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Structure and Dynamics of CTX-M Enzymes Reveal
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Oxyimino-cephalosporin antibiotics, such as ceftazidime, escape the
hydrolytic activity of most bacterial β-lactamases. Their widespread use
prompted the emergence of the extended-spectrum β-lactamases CTX-Ms,
which have become highly prevalent. The C7 β-amino thiazol-oxyimino-
amide side chain of ceftazidime has a protective effect against most CTX-M
β-lactamases. However, Asp240Gly CTX-M derivatives demonstrate en-
hanced hydrolytic activity against this compound. In this work, we present
the crystallographic structures of Asp240Gly-harboring enzyme CTX-M-16
in complex with ceftazidime-like glycylboronic acid (resolution 1.80 Å) and
molecular dynamics simulations of the corresponding acyl–enzyme com-
plex. These experiments revealed breathing motions of CTX-M enzymes
and the role of the substitution Asp240Gly in the accommodation of
ceftazidime. The substitution Asp240Gly resulted in insertion of the C7β
side chain of ceftazidime deep in the catalytic pocket and orchestrated
motions of the active serine Ser70, the β3 strand and the omega loop, which
favored the key interactions of the residues 237 and 235 with ceftazidime.
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Introduction

The production of β-lactamases is the predomi-
nant cause of resistance to β-lactam antibiotics in
Gram-negative bacteria. Oxyimino-cephalosporins
such as ceftazidime and cefotaxime escape the
hydrolytic activity of most β-lactamases. These β-
lactams harbor bulky C7β aminothiazol-oxyi-
mino-amide side chains that make them inher-
ess:

ed-spectrum
ics simulation.
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ently less susceptible to β-lactamases. The methyl
function of the cefotaxime oxyimino group is
replaced by a carboxypropyl function in ceftazi-
dime (Fig. 1a). Unfortunately, their widespread
use prompted the emergence of extended-spec-
trum β-lactamases (ESBLs). These enzymes confer
resistance to oxyimino-cephalosporins and lead to
poor clinical outcomes. Before 2000, most ESBLs
were derived from penicillinases, such as TEM-1
or SHV-1, by point substitutions. In these ESBLs,
the substitutions displace two major walls of
catalytic pocket, the β3 strand or the omega loop,
and lead to an enlarged active site, which is able
to recognize the large aminothiazol-oxyimino-
cephalosporins.1,2
d.
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Fig. 1. Characteristics of β-lactams and the reaction cycle of serine β-lactamases. (a) Aminothiazol-oxyimino β-lactam
antibiotics and the ceftazidime-like glycylboronic acid. (b) The basic reaction pathway is shown with the acylation and
deacylation transition states.

Table 1. Data processing and crystallographic refinement
statistics for CTX-M-16 crystal structure in complex with
ceftazidime-like boronic acid

Cell constants a=45.12 Å
b=106.66 Å
c=47.76 Å
β=102.14°

Resolution (Å) 1.80 (1.86–1.80)a

Total reflections 112,493
Unique reflections 37,585
Rmerge (%) 6.6 (29.81)b

Completeness (%) 94.3 (87.6)b

[I]/[σ(I)] (°) 7.9 (2.1)b

Resolution range for refinement 10–1.80
No. of protein residues 524
No. of water molecules 897
RMSD

Bond lengths (Å) 0.010
Angle (deg.) 1.55

R-factor (%) 14.6
Rfree (%)c 20.0
Average B-factor

Protein 8.45
Compound 18.92
Water molecules 23.01
a Value in parentheses is for the highest resolution shell used in

refinement.
b Values in parentheses are for the highest resolution shell

information used in refinement.
c Rfree was calculated with 5% of reflexions set aside randomly.
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In 1995, CTX-M enzymes, a new group of
ESBLs, emerged worldwide and are now the
most frequently observed ESBLs.3 CTX-M
enzymes share less than 40% identity with
TEM- and SHV-type enzymes. They differ
from most TEM and SHV ESBLs by a much
greater hydrolytic activity against cefotaxime
than against ceftazidime. However, Gly240-
harboring CTX-M enzymes exhibit an unusually
high activity against ceftazidime. CTX-M-16,
which derives from CTX-M-9 by the substitu-
tion Asp240Gly, exhibits a 10-fold higher cata-
lytic efficiency against ceftazidime (kcat/Km,
0.043 versus 0.004 μM− 1 s− 1) than CTX-M-9.3

Unlike the well-studied TEM and SHV enzymes,
there have been few structural studies of the
CTX-M family.4–9 The surprising feature
of CTX-M structures is that the active site is
not enlarged.
ESBLs such as CTX-Ms use a reactive serine

(Ser70), a catalytic water molecule and the activator
residue Glu166 to hydrolyze the β-lactam ring by an
acid–base catalytic mechanism (Fig. 1b).2,10–14 Gly-
cylboronic acid-based compounds are useful for
probing substrate recognition in that they are
reversible inhibitors of CTX-M β-lactamases and
bind to such β-lactamases as acylation transition-
state analogs (step 2, Fig. 1b).9

We obtained the X-ray structure of the CTX-M-
9 in complex with a ceftazidime-like boronic
acid,9 which bears the C7β aminothiazol-oxyi-
mino-amide side chain of ceftazidime (Fig. 1a).
The derivative CTX-M-16 was four-fold more
susceptible (Ki, 4 versus 15 nM) than CTX-M-9
to this ceftazidime analogue inhibitor.9 To inves-
tigate this behavior, in this present study we
determined the X-ray structure of CTX-M-16 in
complex with ceftazidime-like boronic acid. The
acyl–enzyme structures of CTX-M-9 and CTX-M-16
in complex with ceftazidime were then modeled
from these crystallographic structures and analyzed
by molecular dynamics simulations (MDSs). The
results provided insight into the recognition of
aminothiazol-oxyimino cephalosporins and the
enzymatic dynamics.
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Results

Overall structure of CTX-M-9 and CTX-M-16
complexes

The crystal structure of CTX-M-16was determined
in complex with a ceftazidime-like glycylboronic
acid to a resolution of 1.80 Å. CTX-M-16 complex
crystallized in space group P21 with two molecules
per asymmetric unit as observed for CTX-M-9.9 The
structurewas solved bymolecular replacement, with
the structure of CTX-M-9 as a search model.8 The
final R-factor and Rfree values of the refined structure
were 14.6 and 20.0%, respectively (Table 1). Exclud-
ing proline and glycine, 91.2% of residueswere in the
favored region and 8.8% were in the allowed region
of the Ramachandran plot. The RMSD of the Cα

position was 0.28 Å between the two monomers of
the crystallographic asymmetric unit. Each mono-
mer varies from 0.14 to 0.32 Å from the CTX-M-16
complex to the CTX-M-9 complex.9 The backbone
structure of complexes resembled one another
Fig. 2. Overall structure of CTX-M-9 in complex with the
element number 1 (S70 to K73) of the active site is in red; the co
conserved element number 3 (K234-T235-G236) is in green; th
the omega loop are in yellow; the residues 104 and 105 are in p
the catalytic Ser70 are shown as a stick model with grey carbo
closely and consisted of two domains, an α/β
domain and an α domain, with the active site
situated in a groove between the two domains (Fig.
2), as seen for the other class A β-lactamases.1,2

The conserved element number 1 of class A
enzymes (Ser70-Xxx-Xxx-Lys73) contained the
active serine Ser70 and one helix–turn downstream
Lys73, which both pointed at the bottom of the
active site (Fig. 2). The element number 2 (Ser130-
Asp131-Asn132) was situated on a short loop in the
all alpha domain, where it formed one side of the
catalytic cavity. On the same side, the residues
Asn104 and Tyr105 formed a bend in the binding
site. The conserved element number 3 (Lys234-
Thr235-Gly236) was situated on the β3 strand of a β-
sheet in the α/β domain and formed the opposite
wall of the catalytic cavity. The element number 4
(Glu166-Pro167-Thr168-Leu169-Asn170) was situ-
ated on a 19-residue loop (positions 161 to 179),
usually referred to as the omega loop, which con-
stituted the floor of the active site (Fig. 2).
The major electrostatic interactions between con-

served elements of the catalytic pocket were similar
ceftazidime-like boronic acid compound. The conserved
nserved element number 2 (S130-D131-N132) is in blue; the
e residues E166 to N170 (conserved element number 4) of
urple; and the residue 240 is in orange. The compound and
n atoms, red oxygen atoms, and blue nitrogen atoms.



Table 2. Key interactions in the complex structures

Complexes CTXM-9a CTXM-16

Numbering of
compound atoms

Distance between key residues of the binding siteb

Catalytic water–S70 Oγ 2.71, 2.69 2.81/2.62, 2.68/2.68
Catalytic water–E166 Oε2 2.56, 2.53 2.54, 2.44
Catalytic water–N170 Nδ 2.72, 2.73 2.68, 2.79
K73 Nζ–S70 Oγ 3.21, 3.08 3.01/3.13, 2.95/2.95
K73 Nζ–E166 Oε2 4.21, 4.13 4.09, 4.00
K73 Nζ–N132 Oδ1 2.72, 2.69 2.78, 2.69
K73 Nζ–S130 Oγ 2.93, 2.86 2.91, 2.84
K234 Nζ–S130 Oγ 2.84, 2.87 2.82, 3.01

Distance between key residues of the binding site and compound
atomsb

S70N–O9a 2.84, 2.79 2.78/2.80, 2.83/2.86
S237N–O9a 2.75, 2.77 2.84/2.75, 2.81/2.76
S237O–O9a 2.75, 2.73 2.78/2.83, 2.68/2.69
S130Oγ–O9b 2.71, 2.70 2.80/2.81, 2.75/2.77
S237O–NH10 3.39, 3.36 3.29/3.41, 3.19/3.32
S237Oγ–NH10 3.15, 3.13 3.33/3.34, 3.41/3.45
S237Oγ–O13b 3.49, 3.33 3.31/3.35, 3.30/3.13
S237Oγ–COO−13d 2.83, 2.73 2.99/3.15, 3.09/3.25
N132Nδ2–O12 2.84, 2.77 2.70/2.72, 2.63/2.65
N104Nδ2–O12 2.98, 2.95 3.06/2.92, 3.04/2.98
D240Oδ1–N16a 2.83, 2.84 Not possible

a From Ref. 9.
b Two distances in monomers A and B. In cases with two

distances shown within one monomer, multiple conformations
are present.

Fig. 3. Active-site electron density for CTX-M-16
complex structure. The 2Fo−Fc electronic density of the
refined model of CTX-M-16, contoured at 1ó, is shown in
green, and the simulated-annealing omit electron density
of the ligand, contoured at 2ó, is shown in purple. Carbon
atoms are in green for the protein or in yellow for the
adduct; oxygen atoms are red, and nitrogen atoms are
blue. The conformations of the compound are indicated as
conformation 1 and conformation 2.
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in CTX-M-9 and CTX-M-16 complexes (Table 2). The
two residues Glu166 and Asn170 established a
hydrogen networkwith the catalytic watermolecule.
The Nζ atom of Lys73 in conserved element 1 was
located at hydrogen-bond distance of Ser130 and
Asn132 side chains of the conserved element number
2. Lys234 and Ser130 side chains formed a hydrogen
bond that connected the α/β and the α domains.
These interactions were previously observed in the
CTX-M-9 and CTX-M-16 apoenzymes and other
class A enzymes.8 Ceftazidime-like boronic acid
binding thus did not inducemajor structural changes
in the CTX-M-9 and CTX-M-16 enzymes.

Interaction of ceftazidime-like compound with
the CTX-M binding sites

The position of the ceftazidime-like compound
in the active site of CTX-M-16 was unambiguously
identified in the initial Fo−Fc electron density
difference map contoured at 2σ (Fig. 3). The
glycylboronic acid adopted a conformation in the
active site consistent with a tetrahedral acylation
transition state, as previously observed in TEM-1 and
CTX-M-9 boronic acid structures.9,15 Electron density
connected the Oγ of the catalytic Ser70 to the boron
atom of the glycylboronic acid. At the top of the
binding site, the boronic acid hydroxylO9b interacted
with Oγ of the Ser130, and the O9a boronic acid
hydroxyl hydrogen bonded with the N backbone
atoms of residues 70 and 237, which form the
“oxyanion“ hole of class A enzymes16 (Table 2, Fig.
4). The O12 atom of the amide group was hydrogen-
bondedwith Nδ2 atoms of Asn132 and Asn104 (Table
2, Fig. 4). The aminothiazol ring of the compound
pointed towards the omega loop and the oxyimino
group lay in the vicinity of the β3 strand, as
previously observed with CTX-M-9 in complex with
ceftazidime-like boronic acid and in the acyl–enzyme
structure of the CTX-M enzyme Toho-1 in complex
with cefotaxime.5,9 These data suggested that the
compound mimics the aminothiazol-oxyimino-
amide group of cephalosporins.
However, CTX-M-9 and CTX-M-16 complexes

exhibited different features. In the CTX-M-9 complex,
the carboxyl group of Asp240 hydrogen-bondedwith
the amino group of the aminothiazole ring, as
observed in the cefotaxime acyl–enzyme complex of
Toho-1.5,9 This interaction was absent in the Gly240-
harboring enzyme CTX-M-16 and the aminothiazol
ring adopted a double conformation. The two
conformations have similar occupancies. In confor-
mation 1, the amino group of the aminothiazole ring
was directed towards the solvent, as observed with
the CTX-M-9 complex. In conformation 2, the amino
group of the aminothiazole ring pointed towards the
residue Pro167 of the omega loop (Figs. 3 and 4).
The substitution Asp240Gly of CTX-M-16 was also

associated with different electrostatic interactions for
the carboxypropyl function of the ceftazidime-like
compound. In the CTX-M-16 complex, this function
only interacted with the Oγ atom of Ser237. The
Arg276 side chain pointed away from the



Fig. 4. Key polar interactions observed between CTX-M-9 (4A)9 or CTX-M-16 (4B) and the ceftazidime-like
glycylboronic acid. Carbon atoms are in yellow for the protein or in green for the adduct; oxygen atoms are red, and
nitrogen atoms are blue.

Fig. 5. Superimposition of CTX-M-9 and CTX-M-16 complexes with TEM-1 structure in complex with the ceftazidime-
like glycylboronic and cefotaxime acyl–enzyme structure of Toho-1.5,9,12 Carbon atoms are in cyan for the CTX-M-16
complex, in green for the CTX-M-9 complex, in orange for the Toho-1 complex and in blue for the TEM-1 complex; oxygen
atoms are in red, nitrogen atoms in blue, boron atoms in purple and phosphorus atoms in grey. The arrows show the
direction of insertion of the aminothiazol-oxyimino group.
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Table 3. Summary of statistical data for MDSs

Enzyme
Radius of

gyration (Å)a
Cα RMSD

(Å)b
Cα RMSF

(Å)c

CTX-M-9 crystald 17.53 0.94±0.10 –
CTX-M-9-CAZe 17.89±0.04 0.95±0.07 0.66±0.30
CTX-M-16 crystalf 17.59 0.87±0.10 –
CTX-M-16S-CAZg 17.90±0.06 0.91±0.09 0.64±0.31
CTX-M-16O-CAZh 17.86±0.06 1.06±0.11 0.64±0.32

a Average radius of gyration of nonhydrogen atoms.
b RMSD of α carbon atoms from the minimized starting

structures (angstroms).
c RMSF of α carbon atoms.
d Crystal structure of enzyme CTX-M-9.
e Ceftazidime acyl–enzyme structures of CTX-M-9.
f Crystal structure of enzyme CTX-M-16.
g Ceftazidime acyl–enzyme complex of CTX-M-16, conforma-

tion 1.
h Ceftazidime acyl–enzyme complex of CTX-M-16, conforma-

tion 2.
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ceftazidime side chain (Table 2, Fig. 4b). In the CTX-
M-9 complex, the carboxylpropyl function interacted
with the Oγ atom of Ser237 and with the Arg276 side
chain via a phosphate molecule (Table 2, Fig. 4a).9

The CTX-M-16 complex was superimposed on the
CTX-M-9 complex,9 the acyl–enzyme structure of
Toho-1 in complex with cefotaxime5 and the ultra-
structure of TEM-1 in complex with the ceftazidime-
like compound12 (Fig. 5). In the Toho-1 acyl–enzyme
complex, the terminal methyl function of the cefo-
taxime methoxyimino group is located at 3.6 Å from
the Cβ atom of residue 237. The corresponding
distance was N5 Å in CTX-M and TEM-1 in complex
with ceftazidime-like compound.
The positioning of the aminothiazol-oxyimino side

chain in CTX-M-9 was closely related to that in the
complex of TEM-1, which exhibited the worst
insertion of the ceftazidime-like compound in the
binding site. The ceftazidime-like compound was 0.5
to 1.0 Åmore deeply inserted in the binding site of the
Gly240-harboring enzyme CTX-M-16 than in those of
CTX-M-9 and TEM-1, as observed for the cefotaxime
adduct in the Toho-1 complex structure (Fig. 5).
Consequently, the N10 atom of the compound

amide function was at van der Waals distance from
the O backbone atom of residue 237 (3.4 Å) in CTX-
M-9 instead to form the strictly conserved hydrogen
bond observed in the Toho-1 acyl–enzyme structure
with cefotaxime or in other class A complexes with
glycylboronic acids.5,17 This last interaction was
replaced by a hydrogen bond with the Oγ atom of
the Ser237 side chain (distance 3.1 Å). The position-
ing of the amide function is partially corrected in
CTX-M-16; the N10 atom of the amide function is
weakly closer to the O backbone atom of residue 237
than to its Oγ atom (Table 2).

Molecular dynamics simulations of ceftazidime
acyl–enzyme complexes

Crystallographic structures project a static view of
the enzyme and only provide weak clues concerning
the motions implicated in the catalytic process. The
ceftazidime acyl–enzymes complexes of CTX-M-9
and CTX-M-16 were therefore modeled from crystal-
lographic structures and analyzed by MDS. The
ceftazidime acyl–enzyme structure of CTX-M-9 was
designated CTX-M-9-CAZ and those of CTX-M-16,
CTX-M-16S-CAZ and CTX-M-16O-CAZ, according
to the positioning of the aminothiazol amino group
in the direction of the solvent and the omega loop,
respectively. The behaviors of these three molecular
models were compared during three MDSs of
1000 ps at a temperature of 300 K. The radius of
gyration and the RMSDs of Cα atoms were similar to
those of the crystallographic structure of CTX-M-9
and CTX-M-16 and remained stable during the
simulation (Table 3). The secondary structure was
also preserved during the simulation.
The root-mean-square fluctuations (RMSFs) of the

Cα atoms were, overall, similar in the three complex
structures (0.64±0.32 to 0.66±0.30 Å), suggesting
that the introduction of Asp240Gly did not cause a
global and large-scale deviation of the dynamical
properties. The largest fluctuations were localized in
loops connecting the secondary structure elements,
as is usual in MDS (i.e., 52 to 54, 86 to 88, 111 to 114,
226 to 228, 253 to 255; RMSF=1.00±0.24 Å). The
overall architectures of the active sites were similar
for the three acyl–enzyme complexes. The key resi-
dues of the catalytic site (residues 70–73, 130–132,
166, and 234–237) exhibited low values of RMSFs of
Cα atoms (RMSF=0.43±0.06 Å).
However, the fluctuations of residue 167 were

higher for CTX-M-9-CAZ than those of CTX-M-16
acyl–enzyme complexes (0.75 for CTX-M-9-CAZ
versus 0.44 and 0.48 Å for CTX-M-16-CAZ com-
plexes). The behavior of residue 167 in the CTX-M-9
complex reflected a conflict between Pro167 and the
bulky C7β side-chain function of oxyimino cepha-
losporins, which have been predicted in TEM-1
enzyme.18 This conflict was attenuated in CTX-M-16
because of the substitution Asp240Gly.

Analysis of the concerted molecular motions in
ceftazidime acyl–enzyme complexes

The concerted motions in the three complexes
were acquired fromMDS by essential dynamics. The
two principal components of these motions revealed
in all simulations a bilobal flexing of CTX-M
enzymes (Fig. 6). In the α domain, the conserved
element number 2 (Ser130-Glu131-Asn132) and the
loop harboring the residue 104 of the α structural
domain moved away from the β3 and β4 strands of
the α/β domain (Fig. 6a) and relaxed back (Fig. 6b),
as the omega's residues 165, 166 and 167, suggesting
that the active site is a breathing catalytic pocket
composed of three lips.
Dynamic cross-correlated maps were computed

from 1-ns MDSs. These maps provide details about
the correlated and anticorrelated motions along the
MDSs, as depicted in Fig. 7. The three acyl–enzyme
complexes had an overall seemingly similar pattern.
However, in the α/β domain, the motions of resi-
dues located in the β3 and β4 strands (amino acids
231–240 and 242–251, respectively) were more



Fig. 7. The residue-to-residue dynamic cross-corre-
lated maps for ceftazidime acyl–enzyme structures of
CTX-M-9 (a, CTX-M-9-CAZ) and CTX-M-16 (b, CTX-M-
16O-CAZ, and c, CTX-M-16S-CAZ). The cross-correlation
maps focus on residues 70 to 73 (number 1), 104 to 106
(number 2), 130 to 132 (number 3), 166 to 170 (number 4)
and 231 to 251 (the β3 and β4 strands, number 5). Cross-
correlation coefficients ranged from −1 to +1. A positive
value indicates a correlated movement of a residue pair,
and a negative value an anticorrelated movement. The
color code indicates the spectrum of correlated and
anticorrelated motions from brown to blue, respectively.

Fig. 6. Porcupine plot of principal motion of the CTX-
M-9 calculated from molecular dynamics ensemble. (a)
The “inspiration-like” and (b) “expiration-like” motions.
The arrows show the breathing motions.
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strongly coordinated for CTX-M-16-CAZ complexes
than for CTX-M-9-CAZ complexes. Interestingly, the
motions of residues located in the β3 strand
(positions 230 to 240) were also better coordinated
with the key residues 70 (active serine of the con-
served element number 1) and 167 to 170 (con-
served element number 4) in CTX-M-16-CAZ than
in CTX-M-9-CAZ complexes (Fig. 7).
The lifetime of hydrogen bonds between the

key residues of the binding site and the ceftazidime
adduct was calculated during the simulation (Table
4). The lifetime of the hydrogen bond between the
ceftazidime C7β amide function and Nδ2 atoms of
Asn132 and Asn104 were high for all acyl–enzyme
complexes (78.0±1.1% to 98.6±0.1%). However, the
hydrogen bond between the backbone oxygen atom
of residue 237 and the NH10 nitrogen atom of the
ceftazidime C7β amide group was more frequently
observed in the CTX-M-16 complexes than in the
CTX-M-9 complex (hydrogen lifetime, 83.6±1.3% to
90.7±1.3% versus 42.0±3.1%). This difference was
suggested in the CTX-M-9 and CTX-M-16 complex
structures, where the NH10 nitrogen atomwas closer
to the backbone O atom of residue 237 than to its Oγ

oxygen atom for CTX-M-16 and, conversely, for CTX-
M-9 (Table 2).
A difference in behavior was also observed for the

interaction between ceftazidime C3 carboxylate
function and the side chains of Thr235 and Lys234
(hydrogen bond lifetimes, 93.9±2.0% to 98.9±0.4%
versus 54.2±6%). In CTX-M-16O-CAZ, the amino
group of the aminothiazol ring was at hydrogen
bond distance from the backbone O atom of Pro167
during 47.7% of the simulation. The substitution
Asp240Gly improved, therefore, the interactions
between the residues 237, 235 and the C7β amide
and C3 carboxyl groups of the substrate. The
electrostatic interaction of the backbone O atom of
Asn170 with the backbone N atom of the residue 240
is observed in all class A crystallographic structures.
This interaction is stronger and associated with



Table 4. Lifetime of hydrogen bonds during MDSs of ceftazidime acyl–enzyme structures of CTX-M-9 (CTX-M-9-CAZ)
and CTX-M-16 (CTX-M-16S-CAZ for conformation 1 and CTX-M-16O-CAZ for conformation 2)

Complexes CTX-M-9-CAZ CTX-M-16S-CAZ CTX-M-16O-CAZ

Numbering of
compound atoms

Lifetime (%) of hydrogen bonds between compound atoms and key residues of the binding site
NH10–S237O 42.0±3.1 90.7±1.3 83.6±1.3
O12–N132Nδ2 78.0±1.1 82.9±0.8 86.9±0.6
O12–N104Nδ2 88.2±2.9 97.3±0.1 98.6±0.1
O4a–T235Oγ 54.2±6.0 93.9±2.0 98.9±0.4
O4a–K234Nî 66.8±3.5 62.8±3.1 49.8±6.1
N16a–P167O 0 0 47.7±1.9
N16a–N170O 71.6±1.2 46.0±2.0 0

Lifetime (%) of hydrogen bonds between key residues of the binding site
P167O–N170Nδ2 93.3±0.4 86.0±0.6 62.5±0.7
N104Oδ1–N132Nδ2 47.0±6.9 83.87±1.0 88.55±0.5
170O–240N 13.9±7.5 66.3±0.2 81.5±1.0
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better-concerted motions of the omega loop and the
β3 strand in CTX-M-16-CAZ complexes than in the
CTX-M-9-CAZ complex.
Discussion

CTX-Ms have become dominant ESBLs in hospi-
tals and in the community. Gly240-harboring CTX-
M enzymes are particularly frequent, often asso-
ciated with epidemic bacterial spreads and exhibit
an unusually high activity against the key antibiotic
ceftazidime. We investigated, by X-ray crystallogra-
phy andmolecular modeling, the accommodation of
ceftazidime by the Gly240-harboring β-lactamase
CTX-M-16. From this study, the mechanism for the
accommodation of ceftazidime and a bilobal flexing
of CTX-M enzymes emerged.
The binding site of the enzyme CTX-M-16 is not

enlarged and its residue at position 240 is not able to
establish electrostatic interaction with ceftazidime,
in contrast to that observed with TEM- and SHV-
type ESBLs.13,17,19 The residue Gly240 of CTX-M
enzymes favored, therefore, the accommodation of
the aminothiazol-oxyimino side chain of ceftazidime
by a different process.
Ceftazidime-like compoundwas deeply inserted in

the binding site of the Gly240-harboring enzyme
CTX-M-16, similar to the good substrate cefotaxime in
the CTX-M-type enzyme Toho-1.5,17 In contrast, the
aminothiazol-oxyimino side chain of ceftazidimewas
only partially inserted in the binding site of CTX-M-9
and TEM-1. Ceftazidime is not hydrolyzed by TEM-1,
weakly by CTX-M-9 and more efficiently by CTX-M-
16.3 The insertion of oxyimino adducts is therefore
correlated with the hydrolytic activity against oxyi-
mino-harboring substrates. This positioning of the
adduct in CTX-M-16 favors close contacts with key
residue 237 and the catalytic facilities of the enzyme,
such asGlu166,which is responsible for the activation
of the reactive serine 70 and the catalytic water
molecule.11–13 In addition, a six-member ring rocks
towards the bulky oxyimino group during the open-
ing of the ceftazidime β-lactam ring (Fig. 1b). The
deep insertion of the aminothiazol-oxyimino side
chain may prompt the accommodation of the six-
member ring near the oxyimino group.
MDSs were performed on the crystallographic

structures to improve our understanding of sub-
strate accommodation in the active site. These MDSs
revealed a bilobal flexing of CTX-M enzymes, which
leads to “inspiration and expiration motions” of the
catalytic pocket (Fig. 6). The two structural domains
and the omega loop of CTX-M enzymes moved
away from the catalytic site during the “inspiration”
and relaxed back for the “expiration.” This type of
motion has been previously observed with the
MDM2 protein.20 It may be a general behavior
of proteins composed of two structural domains
around a “hinge” catalytic or binding region, and
favors the binding and the expulsion of ligands.
TheseMDSs also showed that Gly240 promotes the

coordinated vibration of the β3 strand (amino acids
230 to 240). These data agree with the anisotropic B-
factor analyses obtained by Chen et al. from ultrahigh
resolution.8 Interestingly, the motions of residues
located in the β3 strand in Gly240-harboring enzyme
were also coordinated with the reactive serine 70 and
residues 167 to 170 situated on the omega loop, which
is critical for the accommodation of cephalosporin
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acyl amide side chains in TEM-type enzymes.18,21

This result is explained by the location of Gly240 on
the β3 strand and the interactions of this structural
element with the omega loop and the active serine 70.
Consequently, these coordinated vibrations improve
the canonical interactions between the residues 237
and 235 and the amide and carboxyl groups of
ceftazidime.
In conclusion, the analysis of crystal structures in

this work confirmed that the carboxypropyl function
of the ceftazidime aminothiazol-oxyimino group
affects its accommodation in the active site of class
A enzymes and revealed how the substitution
Asp240Gly favors the accommodation of the ceftazi-
dime side chain in CTX-M enzymes. The results
support the idea that Asp240Gly substitution sparks
off the enzymatic activity against ceftazidime by
promoting concerted motions of key residues of the
binding site.

Materials and Methods

Enzyme purification

CTX-M-16 was produced from a modified pET-9a
plasmid in Escherichia coli BL21 (DE3). The protein was
purified by ion exchange and gel filtration, as previously
described.8

Crystal growth

Cocrystals of CTX-M-16 in complex with the glycyl-
boronic acid were grown by vapour diffusion in hanging
drops equilibrated over 1.4 M potassium phosphate buffer
(pH 8.8) using microseeding techniques. The ceftazidime-
like glycylboronic acid (Fig. 1a) was synthesized as
previously described.22 The initial concentration of the
protein in the drop was 5 mg/mL, and the concentration
of the compound was 1 mM. The compound was added to
the crystallization drops in a 5% dimethyl sulfoxide,
1.25 M potassium phosphate buffer (pH 8.7) solution.
Crystals appeared 24–48 h after equilibration at 20 °C.
Before data collection, crystals were immersed in a
cryoprotectant solution of 30% sucrose and 1.8 M potas-
sium phosphate, pH 8.8, for about 30 s, and were flash-
cooled in liquid nitrogen.

Data collection and structure determination

Data were measured with a Mar-CCD detector at 100 K
on the ALS beamline 8.3.1 at Lawrence Berkeley National
Laboratory. Reflections were indexed, integrated and
scaled using the HKL software package.23 The space
group was P21, with two molecules in the asymmetric
unit. Phases were calculated by molecular replacement
with the program EPMR24 using the apoenzyme structure
of CTX-M-9,9 with water molecules, and ions removed.
The structure was determined to 1.80 Å resolution and
refined with CNS package.25 Sigma A-weighted electron
density maps were calculated using CNS and used in the
steps of manual model rebuilding with the program
XtalView.26 Cross-validation was employed throughout,
and 5% of the data were used for the Rfree calculation.
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The stereochemical quality of the models was monitored
with the program Procheck27 and Rampage.28 The figures
were generated by PyMol29 and Chimera.30
Molecular dynamics simulation

The ceftazidime acyl–enzyme complexes were con-
structed on the basis of CTX-M-9 and CTX-M-16 structures
in complex with ceftazidime-like boronic acid and
cefoxitine.9 The complexes were immersed in cubic boxes
filled with TIP3 water molecules.31 Version 1.8.2 of the
VMD package was used to manipulate the systems.32 The
GROMACS software package, version 3.2,33 and the
geometric and charge parameters of the OPLSAA force
field34 were used to carry out all energyminimizations and
MDSs. The particle-mesh Ewald method was used to treat
long-range electrostatics.35 All covalent bond lengths were
constrained by the SHAKE algorithm36 with a relative
tolerance of 10−4. After equilibration,37 simulations were
carried out for a total of 1000 ps. The velocities of all atoms
were generated from a Maxwellian distribution. The
temperature was kept constant at 300 K, while the pressure
was kept constant by the weak coupling constant of 1 bar
by using Berendsen's algorithms. The RMSD of backbone
atoms and the thermodynamic parameters (temperature,
pressure and potential energy) showed that the molecular
systemwas equilibrated after the 200-ps MDSs, and hence,
the data from the last 1000 ps were used for analysis. The
RMSF is the distance between the atoms of the protein
structures sampled along the simulation; and the radius of
gyration, a measurement of structure compactness. Two
geometric criteria were used for detection of the hydrogen
bond: themaximumdistance between the hydrogen donor
atom and the hydrogen acceptor atom was 3.2 Å; the
minimum angle allowed between the hydrogen donor
atom, the hydrogen atom, and the hydrogen acceptor atom
was 130°. Porcupine plots of concerted motions were
acquired from the three 1-nsMDSs by essential dynamics38

using Dynamite.20
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