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Currently, CTX-M �-lactamases are among the most prevalent and most heterogeneous extended-spectrum
�-lactamases (ESBLs). In general, CTX-M enzymes are susceptible to inhibition by �-lactamase inhibitors.
However, it is unknown if the pathway to inhibition by �-lactamase inhibitors for CTX-M ESBLs is similar to
TEM and SHV �-lactamases and why bacteria possessing only CTX-M ESBLs are so susceptible to carbap-
enems. Here, we have performed a kinetic analysis and timed electrospray ionization mass spectrometry
(ESI-MS) studies to reveal the intermediates of inhibition of CTX-M-9, an ESBL representative of this family
of enzymes. CTX-M-9 �-lactamase was inactivated by sulbactam, tazobactam, clavulanate, meropenem, dorip-
enem, ertapenem, and a 6-methylidene penem, penem 1. Ki values ranged from 1.6 � 0.3 �M (mean � standard
error) for tazobactam to 0.02 � 0.01 �M for penem 1. Before and after tryptic digestion of the CTX-M-9
�-lactamase apo-enzyme and CTX-M-9 inactivation by inhibitors (meropenem, clavulanate, sulbactam, tazo-
bactam, and penem 1), ESI-MS and matrix-assisted laser desorption ionization–time of flight mass spectrom-
etry (MALDI-TOF MS) identified different adducts attached to the peptide containing the active site Ser70
(�52, 70, 88, and 156 � 3 atomic mass units). This study shows that a multistep inhibition pathway results
from modification or fragmentation with clavulanate, sulbactam, and tazobactam, while a single acyl enzyme
intermediate is detected when meropenem and penem 1 inactivate CTX-M-9 �-lactamase. More generally, we
propose that Arg276 in CTX-M-9 plays an essential role in the recognition of the C3 carboxylate of inhibitors
and that the localization of this positive charge to a “region of the active site” rather than a specific residue
represents an important evolutionary strategy used by �-lactamases.

CTX-M enzymes are becoming one of the most prevalent
extended-spectrum �-lactamases (ESBLs) (3, 8, 9, 30–32) in
the world. The widespread dissemination of CTX-M �-lacta-
mases, especially Escherichia coli ST131 possessing CTX-M-15,
has had a significant impact on the treatment of hospital- and
community-acquired infections caused by E. coli and other
enteric bacilli (6, 7, 13, 23, 36, 41, 44–49, 55, 59).

As class A family �-lactamases, CTX-Ms are the most ge-
netically heterogeneous (5 major divisions, CTX-M-1, -2, -8,
-25, and -9-like groups) (1, 24, 35, 44–46, 58, 60). Most CTX-M
enzymes expressed in E. coli provide a high level of resistance
to the oxyimino-cephalosporins, cefotaxime and ceftriaxone,
and variable levels of resistance to cefepime and cefpirome (3,
43). Depending on the type of CTX-M expressed by the iso-
lates, the MICs of ceftazidime are also increased (43). In ad-
dition, the MICs of combinations of clavulanate with amoxi-
cillin or ticarcillin vary, and in some cases, low-level resistance
has been observed (3).

As a consequence of their clinical importance, the reaction
mechanism of CTX-M ESBLs has been the subject of intense
study (10–12, 14, 16, 42). However, the molecular properties
and characteristics of CTX-M that determine the level of sus-
ceptibility and resistance to �-lactam–�-lactamase inhibitor
combinations and carbapenems are still unknown. Of the cur-
rently available inhibitors, tazobactam is the most active (50%
inhibitory concentrations [IC50s] are 2 to 10 nM for tazobac-
tam and 9 to 90 nM for clavulanate), and sulbactam is the least
active (IC50s are 0.1 to 4.5 �M) (3).

In order to develop more effective and broader-spectrum
�-lactamase inhibitors (18), detailed kinetic and biochemical
measurements are needed to reveal the important intermedi-
ates in the inactivation of the CTX-M family. In TEM-1 and
SHV-1, Arg244 is important in the mechanism of inactivation
of carbapenems (imipenem and meropenem), clavulanic acid,
sulbactam, and tazobactam (27, 28, 51, 53, 63). CTX-M-9 does
not contain Arg244, and mutagenesis of a potential corre-
sponding position, Arg276, does not firmly establish this amino
acid as an “Arg244 equivalent” (42). Given the differences
among class A enzymes, we wondered what the intermediates
of inactivation by inhibitors would be for CTX-M-9. To answer
this question, we examined the inactivation of CTX-M-9 �-lac-
tamase with sulbactam, tazobactam, clavulanate, meropenem,
doripenem, ertapenem, and a potent 6-methylidene penem
(here referred to as penem 1) to gain deeper insight into the
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nature of �-lactamase inhibition in the CTX-M-9 �-lactamase.
We chose penem 1, as it contains a bicyclic heterocycle which
adopts the Z configuration at the C6 position and its chemistry
has previously been shown to enhance affinity toward TEM-1,
SHV-1, GC1, and class D OXA-1 �-lactamases (2, 37, 57).
Penem 1 also contains certain chemical features that mimic
carbapenems (a double bond between C2 and C3) (Fig. 1). Our
analysis of the inactivation of CTX-M-9 indicates that a
multistep inhibition mechanism is active for clavulanate,
sulbactam, and tazobactam. In contrast, a single acyl enzyme
intermediate was detected when meropenem and penem 1
were studied. In addition, we also discovered the key role
Arg276 plays in the process of substrate/inhibitor recogni-
tion.

MATERIALS AND METHODS

Cloning and �-lactamase purification. The blaCTX-M-9 gene was cloned into
the pET9a (�) plasmid vector (Novagen) as described previously and was main-
tained in E. coli BL21(DE3) cells (11, 16).

E. coli BL21(DE3) cells (Novagen) containing the pET 9a (�) expression

vector were grown in superoptimal broth (SOB) containing 50 �g/ml kanamycin
(11, 16). These cells were grown with agitation at 37°C until an optical density at
600 nm of 0.8 was attained. After addition of 0.2 mM isopropyl-�-D-thiogalac-
topyranoside (IPTG; Sigma), the cultures were grown for three additional hours.
The cells were then centrifuged and the pellet was frozen. The next day, E. coli
BL21(DE3) cells were lysed using lysozyme (Sigma); the �-lactamase was puri-
fied by performing preparative isoelectric focusing on a Multiphor II apparatus
(GE Healthcare) according to a method described by Hujer et al. and Nukaga et
al. (26, 39). Further purification was performed using size exclusion chromatog-
raphy with a Pharmacia ÄKTA purifier system (GE Healthcare). We employed
a HiLoad 16/60 Superdex 75 column (GE Healthcare) and eluted with 10 mM
phosphate-buffered saline (PBS, pH 7.4). We determined the protein concen-
tration by using Bio-Rad’s protein assay with bovine serum albumin as a stan-
dard. �-Lactamase purity was assessed on a 5% stacking and 12% resolving
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel.
After electrophoresis, SDS-PAGE gels were stained with Coomassie blue R250
(Fisher) to visualize the CTX-M-9 �-lactamase.

Kinetic experiments. Antibiotics that were used as substrates and inhibitors for
kinetic experiments were obtained from commercial suppliers, and their chem-
ical structures are represented in Fig. 1. Nitrocefin (NCF) was purchased from
Becton Dickinson, and clavulanic acid was a kind gift from GlaxoSmithKline.
Tazobactam and penem 1 were obtained from Wyeth Pharmaceuticals, and
sulbactam was donated by Pfizer. We obtained meropenem from AstraZeneca,
doripenem from Johnson and Johnson, and ertapenem from Merck.

FIG. 1. Chemical structures of indicator substrate (nitrocefin [1]) and �-lactamase inhibitors (clavulanate [2], sulbactam [3], tazobactam [4],
meropenem [5; with the R2 side chain at the C2 position], ertapenem [6], doripenem [7], and penem 1 [8]) used in this study. The C atom numbering
system is shown for meropenem.
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The kinetic parameters of hydrolysis and inhibition of CTX-M-9 �-lactamase
were determined by continuous assays at room temperature (RT) using a diode
array spectrophotometer (Agilent model 8453) in the manner described previ-
ously (22, 53). Each assay was performed in a 1-ml quartz cuvette with 10 mM
phosphate-buffered saline at pH 7.4. Measurements were obtained using NCF
(�ε482 of 17,400 M�1 cm�1).

The kinetic parameters Vmax and Km were obtained based on a nonlinear least
squares fit of the data (Henri-Michaelis equation) using Enzfitter (Biosoft Cor-
poration) according to equation 1:

v � Vmax �S�/�Km � �S�	 (1)

In the experiments to determine Ki, each inhibitor (or “slow substrate”) was
regarded as a “competitive inhibitor.” Therefore, Ki values were determined in
a direct competition assay with NCF. In each case, initial velocities, v, were
measured using a constant concentration of enzyme ([E]) and increasing con-
centrations of inhibitor ([I]) against the indicator substrate NCF [S]. After the Ki

was obtained, the data were “corrected” based on equation 2 to account for the
affinity of NCF for CTX-M-9, as follows:

Ki �corrected	 � Ki �observed	/�1 � ��S/Km NCF�	� (2)

The first-order rate constant for maximal inhibitor complex inactivation (kinact)
was obtained directly by monitoring the reaction time course (t 
 0 to 900 s) in
the presence of inhibitors. A fixed concentration of enzyme, NCF, and increasing
nanomolar concentrations of inactivator were used in each assay. The kobs for
inactivation was determined using Origin 7.5 (OriginLab Co.) and equation 3.
Each kobs was plotted as a function of inhibitor concentration and fit to equation
4 to determine kinact.

A � A0 � vf t � �v0 � vf	�1 � exp�-kobst	�/kobs (3)

kobs � kinact �I�/�KI � �I�	 (4)

From the measurement of kinact, KI was determined (22, 53).
The turnover number (tn) or the partitioning of the initial enzyme-inhibitor

complex between hydrolysis and enzyme inactivation, kcat/kinact (partition ratio),
was determined as previously reported (2, 17, 53).

UV difference spectroscopy. UV difference spectroscopy was performed to
determine time-dependent absorption spectra for inhibitor that reacted with
CTX-M-9 �-lactamase and was measured at wavelengths of 200 to 400 nm.

ESI-MS. Electrospray ionization mass spectrometry (ESI-MS) of the intact
CTX-M-9 �-lactamase inactivated by inhibitors was performed on an Applied
Biosystems Q-STAR XL quadrupole time of flight mass spectrometer equipped
with a nanospray source (Center for Proteomics and Bioinformatics, School of
Medicine, Case Western Reserve University) as described previously (40, 53).
Experiments were performed by desalting the reaction mixtures using C18

ZipTips (Millipore) according to the manufacturer’s protocol. The protein sample
was diluted with 50% acetonitrile–0.1% trifluoroacetic acid to a concentration of
10 �M. This protein solution was infused at a rate of 0.5 �l/min, and data were
collected for 2 min. Spectra were deconvoluted using the Applied Biosystems
Analyst program.

Tryptic digestion. Proteolytic digestions were performed by adding trypsin
(Sigma) to a solution of CTX-M-9 �-lactamase at a ratio of 1:25 (trypsin weight
to protein weight). Tryptic digestions were carried out for 18 h at RT and
terminated by the addition of a 1:10 volume of 1% trifluoroacetic acid. This
solution was immediately desalted and concentrated by using a C18 ZipTip
(Millipore), according to the manufacturer’s protocol. The resulting digestion

was analyzed by matrix-assisted laser desorption ionization–time of flight mass
spectrometry (MALDI-TOF MS).

Molecular representations. The crystal coordinates of CTX-M-9 (PDB acces-
sion code 2P74) were used to construct acyl enzyme models of meropenem and
penem 1 in the active site of the wild-type (WT) �-lactamase using the Discovery
Studio 2.1 (DS 2.1; Accelrys, Inc.) molecular modeling software.

The CTX-M-9 crystallographic structure was prepared for molecular docking
by removing the crystallographic waters and minimizing the structure. The mero-
penem and penem 1 structures were constructed using Fragment Builder Tools
and were minimized using a standard dynamics cascade protocol of DS 2.1. The
minimized structures were used to generate a model for the acyl enzyme com-
plexes. The models of meropenem and penem 1 in complex with the CTX-M-9
enzyme were developed using the flexible docking module of DS 2.1. This
protocol was chosen because it allows for the docking of “flexible ligands” (i.e.,
meropenem and penem 1) in CTX-M-9, where the side chains of selected active
site residues are allowed to move during docking. The low-energy ligand con-
formations were docked into the active site of CTX-M-9, and the structure was
further refined using the ChiRotor algorithm. A final simulated annealing and
energy minimization of each ligand pose was performed using the program
CDOCKER (61).

The molecule was immersed in a water box, 7 Å from any face of the box, using
the Solvation module of DS 2.1 with explicit periodic boundary conditions
(PBC). All models were further minimized and equilibrated using a standard
dynamic cascade protocol (minimization with steepest descent and minimization
with conjugate gradient followed by a 6-ps dynamic simulation with heating,
equilibration, and production steps).

All energy minimizations and molecular dynamics simulations (MDS) of the
enzyme and enzyme complexes were carried out using force field parameters of
CHARMm. The Particle Mesh Ewald (PME) method was used to take into
account long-range electrostatics, and the bonds that involved hydrogen atoms
were constrained with the SHAKE algorithm.

RESULTS AND DISCUSSION

Inhibition of CTX-M-9 �-lactamase. In Table 1, we summa-
rize our kinetic analysis of CTX-M-9 �-lactamase. CTX-M-9
hydrolyzes NCF with a catalytic efficiency (kcat/Km) of 8.0 � 0.2
�M�1 s�1 (mean � standard error); thus, NCF is used as a
sensitive indicator substrate to characterize the inactivation of
CTX-M-9 �-lactamase. As reported in Table 1, each commer-
cially available inhibitor demonstrated comparable Ki values
for CTX-M-9 �-lactamase (range, 0.8 to 1.6 �M). Moreover,
the partition ratios (kcat/kinact or tn) were �50 for clavulanic
acid, sulbactam, and tazobactam. These values are consistent
with the increased susceptibility of ESBL-type enzymes to
�-lactamase inhibitors (lower MICs in susceptibility testing
and low Ki values when testing enzymes) and indicate a dimin-
ished ability to hydrolyze mechanism-based inactivators (lower
kcat/kinact ratio and lower tn). This kinetic property (i.e., dimin-
ished turnover of inhibitors) is important in the inactivation
pathway of CTX-M-9 (Fig. 2A to F).

In accordance with our investigations of meropenem with

TABLE 1. Kinetic parameters of inhibition of CTX-M-9 �-lactamasea

Compound Ki (�M) KI (�M) kinact (s�1) kinact/ KI
(�M�1 s�1) tn

Clavulanate 0.8 � 0.1 0.60 � 0.08 0.034 � 0.001 0.06 � 0.01 50
Sulbactam 1.2 � 0.3 0.83 � 0.07 0.09 � 0.01 0.11 � 0.02 40
Tazobactam 1.6 � 0.3 1.6 � 0.2 0.12 � 0.01 0.08 � 0.01 4
Doripenem 1.5 � 0.1 1.3 � 0.2 0.12 � 0.01 0.09 � 0.01 4
Meropenem 0.4 � 0.1 0.50 � 0.06 0.11 � 0.01 0.22 � 0.03 4
Ertapenem 0.4 � 0.1 0.56 � 0.10 0.21 � 0.02 0.38 � 0.08 4
Penem 1 0.02 � 0.01 0.031 � 0.005 0.16 � 0.01 5.16 � 0.88 1

a NCF was used as an indicator substrate. The Km of NCF was 19.4 � 0.5 �M, and the kcat was 156.0 � 2.0 s�1. The resulting catalytic efficiency, kcat/ Km, was 8.0 �
0.2 �M�1 s�1.
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FIG. 2. Deconvoluted mass spectra of CTX-M-9 �-lactamase (E, apo-enzyme) and CTX-M-9 �-lactamase with inhibitors (I) in a variable I/E
ratio. Mass increases (products of inactivation) are shown. (A) CTX-M-9 �-lactamase alone; (B) CTX-M-9 with meropenem; (C) CTX-M-9 with
penem 1; (D) CTX-M-9 �-lactamase with clavulanate; (E) CTX-M-9 �-lactamase with sulbactam; (F) CTX-M-9 with tazobactam. All measure-
ments have an error of �3 amu. For the commercially available inhibitors (clavulanate, sulbactam, and tazobactam), multiple products are shown.
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SHV-1 �-lactamase and with studies of carbapenems with class
A �-lactamases (34, 38, 51, 63), we detected little hydrolysis of
the carbapenems by CTX-M-9 (tn 
 4). Among these com-
pounds, meropenem and ertapenem displayed low Ki values
(400 � 100 nM). Compared to these two carbapenems, the
doripenem Ki was 1.5 � 0.1 �M. Penem 1 was the best inhib-
itor of CTX-M-9, with a Ki of 20 � 1 nM and a partition ratio
(kcat/kinact) of 1.

ESI-MS and MALDI-TOF. To achieve insight as to why the
inhibitors were potent inactivators of the CTX-M-9 �-lacta-
mase, CTX-M-9 was reacted with clavulanate, sulbactam,
tazobactam, penem 1, and meropenem (meropenem was chosen
as a “representative” carbapenem), and the products of inac-
tivation were determined using timed (15-min incubation)
ESI-MS (Fig. 2 and 3 and Table 2). Analysis of the apo-enzyme
by ESI-MS revealed two distinct species: 27,929 � 3 atomic
mass units (amu) and 27,946 � 3 amu (Fig. 2A). As previously

described using X-ray crystallography, these two isoforms rep-
resent the mature form of CTX-M-9 without the signal peptide
and the same species with modification of the Glu at the N
terminus (11). We note that the formation of pyroglutamate at
the N-terminal glutamine stands as a unique observation
among the class A �-lactamases (Fig. 3a).

During the inactivation of CTX-M-9 by clavulanate, sulbac-
tam, and tazobactam, we observed that many adducts were
formed (Fig. 2D to F and 3f to j; Table 2). These adducts are
indicative of a multistep pathway toward inactivation with sev-
eral intermediates (possible formation of an imine or enamine
[cis and/or trans], as well as inhibitor fragmentation
[propynyl, �52 amu; aldehyde, �70 amu; semialdehyde, �88
amu; decarboxylated trans-enamine, �156] � 3 amu) (22, 25,
50, 52, 53).

In contrast, meropenem (Fig. 2B) and penem 1 (Fig. 2C)
formed a single species in inactivating CTX-M-9 �-lacta-

FIG. 3. Postulated chemical structures of products of inactivation shown in Fig. 2. (a and b) The two forms of the N terminus of CTX-M-9.
Panel a shows the pyroglutamate form. (c and d) The two forms of meropenem as the acyl enzyme (panel d shows the meropenem minus the ethoxy
group from the C6 position). (e) The penem 1 acyl enzyme. In the case of the 52 � 3 Da adduct shown in Fig. 2D, E, and F, we assigned the
structure represented in panel i as the possible adduct for the structures shown in Fig. 2E and F (propynyl group). (f) It is also possible that the
chemical moiety represented is present and represented in intermediates shown in Fig. 2D, E, and F. (g and h) The semialdlehye and aldehyde,
respectively. (j) The 155-Da adduct.
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mase. The major products observed were � �383 � 3 amu
and � �307 � 3 amu, respectively (matching the molecular
masses of the unfragmented meropenem and penem 1). In the
case of meropenem, we also observed an adduct that was 43 �
3 amu less than the main species (� �340 � 3 Da). This
secondary product is reminiscent of what has been seen in
other ESI-MS analyses of inactivation of class A and class C
enzymes by carbapenems, and we suspect it represents loss of
the C6 ethoxy group (17, 20, 25).

Tryptic digestion. A theoretical enzymatic digestion of the
CTX-M-9 �-lactamase with trypsin (http://prospector.ucsf.edu
/prospector/4.0.7/htmL/msdigest.htm) served as a guide for in-
terpretation of the tryptic digestion of the CTX-M-9 �-lacta-
mase before and after inactivation with meropenem, penem 1,
clavulanate, sulbactam, and tazobactam. The unmatched frag-
ments were compared to the matched fragments, and a series
of candidate peptides were identified. Our results are summa-
rized in the supplemental material.

Using MALDI-TOF MS, we detected peptides with amu
increases (suggesting covalent attachment of the inhibitors) in
the fragments containing the active site Ser70 (see the supple-
mental material). This finding supports the main reaction
chemistry and that of the inhibitors involving the active site
nucleophile Ser70, as identified with TEM-2 and clavulanate
(4), TEM-1 with tazobactam (62), and PC1 with tazobactam
(62) and as shown in the crystal structure and mass spectrom-
etry analysis of SHV-1 with tazobactam and clavulanate (29,
50, 52, 53). We did not find definitive evidence that there was
a resulting fragment that represented the “bridging species”
connecting Ser70 to Ser130, but we did find a 52 � 3 amu
adduct (propynyl addition) when sulbactam and tazobactam
inactivated CTX-M-9 via ESI-MS that may have served as such
(Fig. 2 and 3 and Table 2).

UV difference spectroscopy. UV difference spectroscopy is
often able to provide insight into the natures or identities of
reactive intermediates formed in the inactivation process
(2, 50). Figure 4 reveals the spectral changes seen when

CTX-M-9 was inactivated by meropenem and penem 1 as
determined by UV difference spectroscopy. In the case of
meropenem, the absorbance at 304 nm seen in the first 12 s
of the reaction increased over the 60 min, indicating the
breaking of the �-lactam bond. As we have seen in SHV-1
inactivated by meropenem, this long-lived intermediate sug-
gests an acyl enzyme is directly formed with the CTX-M-9
�-lactamase.

For penem 1, chromophoric changes were evident in the
near-UV spectrum, with the maximum absorbance at 294 nm
and a change at 330 and 360 nm. In the case of penem 1,
previous insights into the mechanism of inactivation coupled
with the timed mass spectrometry and UV difference spectra
suggest that penem 1 forms a linear imine species that undergoes
7-endo-trig cyclization to ultimately form a cyclic enamine, the
1,4-thiazepine derivative (appearance of a chromophore at 360
to 380 nm) (2, 5). We previously studied this penem inhibitor
against OXA-1, a monomeric class D �-lactamase (2), SHV-1,
and the R244S variant of SHV-1 �-lactamase, and we found
similar results (2, 53). It is also possible that these UV differ-
ence spectra represent other chemical changes to the enzyme/
inhibitor complex (e.g., closure of the C7 heterocycle ring of
the penem).

Molecular modeling. Why are meropenem and penem 1
more potent than clavulanate, sulbactam, and tazobactam? A
major difference between penem 1 and meropenem compared
to clavulanate, sulbactam, and tazobactam is the presence of a
double bond between the C2 and C3 positions in the former
compounds. As previously shown, this sp2 configuration plays a
major role in the binding/catalysis of penems (clavulanate in-
cluded) and carbapenems (2, 21, 37, 38). Sulbactam and tazo-
bactam, which possess an sp3 hybridized R2 side chain, are
positioned in a different manner in the active site. In addi-
tion, the presence of the leaving group at the C6 position
also influences reaction chemistry (carbapenems versus
penem 1 versus clavulanate) (21). To demonstrate the above
findings as they pertain to the hybridization at the C2 posi-
tion, we generated a model of meropenem and penem 1 in
the active site.

In the absence of an “Arg244 equivalent” (Thr is at Ambler
position 244 in CTX-M-9), the necessary interaction with
the C3 carboxylate for both compounds likely comes from
long-range, but very important, electrostatic interactions from
Arg276 (10–12, 14, 15) (Fig. 5 and 6). In the case of mero-
penem, we created a model for each tautomer, pyrroline �2

(Fig. 5a and b) and �1 (Fig. 5c and d). Our model for the �2

tautomer of meropenem, which has an sp2 hybridized R2 side
chain at the C2 position, shows that the carbonyl oxygen of the
�-lactam is positioned in the oxyanion hole, interacting with
the backbone amides of Ser70 and Ser237. In addition, impor-
tant hydrogen bonds with Asn132 and Asn104 are formed with
the ethoxy side chain of meropenem. The C3 carboxylate also
forms a hydrogen bond with a key water molecule and Thr235.
These observations are interpreted as highly stabilizing inter-
actions that contribute to the low turnover and high affinities
(low Ki values) observed in our kinetic analysis. Lastly, elec-
trostatic interactions are formed with the C3 carboxylate and
guanidinium group of Arg 276 (approximate 3.1-Å distance),
further stabilizing the acyl enzyme complex. The second model
created for meropenem was with an sp3 hybridized R2 side

TABLE 2. Mass spectrometry analysis of CTX-M-9 �-lactamase
alone and after incubation with inhibitors for 15 min

Combination (inhibitor
mass �Da�)

Mass of product (amu � 3)

WT Pyro-Glu-CTX-M-9 �a

CTX-M-9 27,946 27,929
CTX-M-9 � clavulanate (199) 27,998 52

28,016 27,998 70b

28,034 28,016 88b

28,085 158
CTX-M-9 � sulbactam (233) 27,998 52

28,015 27,998 70b

28,031 28,015 88b

28,080 156
CTX-M-9 � tazobactam (300) 27,998 27,980 52b

28,016 27,998 70b

28,016 88
CTX-M-9 � meropenem (383) 28,329 28,312 383b

28,286 28,268 340b

CTX-M-9 � penem 1 (306) 28,253 28,236 307
307

a Mass of adducts formed during the inactivation of CTX-M-9 (amu).
b The adduct can be attached to WT or pyro-Glu-CTX-M-9.
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FIG. 4. UV difference spectroscopy data were obtained by subtraction of free inhibitor from CTX-M-9 with added inhibitor at t 
 0. (a) UV
difference spectroscopy of CTX-M-9 reacted with penem 1 (I/E of 100/1). (b) Meropenem (I/E of 1,000/1). Note the formation of a chromophore
at 304 nm and 360 nm. In accordance with previous data for these inhibitors with the class A �-lactamase SHV, we tentatively assigned the
chromophore at 304 nm to the hydrolysis of the �-lactam bond and the chromophore at 360 to the formation of the bicyclic aromatic ring
system (2).
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chain at the C2 position (�1 tautomer), forming an acyl enzyme
complex with CTX-M-9 (Fig. 5c and d). During the 6-ps stan-
dard dynamic minimization, the carbonyl oxygen of mero-
penem flips out of the oxyanion hole toward Lys73, making a
hydrogen bond with its amine group. The carboxylate forms a
complex hydrogen bond network with Arg276 and Thr235. In
addition, the interaction mediated by a water molecule pre-
sented in the sp2 hybridized model is replaced by a hydrogen
bond interaction. The movement of the water molecule has
previously been observed in the crystal structure of BlaC with
the �2 and �1tautomers of ertapenem (56).

We modeled penem 1 before secondary ring closure (Fig. 6a
and b) (2, 37). Similar to the meropenem complex that was

studied, we found the carbonyl oxygen of the acylated �-lactam
positioned in the oxyanion hole. Here the carboxylate forms
four important interactions. In marked contrast to mero-
penem, we saw a hydrogen bond that forms with the hydroxyl
of Tyr105. This would suggest that there might be an accom-
panying conformational change at the opening of the enzyme
active site as a result of inactivation by penem 1. We think this
is likely, as the structure of SHV-1 with penems showed that
the Tyr105 moves 20° compared to the apo-enzyme, resulting
in resonance stabilization with the C7 heterocycle ring of the
penem (37). From these constructions we postulate that a
long-range interaction occurs between Arg276 and the carbox-
ylate of penem 1, and it may be mediated by a water molecule.

FIG. 5. Molecular representations of CTX-M-9 and meropenem in the �2 tautomeric form (a and b) and �1 tautomeric form (c and d) docked
in the active site of CTX-M-9. (a) The stable acyl enzyme species of meropenem and CTX-M-9 with the carbonyl oxygen of meropenem in the
oxyanion hole formed by the amides of Ser70 and Ser237. In addition, the C3 carboxylate makes hydrogen bonds with T235 through a water
molecule and the delocalized positively charged guanidinium group of Arg276. In this acyl enzyme model, meropenem’s substituent at the C6
position interacts via hydrogen bonds to Asn132 and Asn104. (c) During the dynamic simulation, the carbonyl oxygen of meropenem flipped out
of the oxyanion hole toward Lys73, making a hydrogen bond with its amine group. The carboxylate made a hydrogen bond network with Arg276
and Thr235 (the interaction mediated by a water molecule was replaced by a hydrogen bond interaction). The substituent at the C6 position group
showed increased flexibility during MDS, maintaining the interactions with Asn132 and/or Asn104. (b and d) Connolly surface diagrams of
meropenem in CTX-M-9, colored by atom charge. These representations show a change in the shape and electropositivity of the enzyme active
site in the region of Arg276 upon binding with the two forms of meropenem. The larger positively charged region found near Arg276 in panel b
is replaced by a more localized region closer to the oxyanion hole in panel d, suggesting that Arg276 possesses a flexible side chain and that
conformational changes occur with the enzyme upon binding meropenem.
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Another water molecule presented in the model also serves as
a bridge to Thr235. However, computational analysis revealed
that the interactions with the first and second water molecules
are dynamic (during the 6-ps dynamic simulation, the observed
water molecule and side chain of Arg276 were changing posi-
tions). We anticipate that crystallographic studies of this com-
plex will yield deeper insights into the mechanism of inactiva-
tion by these compounds in these unique ESBLs.

In conclusion, we present the first analysis of the inactivation
of CTX-M-9 ESBL by different �-lactamase inhibitors and by
penems. Despite a unique three-dimensional structure and
the absence of a direct “R244 equivalent,” inhibition proceeds
efficiently (tn � 50), especially as to the formation of interme-

diates that hinder deacylation (tn 
 4). Our work also provides
early insights as to why penems (especially carbapenems) are
important “poor substrates” or inhibitors that are effective
against the CTX-M-9 ESBLs and that these classes of com-
pounds can be used as valuable agents against this emerging
class A ESBL. We assert that �-lactam compounds that pos-
sess the sp2 hybridized R2 side chain at the C2 position offer
interesting opportunities for lead compound development as
the position of this side chain is strategic in the active site.
Taken together, our results support the notion that interme-
diates that “occupy” the enzyme and prolonged time to recov-
ery are important considerations in the future development of
the next generation of inhibitors that target emerging �-lacta-
mases (18). In addition, we also see the significance of a “re-
gion of positive charge” mediated by the Arg276 residue in the
case of CTX-M-9 �-lactamases. The absence of an “Arg244
equivalent” is compensated by the positive charge at Arg276, a
residue with a very flexible side chain that can be present in
multiple conformations. These findings support the hypothesis
advanced that a positive charge at Ambler position 244, 220, or
276 is important for class A enzyme evolution (33). We also
hasten to add that this plasticity or delocalization of the posi-
tive charge to a region of the active site may be a more general
phenomenon exhibited by class A and class C �-lactamases
(19). These new insights are in line with previous notions
developed by Todd and colleagues that (i) enzyme active sites
are highly flexible; (ii) different functional groups may serve
the same mechanistic role in catalysis; and (iii) this plasticity
can arise by “functional residue hopping” (54). These perspec-
tives could have profound implications for the future of �-lac-
tamase inhibitor development, as it is possible that structural
reorganization and its effects on protein stability maybe not be
readily predicted.
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