria. β-Lactamases are grouped into
four classes (classes A–D) on the basis of amino acid
sequences.1 Except for class B metalloenzymes, β-
lactamases belong to the family of serine-reactive
hydrolases.2 The hydrolytic process mediated by
these enzymes has been widely documented notably
in studies of β-lactamases.3–12 They act via a covalent
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intermediate.13 In β-lactamases, the acyl-enzyme
intermediate is formed between the β-lactammoiety
and the conserved active-site serine residue. The
acyl-enzyme intermediate is then hydrolyzed by a
reactive water molecule. Finally, the product of
hydrolysis is released, and the active site is regener-
ated for the next turnover.
Early β-lactam antibiotics, such as penicillins and

first-generation cephalosporins, are efficiently hy-
drolyzed by β-lactamases such as TEM-1, TEM-2,
or SHV-1.14 Extended-spectrum cephalosporins,
such as cefotaxime and ceftazidime, have been
developed to get around this resistance mecha-
nism. These molecules escape most β-lactamases
by the introduction of bulky C7β aminothiazol-
oxyimino amide side chains (Fig. 1) that make
them inherently less susceptible to β-lactamases.15

However, the therapeutic use of these β-lactams,
which are increasingly efficient and resistant to β-
lactamases, has been accompanied by the
d.
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Fig. 1. Structures of the intact and hydrolyzed β-lactam antibiotics benzylpenicillin and cefotaxime.
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appearance of a great diversity of β-lactamases
exhibiting an extended spectrum.
The evolution of β-lactamases observed in

clinical strains has been the focus of numerous
reviews.13,16–21 Class A extended-spectrum β-lacta-
mases (ESBLs) are most frequently encountered in
clinical isolates. These enzymes lead to treatment
problems in many clinical settings and significantly
increase mortality.22 First observed in 1983, the
class A ESBLs derived initially from the well-
known restricted-spectrum β-lactamases TEM-1,
TEM-2, and SHV-1 by one to four point mutations,
which extended their hydrolytic spectrum to extend-
ed-spectrum cephalosporins.13,17,20,21 These TEM-
type and SHV-type ESBLs had a major ecological
success during the 1980s and the 1990s.More than 100
variants have been characterized in bacteria isolated
mainly from immunocompromised patients who
developed hospital-acquired infections during their
stay in intensive care units.17 These enzymes have
been widely investigated in kinetics/modeling, site-
directed site saturation mutagenesis, random muta-
genesis, and crystallography studies.13,17,23–31 It
emerged from these investigations that TEM-type
and SHV-type ESBLs harbor one major substitution
(position 238, 164, or 179) in key elements of the
binding site: the Ω loop and the β-strand β3.13,21

These substitutions induced a clear displacement of
the Ω loop or the β-strand β3, widening the opening
to the binding site and potentially facilitating binding
of bulky cephalosporin antibiotics. However, β-
lactams have never been crystallized in complex
with TEM-type or SHV-type ESBLs.
A new subgroup of class A ESBLs, called CTX-M

enzymes, emerged in 2000 and is now the most
prevalent ESBL worldwide.16,32 They are implicated
in hospital-acquired and community-acquired infec-
tions13,33–35 and have been observed in highly
virulent bacteria such as neonatal meningitidis,
Escherichia coli, or Vibrio cholerae.36,37 Consequently,
the CTX-M family warrants attention for the future
design of novel antibiotics or inhibitors. They differ
from most β-lactamases by increased hydrolytic
activity against cefotaxime.16 Accordingly, CTX-M
enzymes have unique amino acid sequences, with
70% or higher identity within the subgroup, yet
exhibit only 40% or less identity with other class A β-
lactamases, indicating that their ability to hydrolyze
extended-spectrum cephalosporins is an intrinsic
enzymatic property of the subgroup and not the
result of point mutations.16 CTX-M enzymes have
been studied by site-directed mutagenesis,38–43

which revealed the involvement of both residues
Ser237 and Arg276 in extended-spectrum activity.
An important step in the understanding of catalytic
mechanism was the determination of the crystal
structures of CTX-M-9, CTX-M-14, CTX-M-16, CTX-
M-27, and CTX-M-44 (also designated as Toho-1).
These enzymes have been crystallized as apoen-
zymes or in covalent complexes with β-lactams
(Toho-1), or as transition-state analogs (CTX-M-9),
which represent the enzyme as it progresses from its
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acylation transition state to its acyl-enzyme state to
the deacylation transition state.4,6,40,44–46 These
investigations showed that two key catalytic resi-
dues, Lys73 and Glu166, change conformations
along the reaction coordinate. However, there is no
evidence that these changes in conformation are
implicated in extended-spectrum activity. A shift of
the Ω loop has also been observed in the acyl-
enzyme structure of the Toho-1 mutant E166A in
complex with cefotaxime.46 However, opinions on
the involvement of this shift in extended-spectrum
activity differ because substitution E166A, which
was introduced in the enzyme to capture cefotaxime
in the form of acyl enzyme, itself induced a shift of
theΩ loop. Themechanism of accommodation of the
extended-spectrum cephalosporin cefotaxime in the
small binding site of CTX-M is therefore still not
elucidated.
Class A β-lactamases have been described as

“perfect enzymes,” and part of their proficiency
probably arises from being able to distinguish
between substrates and products.45,47 However, the
structures of the Michaelis complex and product–
enzyme complexes have been determined neither for
CTX-M enzymes nor for other class A enzymes. The
corresponding catalytic steps are critical. Substrate
recognition determines the efficiency of acylation.
Product release determines the absence of inhibition
by the product, which is a key behavior of β-
lactamases. Although efforts to capture the crystal
structures of the Michaelis complex and enzyme–
product complexes have proven to be mechanisti-
cally illuminating and provide clues for rational
drug design,48–51 the structural aspects of the early
and late steps of catalytic processes are often left
uninvestigated because of the inherent difficulties
involved.
Steered molecular dynamics (SMD) is a novel

approach of molecular modeling to investigating the
biochemical processes occurring at a microsecond or
Fig. 2. Snapshots of the relative positions of cefotaxime an
along the pathway that passes by the top of the active site. (a
hydrogen bonds with the C4 carboxyl group of cefotaxime. (b
hydrogen bondswith the C4 carboxyl group and the C3methyl
accommodated into the binding site. The hydrogen bonds are
yellow for the protein or in green for the adduct; oxygen atom
second timescale and, therefore, are not accessible to
either experimental methods or conventional mo-
lecular dynamics simulations. SMD adopts a similar
approach to atomic force microscopy52,53 for the
investigation of protein–ligand interactions by
means of computational simulations. A time-depen-
dent external force, which simulates the force probe
in atomic force microscopy, is applied to the ligand
to facilitate its unbinding/binding with the protein.
From the accelerated movement of the ligand, SMD
simulation can examine the response of proteins to
the association or dissociation of ligands. Although
still under development, SMD has already been
used in a few studies to investigate ligand binding/
unbinding, ligand diffusion, and the elastic proper-
ties of biomolecular systems.54–59 Unfortunately, the
results were rarely validated by experimental
methods and never validated by the experimental
determination of structures.
In this work, we investigated substrate recognition

and product release in CTX-M enzymes, using SMD
and crystallography, to extend our understanding of
binding and unbinding processes in enzymes of
major therapeutic interest. SMD and crystal struc-
tures revealed corresponding insights for substrate
trapping, recognition, and product expulsion.
Results

SMD simulations of substrate entrance into the
CTX-M-9 binding site

During the early steps of cefotaxime accommoda-
tion, SMD simulations brought to light electrostatic
interactions between the C4 carboxyl group and the
C3 methyl acetate group of cefotaxime and Arg276
guanidinium functions unexpectedly because this
residue is located at the surface of the enzyme far
d the CTX-M-9 enzyme throughout the SMD simulation
) Time, 60 ps: the Arg276 guanidinium group established
) Time, 140 ps; the Arg276 guanidinium group established
acetate group of cefotaxime. (c) Time, 220 ps; cefotaxime is
shown in purple dotted lines. Carbon atoms are shown in
s are shown in red, and nitrogen atoms are shown in blue.
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from the binding site (Fig. 2a and b). These inter-
actions were associated with a low pulling force,
suggesting that they favored the entrance of cefotax-
ime into the binding site. The entry of cefotaxime
continued, and hydrogen bonds with Ser237 hy-
droxyl function were established (Fig. 2b). Finally,
cefotaxime was positioned in the binding site, and
established electrostatic interactions were conserved
in the acyl-enzyme structures of CTX-Ms.6,46 Cefo-
taxime C4 carboxylate function interacted with
Ser130, Thr235, and Ser237 side chains (Fig. 2c).
The C7β amide function of cefotaxime interacted
with the O atom of Ser237 and the side chains of
Asn132 and Asn104. These canonical interactions
were not conserved in the SMD simulation per-
formed with the CTX-M-9 mutant Arg276Gly,
suggesting that Arg276 helps the trapping and
insertion of cefotaxime in the binding pocket.
Interestingly, the accommodation of cefotaxime

into the binding site was accompanied by an
enlargement of the binding site between Asn170
and Asp240. The distance between Cα atoms of
these residues increased as a result of cefotaxime
binding (7.3±0.4 Å versus 6.3±0.3 Å) (Fig. 3). This
shift broke the hydrogen bond between the O atoms
and the N atoms of residues 170 and 240, which is
conserved in all crystal structures of class A β-
lactamases. This widening of the active site may be
specific for cefotaxime binding, which would
explain how this molecule is accommodated into
the small binding site of CTX-M.
Fig. 3. Superimposition of snapshots of the beginning
(carbon atoms for the CTX-M-9 enzyme are shown in
cyan) and the end of the SMD simulation (carbon atoms
for the CTX-M-9 enzyme are shown in yellow). A shift of
the β3 strand is observed when cefotaxime (green) is
accommodated into the binding site.
Trapping of substrates in the crystal structure of
CTX-M-9 S70G

To confirm the molecular modeling results, we
undertook the capture of two intact β-lactams—the
bulky cephalosporin cefotaxime and the small
substrate benzylpenicillin—in the binding site of
the CTX-M-9 mutant S70G. This mutant did not
exhibit significant hydrolytic activity against ben-
zylpenicillin and cefotaxime (kcatb0.1 s− 1), as
expected, because Ser70 is responsible for the
nucleophilic attack against the carbonyl carbon of
β-lactams, which forms a covalent bond with the
substrate, resulting in the acyl enzyme.

Overall crystal structures

The crystal structures of CTX-M-9 S70G alone
(3HRE) and in complexwith intactβ-lactams (3HLW
and 3HVF) were determined at high resolution
(Table 1). Two monomers were observed in the
crystallographic asymmetric unit. The final Rwork
and Rfree values of the refined structures varied from
14.8% to 16.0% and from 18.1% to 19.9%, respective-
ly. Electronic density maps confirmed the presence
of Ser70Gly substitution. The root-mean-square
deviation (RMSD) for Cα active-site atoms was
0.21 Å between the monomers of the mutant S70G
and the parental enzyme (2P74). No significant
displacement of the major elements of binding,
such as β-strand β3 and the Ω loop, was observed.
The substitution Ser70Gly did not therefore modify
the shape of the catalytic pocket significantly.
The electron density for ligands was clearly

defined in the complexed structures. Following
refinement, a simulated annealing omit map of the
area surrounding the ligands was calculated and
showed an unambiguous positive difference density
for the compounds when contoured at 2σ (Fig. 4;
Fig. S1). The ligands exhibited identical or similar
occupancies in each monomer of the asymmetric
unit. Two electron densities were compatible with
cefotaxime in the vicinity of the binding site: one
was located in the catalytic pocket, and the other
was located at the entrance of the binding site. The
RMSDs of the Cβ positions between the complexed
structures and the apoenzyme varied from 0.08 Å to
0.18 Å, suggesting that β-lactam insertion did not
induce dramatic modifications to the enzyme.

Analysis of cefotaxime molecule located at the
entrance of the binding site

Surprisingly, a molecule of cefotaxime was
observed at the entrance of the binding site, in the
vicinity of residues 276, 274, 104, and 105. The C4
carboxylate function of cefotaxime shared an ionic
bond with the Arg276 side chain (2.8 Å; Fig. 5c).
The interaction observed between Arg276 and
cefotaxime emphasized the role of Arg276 in the
capture of cefotaxime from the solvent during the
early step of the catalytic process, as suggested by
SMD experiments.



Table 1. Data collection and refinement statistics

CTX-M-9 S70G
CTX-M-9 S70G/

cefotaxime
CTX-M-9 S70G/
benzylpenicillin

CTX-M-9S70G/hydrolyzed
benzylpenicillin

Data collection
Space group P21 P21 P21 P21
Cell dimensions

a, b, c (Å) 45.07, 106.29, 47.54 45.10, 106.56, 47.50 45.21, 106.78, 47.65 45.22, 106.94, 47.83
α, β, γ (°) 90.00, 102.17, 90.00 90.00, 101.92, 90.00 90.00, 101.69, 90.00 90.00, 106.76, 90.00

Resolution (Å) 50–1.40 (l.45–1.40)a 50–1.50 (1.55–1.50) 50–1.35 (1.40–1.35) 50–1.50 (1.55–1.50)
Rmerge 0.047 (0.180) 0.059 (0.064) 0.055 (0.241) 0.073 (0.231)
〈I〉/〈σ(I)〉 22.4 (5.4) 13.6 (11.5) 13.1 (2.1) 13.4 (3.5)
Completeness (%) 96.2 (91) 89.0 (99.6) 98.5 (90.5) 99.8 (99.4)
Redundancy 4.9 (4.8) 3.6 (3.9) 3.0 (2.5) 4.0 (3.9)

Refinement
Resolution (Å) 42.6–1.5 5.0–1.5 34.1–1.5 34.2–1.5
Number of reflections 74,760 59,132 70,141 70,690
Rwork/Rfree 0.156/0.184 0.160/0.199 0.148/0.181 0.146/0.176
Number of atoms

Protein 4059 4023 4078 4052
Ligand/ion 15 120 139 48
Water 938 671 690 793

B-factors
Protein 18.3 10.0 9.5 8.8
Ligand/ion 10.9 16.2 10.8 10.4
Water 23.1 24.5 22.9 22.9

RMSD
Bond lengths (Å) 0.008 0.009 0.014 0.012
Bond angles (°) 1.536 1.892 1.238 1.989
a Values in parentheses are for the highest-resolution shell. One crystal was used for each data set.

Fig. 4. Stereo views of active-site electron density for the CTX-M-9 complex structure with benzylpenicillin (a),
cefotaxime (b), and hydrolyzed benzylpenicillin (c), and for the CTX-M-9 apoenzyme (d). Monomer A is represented for
each complex. The 2Fo−Fc electronic density of the refined model of CTX-M-9, contoured at 1σ, is shown in blue, and the
simulated-annealing omit electron density of the ligand, contoured at 2σ, is shown in red. Carbon atoms are shown in
green for the protein or in yellow for the adduct; oxygen atoms are shown in red, and nitrogen atoms are shown in blue.
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Fig. 5. Key polar interactions observed with crystallographic structures between CTX-M-9 and benzylpenicillin (a),
cefotaxime in the binding site (b), and cefotaxime at the entrance of the binding site (c). Carbon atoms are shown in green
for the protein or in yellow for the adduct; oxygen atoms are shown in red, and nitrogen atoms are shown in blue.

Fig. 6. Superimposition of the crystallographic struc-
ture of the CTX-M-9 S70G apoenzyme with its complex
structure containing cefotaxime. Carbon atoms are shown
in cyan for the apoenzyme CTX-M-9 S70 and in green for
the complex with cefotaxime. Oxygen atoms are shown in
red, and nitrogen atoms are shown in blue. The broken
lines indicate atoms that are located within hydrogen-
bond distance (the interaction between the methoxyimino
group of cefotaxime and residue Pro167 is shown in red).
The opening of the binding site in CTX-M-9 in complex
with cefotaxime is visualized by the increase in distance
between the Cα atoms of residues Asn170 and Asp240.
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Binding site modification induced by substrate
accommodation

The overlay of the apoenzymewith the cefotaxime-
complexed structure revealed a shift of 0.40 Å and
0.54 Å of the Cα atoms of Asn170 and Asp240,
respectively (Fig. 6; Fig. S2). This shift increased the
0.8-Å distance between both residues, breaking the
conserved hydrogen bond between residues 170 and
240 in the cefotaxime/enzyme complex, as previous-
ly observed in SMD experiments. This change in
conformation was not observed for the structure in
complex with benzylpenicillin. The hydrogen bonds
between the other key residues of the binding site
were similar in the two crystal structures (Table S1).
Cefotaxime accommodation therefore induced a
change in conformation in the binding pocket in the
vicinity of residues Asn170 and Asp240, which are
located on key structural elements: theΩ loop and β-
strand β3, respectively.
Another interesting difference between the peni-

cillin complex and the cefotaxime complex was
observed in the upper part of the binding site, in the
vicinity of residue 105. The Tyr105 side chain shifted
toward the dihydrothiazole ring of cefotaxime (Fig.
S2). The center of the Tyr105 aromatic ring was at
3.5 Å from the C2 atom of cefotaxime, whereas the



Fig. 7. Snapshots of the relative positions of hydro-
lyzed cefotaxime and the CTX-M-9 enzyme throughout
the SMD simulation along the pathway that passes by the
bottom of the binding site. (a) Time, 77 ps. (b) Time, 89 ps.
Carbon atoms are shown in yellow for the protein or in
green for the adduct; oxygen atoms are shown in red, and
nitrogen atoms are shown in blue.
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corresponding distance was 5 Å for benzylpenicillin.
This interaction between the Tyr105 side chain and
cefotaxime looked like π-stacking or a strong van
der Waals interaction.
Overall, the Ω loop and β-strand β3 separated in

the vicinity of residues 240 and 170 for the
accommodation of the bulky C7β methoxyimino
substituent of cefotaxime, and the loop harboring
Tyr105 closed the other side of the binding site to
favor interactions with the dihydrothiazole ring of
the substrate.

Comparison of the interactions between the binding
site and intact β-lactams

We compared the interactions of cefotaxime and
benzylpenicillin with the CTX-M-9 binding site.
Electrostatic interactions, previously identified as
critical for hydrolytic activity,13,60 were observed for
both substrates (Fig. 5a and b). The oxygen atom of
the β-lactam rings was located in an oxyanion hole
formed by Ser70N and Ser237N; C6/C7 amide
function of substrates interacted with the residues
at positions 104, 132, and 237, and C3/C4 carbox-
ylate functions interacted with residues 130, 234,
and 235.
However, the C4 carboxylate function of cefotax-

ime shared an additional hydrogen bond with
Ser237Oγ. The C4 carboxylate function of cefotaxime
therefore shared electrostatic interactions with four
residues of the catalytic pocket and with only three
residues for the C3 carboxylate function of benzylpe-
nicillin. This difference is explained by the confor-
mation of the carboxylate function, which is harbored
by the sp2 carbon atom (planar conformation) in
cefotaxime and by the sp3 carbon atom (tetrahedral
conformation) in benzylpenicillin (Fig. 1).
The benzyl ring of benzylpenicillin and the

aminothiazol ring of cefotaxime were accommodat-
ed in close proximity to β-strand β3. The plane of
both aromatic rings was parallel with β-strand β3
and established a π-stacking-like interaction with
the peptide bond of residues 238 and 240. The
aminothiazol ring of cefotaxime established an
additional hydrogen bond with Asp240Oδ1, and
the methyl group of the methoxyimino group of
cefotaxime was positioned at a hydrogen-bond
distance of Pro167O (3.1 Å).61 Overall, enzyme–
substrate interactions were notably more numerous
for cefotaxime than for benzylpenicillin.

SMD simulations of product release from the
CTX-M-9 binding site

The release of hydrolyzed cefotaxime was then
investigated by SMD simulations. Cefotaxime C8
carboxylate function, which results from the hydro-
lysis of the β-lactam ring, slightly moved away from
the oxyanion hole because of ionic interaction with
the Lys73 side chain. Interestingly, the dihydrothia-
zole ring of cefotaxime rotated 180° over the β3
strand because of an electrostatic repulsion between
the C4 and the C8 carboxylate functions of the
compound (Fig. 7a). This rotation disrupted inter-
actions with residues Thr235 and Ser237, and
coincided with the start of the expulsion of the
hydrolyzed molecule from the binding site. The
release of cefotaxime continued, and the Asn104 side
chain established a hydrogen bond with the C8
carboxylate function (Fig. 7b). This interaction was
associated with a major decrease in applied force,
suggesting that it favors the expulsion of the
compound. Accordingly, the SMD simulation per-
formed under the same conditions with the mutant
Asn104Gly showed a significant increase in the area
under the curve for applied force (AUCF=12,668 pN
ps versus 9764 pN ps; pb0.01).

Crystal structure of CTX-M-9 in complex with
hydrolyzed β-lactams

To confirm the result obtained by molecular
modeling, we crystallized the hydrolyzed forms of



Fig. 9. Key polar interactions observed with crystallo-
graphic structures between CTX-M-9 and hydrolyzed
benzylpenicillin. Carbon atoms are shown in green for the
protein or in yellow for the adduct; oxygen atoms are
shown in red, and nitrogen atoms are shown in blue.
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both cefotaxime and benzylpenicillin in complex
with CTX-M-9 S70G. Only the hydrolyzed form of
benzylpenicillin was trapped in a crystal structure.
Its resolution was 1.5 Ǻ. Figure 8 shows the CTX-M-
9 S70G active site in complex with intact and
hydrolyzed benzylpenicillin. The thiazolidine ring
of the hydrolyzed product rotated 70°, as observed
in SMD experiments (Fig. S3). Consequently, the
product of the catalytic reaction lost electrostatic
interactions between its C3 carboxylate function and
residues Ser130 and Lys234.
Another feature was C8 carboxylate function,

which replaced the carbonyl function of the β-
lactam ring. Its first oxygen atom was within
hydrogen-bond distances of Ser70N and Ser237N
(Fig. 9; Table S1). The second interacted with
Lys73Nζ, as observed in a previous SMD experi-
ment during the early steps of product release. The
overlay of CTX-M-9 S70G structure with CTX-M-9
apoenzyme (2P74) revealed steric hindrance be-
tween the second oxygen atom of the C8 carbox-
ylate function and the Ser70 side chain (0.7–1.3 Å
from Ser70Oγ; Fig. S4). This steric hindrance and
the loss of electrostatic interactions could be the
key elements in product release. The structural
elements involved in this process are conserved in
Fig. 8. Superimposition of CTX-M-9 S70G structures in
complex with native and hydrolyzed benzylpenicillin.
Carbon atoms are shown in yellow for CTX-M-9 S70G in
complex with native benzylpenicillin and in magenta for
the complex structure with hydrolyzed benzylpenicillin;
oxygen atoms are shown in red, and nitrogen atoms are
shown in blue. The arrow shows the rotation of the five-
member ring harboring the C3 carboxylate function.
all product–enzyme interactions of serine-reactive
β-lactamases.
Discussion

Our aim was to capture snapshots of CTX-M β-
lactamases during the early and late steps of the
catalytic reaction to understand their extended-
spectrum activity and to provide structural data
for inhibitor discovery. The high-resolution crystal
structures associated with SMD simulations explain
how the bulky β-lactam cefotaxime is accommodat-
ed by the small active site of CTX-M enzyme and the
mechanism responsible for product release, which is
probably conserved in serine-reactive β-lactamases
and closely related enzymes such as serine-reactive
peptidases. Overall, these data show the mechan-
isms that distinguish between substrates and pro-
ducts, a key factor of catalytic efficiency.

Capture of substrates from solvent

Residue Arg276 is conserved in all CTX-M
enzymes. The Arg276 side chain is located at the
surface of the protein and exhibits numerous
different conformations from one crystal structure
to another, suggesting that this residue is very
mobile. Arg276 in CTX-M-9 S70G is too far from
the binding site to share a direct hydrogen bondwith
the substrates inserted in the binding site, as
observed with Toho-1 enzyme. Although the in-
volvement of Arg276 in the catalytic process is well
established in CTX-Ms, the role of Arg276 enzyme is
not well understood. SMD simulations suggested
that Arg276 acts as a mobile electrostatic arm that
tracts cefotaxime from the solvent to the binding site.
The process of tracking involved direct electrostatic
interactions of Arg276 with the C3 acetyl group of
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cefotaxime and with C4 carboxylate function, which
is conserved in β-lactamases. Accordingly, the CTX-
M-9 S70G crystal structure in complex with cefotax-
ime showed direct electrostatic interactions between
Arg276 and the C4 carboxylate function of the
substrate located at the entrance to the binding site.
The C4 and C3 substituents form a strong negative
molecular electrostatic potential (MEP) (Fig. S5),
which can be targeted by the positively charged
group of residue Arg276. Our results suggest,
therefore, that Arg276 favors the capture and
tracking of substrates during the entrance process
in the catalytic pocket and can explain the decrease
in activity against cefotaxime of the CTX-M enzymes
mutated at position 276.41

Cefpirome, which differs from cefotaxime in terms
of the C3 substituent and a higher Km value for CTX-
M enzymes, exhibits a different MEP because of its
C3 positively charged substituent. Likewise, cefta-
zidime, which is a poor substrate of CTX-M
enzyme,16 exhibits a MEP close to that of cefpirome
(Fig. S5). The MEP and therefore the C3 substituent
of cefotaxime could be involved in the hydrolytic
efficiency of CTX-M against cefotaxime because they
favor the efficient capture of the molecule from the
solvent. The C2 substituents of benzylpenicillin are
not positively charged, consistent with the Km value
of this ligand (Fig. S5).
β-Lactams are nonribosomal peptides that mimic

the D-alanyl-D-alanine motif of the peptidoglycan
substrate of D-Ala-D-Ala carboxypeptidases and can
inhibit these enzymes. The D-Ala-D-Ala carboxypep-
tidase of Streptomyces lividans (Streptomyces strain
R61) is the prototype of D-Ala-D-Ala carboxypepti-
dase B.2 The structures of this enzyme noncova-
lently complexed with a fragment of peptidoglycan
and a peptidoglycan-mimetic penicillin show that
the carboxylic group of these molecules interacts
with Arg285, which is located in the roof of the
binding site.49,62 Likewise, arginines 250 and 248 in
oxacillinase OXA-10 and E. coli PBP5, respectively,
are located in the same area as Arg276 in CTX-Ms
(Fig. S6). The side chains of these four residues,
Arg285, Arg250, Arg248, and Arg276, are located
near the area where the C3 group of cephalosporins
could lodge (Fig. S6). These arginine residues may
therefore be functional analogs. The mechanism of
substrate entrance assisted by an arginine, reported
here for CTX-M-9, may be common to other serine-
reactive peptidases and also to other enzymes such
as D-amino acid oxidase, in which the mobile and
positively charged group of the arginine side chain
is involved in substrate capture.63

Binding of cefotaxime in the CTX-M active site

SMD and the crystal structures showed an
enlargement of the catalytic pocket when cefotaxime
was accommodated into the CTX-M binding site.
The Ω loop (residues 160–181) and β-strand β3
(residues 229–240), which are walls of the catalytic
pocket, drew apart in the vicinity of residues 170 and
240. The shift caused the rupture of the hydrogen
bond between residues 170 and 240. This bond is
observed in the crystal structure of the apoenzyme
CTX-M-9 S70G in complexwith benzylpenicillin and
in the crystal structure of the acyl enzyme of the
Toho-1 E166A mutant in complex with cefotaxime.
This hydrogen bond connects domains α and α/β of
β-lactamases and is conserved in the crystal struc-
ture of all other crystal structures of class A β-
lactamases, including TEM-type/SHV-type ESBLs.
In these latter ESBLs, substitution of residue 238
induces displacement of β-strand β3, which widens
the opening to the binding site even in the absence of
the substrate. In CTX-M enzymes, the bulky sub-
strate cefotaxime induced a change in conformation.
Structural elements specific for CTX-M enzymes,
such as the absence of a hydrogen bond in theΩ loop
between residues Phe160 and Thr181 and the
unusually high number of Gly residues in the β3
strand of CTX-M enzymes,16,60 can explain this
unusual flexibility of the catalytic pocket to accom-
modate cefotaxime. Unlike cefotaxime, benzylpeni-
cillin induced no significant change in the catalytic
pocket. The large size of cefotaxime explains this
difference in behavior.
Another important difference is the high density of

electrostatic interactions shared by the catalytic
pocket with cefotaxime. In comparison with benzyl-
penicillin, three additional connectionswith residues
Ser237, Asp240, and Pro167 are observed at both
ends of the molecule. In addition, the shift of Tyr105
favored close contact with the six-member ring of
cefotaxime. These interactions probably play a
significant role in the initiation of the catalytic pocket
opening and stabilize the bulkymolecule cefotaxime.

Effect of Ser274Arg substitution on the substrate
accommodation of cefotaxime

Toho-1 is a CTX-M-type β-lactamase that has been
crystallized as acyl enzyme in complex with
cefotaxime.46 The C7 aminothiazol methoxyimino
group of cefotaxime is rotated 180° in comparison
with our Michaelis complex (Fig. S7). The compar-
ison of the two structures suggests that this
difference is due to the replacement of serine at
position 274, which is observed in most CTX-M
enzymes, by an arginine in Toho-1. The Arg274 side
chain points toward the binding site in close
proximity to β-strand β3 and can promote the
rotation of the C7 aminothiazol methoxyimino
groups of cefotaxime.

Product release from the CTX-M binding site

During the hydrolytic process, the carbonyl
function of β-lactams is replaced by the C8
carboxylate function. The superposition of CTX-M-
9 apoenzyme with CTX-M-9 S70G in complex with
hydrolyzed penicillin revealed that this C8 substit-
uent is only 0.7–1.3 Å away from the Ser70 side chain
of apoenzyme. This would prevent the formation of
a stable complex between the apoenzyme and the
product of the catalytic reaction and would favor the
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release of the product from its binding to the
oxyanion hole. This is supported by the enzyme–
product structure of the D-Ala-D-Ala carboxypepti-
dase of S. lividans, in which the structural analog of
the C8 carboxylate function is out of the oxyanion
hole. Our SMD simulations and the corresponding
crystal structure suggest that this release from the
oxyanion hole may also be assisted by the electro-
static interactions between the C8 carboxylate
function and residues Lys73 and Ser130.
In both SMD simulations and CTX-M-9 S70G

crystal structure in complex with hydrolyzed peni-
cillin, the C4-carboxylate-harboring ring of the
hydrolyzed molecule rotates in relation to the intact
molecule in the Michaelis complex. This rotation is
explained by an electrostatic repulsion between the
C8 carboxylate function and the C4 carboxylate
function of the hydrolyzed β-lactam. Consequently,
the molecule loses most electrostatic interactions
with a key electropositive region of the CTX-M-9
binding site (Ser130, Lys234, Thr235, and Ser237).
This rotation has also previously been observedwith
hydrolyzed cephalothin in the crystal structure of
AmpC.3 This movement, which has now been
shown to take place in both class A and class C β-
lactamases despite the great differences between
these β-lactamase families, is probably common to
serine-reactive β-lactamases. Likewise, the struc-
tures of the D-Ala-D-Ala carboxypeptidase of S.
lividans, noncovalently complexed with a fragment
of a cell-wall precursor in both enzyme–substrate
and enzyme–product forms, also show a 110°
rotation of the carboxylate group resulting from
substrate hydrolysis compared to the Michaelis
complex.49 The conformational change in peptide
product leads to the loss of hydrogen bonds with the
oxyanion hole. The mechanism of product release is
probably therefore similar to that in other serine-
reactive peptidases, as it is chemically encoded by
the differences in structure between substrates and
products: hydrolysis of the substrate forms a second
and repulsive carboxylate, inducing a dramatic
rotation of one of the two carboxylate groups,
wrenching apart what used to be key interactions
and thereby releasing the product.

SMD simulation is a useful tool for exploring the
catalytic process

SMD simulation is based on the application of
external force to the ligand in order to accelerate its
unbinding/binding with proteins. However, in
reality, the encounter between the enzyme and the
substrate and the release of the product are
diffusional processes. Despite this, most results
obtained from SMD simulations are in agreement
with the crystal structures. The implication of
Arg276 in the entry of cefotaxime, the opening of
the binding site induced by cefotaxime, and the
rotations of carboxylate groups after hydrolysis of
the substrate were observed with both types of
experiments. To our best knowledge, this is the first
time that SMD results have been extensively
confirmed by structural data obtained with an
experimental method. SMD, in combination with
crystallography, is a useful tool for exploring
catalytic processes because it completes crystallo-
graphic data with a dynamic view of the enzymatic
process.
In summary, three key points emerge from our

experiments. The cefotaximase CTX-Ms, which have
a small active site, recognize the cefotaxime mole-
cule because of the flexibility of their active site and
an extensive network of electrostatic interactions.
We highlight the role of arginyl residues in the
capture of ligands. We also propose a mechanism of
product release in which the structure of the
products induces their own expulsion from the
active site. These results can help in the discovery of
inhibitors and in the design of β-lactam antibiotics
that escape β-lactamases.

Materials and Methods

Enzyme expression and purification

Substitution of the active serine (Ser70) by an inactive
Gly residue was performed in CTX-M-9 by site-directed
mutagenesis using a CTX-M-9-producing pET-9a-based
expression vector. DNA sequence was checked by gene
sequencing. The mutated protein, designated CTX-M-9
S70G, was expressed in E. coli BL21(DE3) (Novagene), as
previously described.44 Briefly, E. coliwas inoculated in 2×
YT medium (Qbiogene, Irvine, CA) supplemented with
30 μg/mL kanamycin for aerobic growth at 37 °C up to an
A600 of 0.8. Expression was induced for 36 h at 30 °C with
0.2 mM isopropyl-β-D-thiogalactopyranoside (Sigma
Chemical Co., St. Louis, MO). Bacteria were harvested
with 20 mM 4-morpholineethanesulfonic acid–NaOH
(pH 6.0). Cell pellet was disrupted by one cycle of freezing
and thawing, followed by sonication. After centrifugation
(10,000g for 10 min and 18,000g for 60 min at 4 °C), the
clarified supernatant was loaded onto an ion-exchange
CM-Fast Flow column [100 mL (Amersham Pharmacia
Biotech, Orsay, France) equilibrated with 4-morpholi-
neethanesulfonic acid–NaOH 20 mM (pH 6.0)]. Proteins
were eluted with a linear NaCl gradient (0–150 mM). The
β-lactamase-containing elution peak was loaded on a gel-
filtration Superose 12 column (25 mL; Amersham Phar-
macia Biotech) and eluted with a 5 mM Tris–HCl (pH 7.0)
and 50 mM NaCl buffer. The protein was concentrated by
ultrafiltration to 10 mg/mL for crystallization. The protein
concentration was estimated by the Bio-Rad protein assay
(Bio-Rad, Richmond, CA). Homogeneity was estimated to
be more than 98% by SDS-PAGE.

Crystallization

Crystals of CTX-M-9 S70G were obtained by vapor
diffusion in hanging drops, using microseeding techni-
ques. An equal volume of 1.2 M potassium phosphate
buffer (pH 8.2) was added to a solution of 10 mg/mL
protein in 5 mM Tris–HCl (pH 7.0) and 50 mM NaCl, as
previously described.6 Crystals appeared within 24–48 h
of equilibration at 20 °C and were soaked overnight at
20 °C with hydrolyzed and native β-lactams in 1.2 M
potassium phosphate buffer (pH 8.2). Benzylpenicillin
(Panpharma) and cefotaxime (Aventis) were used at a
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concentration of 50 mM. Hydrolyzed β-lactams were
obtained by a 24-h incubation with CTX-M-9 at 30 °C
and were used at 50 mM. Crystals were cryoprotected
with 30% sucrose in 1.2 M potassium phosphate (pH 8.2)
and flash frozen in liquid nitrogen.
Data collection and structure determination

Data were collected on beamline ID23-1 of the European
Synchrotron Radiation Facility (Grenoble, France). Reflec-
tions were indexed, integrated, and scaled using the HKL
software package.64 The crystals belonged to space group
P21, with two molecules in the asymmetric unit. Phases
were calculated by molecular replacement with the
program MolRep65 of the CCP4 package,66 using the
apoenzyme structure of CTX-M-9,4 with water molecules
and ions removed. The structures were refined with the
program Refmac567 of the CCP4 package and with Coot.68

Cross-validation was used throughout, and 5% of the data
was used for Rfree calculation. The stereochemical quality
of the models was monitored with the PROCHECK
program,69 and the figures were generated by PyMOL.70

Among the residues, 91.3–91.9%, excluding proline and
glycine, were in the favored region, and 7.3–7.8% were in
the allowed region of the Ramachandran plot.71
Molecular modeling

The starting structure for simulationswas taken from the
ultra-high X-ray structure of CTX-M-9.4 The GROMACS
package72 and the geometric and charge parameters of the
OPLSAA force field were used to carry out all energy
minimizations and molecular dynamics simulations. To-
pology and RESP charges of β-lactamswere obtained from
ab initio calculations using GAMESS (HF/6-31G⁎ theory
level) with RED-II software, as recommended.73,74 The
complexes were immersed in cubic boxes filled with
TIP3P water molecules. The system was manipulated
with VMD.75 Molecular electrostatic maps were deter-
mined with VEGA ZZ 2.3.1. The system was minimized
using the steepest-descents algorithm to a tolerance of
100 kJ/(mol nm). Solvent molecules were then heated to
300 K using a 4.2-ps molecular dynamics simulation.
Following equilibration, the protein was relaxed and
heated to 300 K using a 30-ps molecular dynamics
simulation. The dynamic simulation of the system was
carried out for 300 ps under normal pressure (1 bar) and
room temperature (300 K). All covalent bond lengths were
constrained by the SHAKE algorithm with a relative
tolerance of 10−4, allowing for a time step of 2 fs. The
electrostatic interactions were calculated using the parti-
cle-mesh Ewald method.
In subsequent SMD simulations, cefotaxime was brought

in and out of the binding pocket through putative entrance
and exit pathways by an external force. The pulling velocity
was applied to the center of mass of cefotaxime and set at
0.007 nm/ps. The spring force constant was assigned as
1000 kJ/mol/nm2. Entrance and exit pathways were
initially determined on the basis of the criterion that the
substrate passes through the putative entrances and exits
with the smallest collision with protein residues. The force
applied to pull the ligand was estimated for each pathway
by AUCF versus time (pN ps). Wilcoxon test was used to
compare the different AUCF values. Differences were
considered statistically significant when pb0.01. Entrance
and exit pathways that required the lowest force were
further analyzed.56
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