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Meropenem-Clavulanate Is Effective
Against Extensively Drug-Resistant
Mycobacterium tuberculosis
Jean-Emmanuel Hugonnet,1 Lee W. Tremblay,1 Helena I. Boshoff,2
Clifton E. Barry 3rd,2 John S. Blanchard1*

b-lactam antibiotics are ineffective against Mycobacterium tuberculosis, being rapidly hydrolyzed by
the chromosomally encoded blaC gene product. The carbapenem class of b-lactams are very poor
substrates for BlaC, allowing us to determine the three-dimensional structure of the covalent BlaC-
meropenem covalent complex at 1.8 angstrom resolution. When meropenem was combined with
the b-lactamase inhibitor clavulanate, potent activity against laboratory strains of M. tuberculosis
was observed [minimum inhibitory concentration (MICmeropenem) less than 1 microgram per milliliter],
and sterilization of aerobically grown cultures was observed within 14 days. In addition, this
combination exhibited inhibitory activity against anaerobically grown cultures that mimic the
“persistent” state and inhibited the growth of 13 extensively drug-resistant strains of M. tuberculosis
at the same levels seen for drug-susceptible strains. Meropenem and clavulanate are Food and Drug
Administration–approved drugs and could potentially be used to treat patients with currently
untreatable disease.

Tuberculosis is perhaps the most persistent
human disease caused by an infectious
bacterium, Mycobacterium tuberculosis.

The death toll remains extremely high, despite
the introduction of modern multidrug chemo-
therapy in the 1960s, with between 1.6 and 2
million fatalities annually. An increasing percent-
age of human clinical isolates are drug-resistant
or multidrug-resistant strains that threaten the
ability to treat the disease (1). The continued use
of multidrug therapy has caused an even more
dire problem: strains of M. tuberculosis resistant
to all first-, second-, and third-line agents. In a
recent study from South Africa, 54 of 54 patients
infected with such highly resistant strains died
with a mean survival time from diagnosis of 16
days (2).

Since the discovery of penicillin in 1929 (3),
the b-lactam class of antibiotics has included

some of the most clinically important antibacter-
ial agents. The development of broad-spectrum
derivatives of penicillin, such as the cephalospo-
rins and olivanic acid (4), coupled with their low
inherent toxicity have made them the drugs of
choice for the treatment of both Gram-negative
andGram-positive bacterial infections. This class,
however, has never provided a compound useful
in the treatment of tuberculosis, and b-lactams are
only rarely used in the treatment of this disease.
One important reason for the lack of efficacy was
found in the genome sequence ofM. tuberculosis,
which contains a single, highly active, chromo-
somally encoded class A (Ambler) b-lactamase
(5). Recently a genetic knockout of the blaC-
encoded b-lactamase showed that strains lacking
this enzymewere more sensitive to b-lactams (6).
This suggested that the chemical recapitulation of
the genetic knockout could similarly resensitize
the organism to existing b-lactam antibiotics.

We recently cloned and expressed the M.
tuberculosis blaC gene and reported a detailed
enzymatic characterization (7). BlaC exhibits an
exceptionally broad substrate specificity, hydro-
lyzing penicillins at nearly the diffusion-limited
rate, all classes of cephalosporins, and, unexpect-
edly for a class A extended-spectrum b-lactamase,

imipenem and meropenem, both carbapenems.
Equally unexpected, the enzyme was only tran-
siently inhibited by the b-lactamase inhibitors
sulbactam and tazobactam, penicillanic acid
sulfones with potent inhibitory activity against
other class A b-lactamases. However, clavulanic
acid is the only Food and Drug Administration
(FDA)–approved b-lactamase inhibitor that ir-
reversibly inhibits BlaC, suggesting that clav-
ulanic acid may recapitulate the genetic knockout,
renderingM. tuberculosis susceptible to b-lactam
antibiotics.

We have previously shown that meropenem
was an extremely slow substrate forM. tuberculosis
BlaC, being hydrolyzed five orders of magnitude
slower than ampicillin. A more detailed investi-
gation of the kinetics of meropenem hydrolysis
under near stoichiometric enzyme concentrations
revealed a steady-state burst with a magnitude
dependent on the concentration of BlaC (Fig.
1A). The reaction of meropenem with the en-
zyme to form the acyl-enzyme intermediate (acyl-
ation half-reaction) is fast relative to hydrolysis of
the substrate (deacylation). Extrapolation of the
final, linear rate to zero time revealed that en-
zyme acylation was stoichiometric with merope-
nem. At a single catalytic enzyme concentration,
the linear rates yielded plots typical of Michaelis-
Menten kinetics (Fig. 1B), with Michaelis con-
stant Km = 3.4 T 0.7 mM and turnover number
kcat = 0.08 T 0.01min−1. Because of its extremely
slow turnover rate, we investigated the possibility
that meropenem could act as an inhibitor of BlaC
and whether it was possible to trap the covalently
acylated form of the enzyme. Meropenem acts as
a slow, tight-binding inhibitor of the hydrolysis
of the chromogenic b-lactam nitrocefin by BlaC.
The time courses of nitrocefin hydrolysis are
nonlinear in the presence of meropenem, and an
analysis of these data yielded an inhibition
constant (Ki) value of 16 T 2 mM and a Ki* value
of 1.1 T 0.8 mM (fig. S1, A and B). The ability of
meropenem to act as an inhibitor of BlaC in
addition to being a very poor substrate for BlaC
added to its potential as an active partner with
clavulanate.

The rapid acylation and slow deacylation of
BlaC by meropenem suggested that we could
observe the covalently bound species by Fourier
transform ion cyclotron resonance (FTICR) mass
spectrometry. A freshly prepared solution of
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BlaC and meropenem displayed a peak corre-
sponding to the mass of the covalently acylated
BlaC-meropenem complex [charge/mass (m/z) =
29,167.5] and a second peak whose mass cor-
responded to the mass of the covalently acylated
BlaC-meropenem complex –44 (m/z = 29,123.6)
(Fig. 1C). After 7 min of incubation, both these
peaks decreased in intensity with the correspond-
ing appearance of the free enzyme. Small-molecule
mass spectrometry revealed the presence of two
species, one with the expected mass for hydro-
lyzed meropenem (m/z = 402) and another with a
mass 44 mass units smaller (m/z = 358, fig. S2).
Hydrolysis of meropenem in 1 N NaOH followed
bymass spectrometry revealed only the presence
of hydrolyzed meropenem. Together, these ex-
periments suggest that, after b-lactam ring open-
ing, the covalently bound meropenem partitions
between direct hydrolysis and enzyme-catalyzed
decomposition of theC6hydroxyethyl substituent,
yielding acetaldehyde (m/z = 44). The proposed
chemical mechanism is discussed below.

The mass spectrometry results suggested that
soaking of crystals of BlaC with meropenem fol-
lowed by vitrification would trap the meropenem
complex at the active site. Crystals of BlaC were
prepared as previously described (8). Crystals
soaked for 90 min with 50 mM meropenem con-
taining 20% glycerol were vitrified and analyzed
by x-ray diffraction at the Brookhaven National
Laboratory Synchrotron Radiation Source. Crystals
were present in the same space group as we previ-
ously reported for the BlaC-clavulanate complex,
and diffraction data to 1.8 Å resolution were used
to solve the structure (final model: Rwork = 0.152
and Rfree = 0.192, table S1) with molecular
replacement methods and the structure of the
BlaC-clavulanate complex (9). Clear electron
density that was contiguous with the b-hydroxyl
side chain of Ser70 (Ambler numbering is used
throughout for residue identification)was observed
in the active site (Fig. 2, A and B). The carbonyl
oxygen of the covalent enzyme-meropenem ester
is oriented to interact with the main chain amide of
Ser70 and Thr253, residues comprising the “oxy-
anion” hole.When compared to the structure of the
BlaC-clavulanate complex, a number of active site
rearrangements are evident. Most notably, the
e-amino group of Lys73 and the Ser130 side chain
hydroxyl no longer hydrogen-bond to the Ser70

ester oxygen. The Lys73 e-amino group and the
carboxyl side chain of Glu166 interact with the
meropenemC8 hydroxyl group,whereas the Ser130

side chain hydroxyl group hydrogen bonds to the
nitrogen of the pyrroline ring (fig. S3). The pyr-
roline ring shows a collinear relationship of C6,
N1, C2, and C3, requiring that the double bond
originally present between C2 and C3 has iso-
merized, as first proposed by Knowles (10). The
structure clearly shows that the thioether sulfur
atom at the C3 position is in the S configuration
requiring protonation of the re face of the C2-C3
double bond. We thus propose a chemical mech-
anism for meropenem hydrolysis by BlaC as
shown in Fig. 2C. The electron density beyond

the thioether sulfur atom is weak and discon-
tinuous, so the modeled configuration of the ter-
minal pyrazole ring is uncertain at this time.
Whether double bond isomerization is concerted
with b-lactam ring opening is also unclear, al-
though we draw it as concerted (Fig. 2C).

The combination of clavulanate and amoxi-
cillin has previously been shown to inhibit the
growth of M. tuberculosis strains (11). Because
amoxicillin is one of the best substrates of BlaC,
complete inactivation of BlaC would be required
to maintain inhibitory concentrations of the anti-
biotic. More recently, the addition of clavulanate
to susceptible and multidrug-resistant strains of
M. tuberculosis has been shown to potentiate the
effects of all classes of b-lactams (12, 13). We
determined the minimum inhibitory concentra-
tion (MIC) values of M. tuberculosis H37Rv in
7H9 medium at 37°C by penicillins, cephalo-
sporins, and carbapenems in the absence and
presence of 2.5 mgml–1 clavulanate. The addition
of clavulanate had only a modest effect on the
MIC values of ampicillin and amoxicillin but a
significant effect on the MIC values of ceph-
alothin, imipenem, and meropenem (table S2).
On the basis of the lowMIC value of meropenem
in the presence of clavulanate (0.32 mg ml–1) and
its low rate of hydrolysis by BlaC, we selected
this carbapenem for detailed analysis. When var-
ious combinations of meropenem and clavula-
nate were added daily for 5 consecutive days to
cultures ofM. tuberculosisErdman under aerobic
growth conditions, the colony-forming units per
milliliter (CFU ml–1) dropped rapidly until com-
plete sterilization was obtained after 9 to 12 days
(Fig. 3A). Although the number and identity of the

cell wall cross-linking transpeptidase targets of
meropenem inM. tuberculosis are not known (see
below), it is clear that a combination of clavulanate
and meropenem rapidly sterilizes actively grow-
ing aerobic cultures of M. tuberculosis.

An important problem in tuberculosis therapy
is the phenotypic drug resistance of populations
of organisms that are in a nonreplicative state,
termed “persistence” (14, 15). TheM. tuberculo-
sis L,D-transpeptidase has recently been reported
to be a target for carbapenems, and this enzyme is
thought to be expressed as the organism enters
into the persistent state,with corresponding changes
in the nature of peptidoglycan cross-linking (16).
There are several in vitro models of this state, but
the most widely used is the Wayne model (17),
where organisms that are grown in sealed tubes
enter into a viable but nonreplicative (NRP) state
after 2 weeks because of consumption of avail-
able oxygen. Combinations of clavulanate and
meropenem were tested for their ability to steri-
lize organisms in this state. Drug combinations
were added to NRP2 cultures within an anaerobic
chamber, and cellular viability was assessed 1
week and 2 weeks later by measuring intracel-
lular adenosine triphosphate (ATP) concentra-
tions as well as CFUs. All clavulanate–b-lactam
combinations were effective in reducing viability,
but the decrease was more pronounced with the
two carbapenems, imipenem and meropenem,
thanwith amoxicillin and cefuroxime (fig. S4). In
the case of the clavulanate-meropenem combina-
tion, we observed more than a log kill over a 2-
week exposure time, comparable tometronidazole,
which is shown as a control compound in Fig. 3B
(12).

Fig. 1. Kinetics of BlaC with meropenem. (A) Time courses of meropenem hydrolysis with various
concentrations of BlaC. Enzyme concentrations are reported on the right. (B) Michaelis-Menten kinetics of
BlaC with meropenem at single enzyme concentration (0.8 mM). (C) Mass spectra of enzyme-meropenem
species. The 25+ charge state ions are shown. The mass reported for each peak was calculated as
described in (20) from the two ions with m/z values of 1165.946 and 1167.702.
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The combination of clavulanate with b-
lactams, especially meropenem, was also tested
for the ability to inhibit the growth of extensively
drug-resistant (XDR) clinical strains of M. tuber-

culosis. Thirteen clinical isolates exhibiting the
XDR phenotype were tested (18). Clavulanate
was used at a concentration of 2.5 mg ml–1, and
the MIC values of these strains for meropenem

were determined. The susceptibility of these strains
was experimentally indistinguishable from that
determined for H37Rv and the Erdman strain,
that is, ≤1 mg ml–1 (Table 1). In contrast, sub-
stantial variability in the MIC values to ampicil-
lin, amoxicillin, cephalothin, and imipenem was
observed for these same strains (table S2). The
clavulanate-meropenem combination is thus equal-
ly effective against both susceptible and XDR
strains.

These structural and mechanistic studies of
carbapenem interactionswith theBlaC b-lactamase
have revealed properties of specific b-lactam an-
tibiotics that can be exploited in the treatment of
tuberculosis, including the treatment of multidrug-
and extensively drug-resistant strains. The struc-
ture of the meropenem-inactivated acyl-enzyme,
in combination with our mechanistic proposal for
its hydrolysis and the structure of the clavulanate-
BlaC complex, provides the information neces-
sary to design improved tuberculosis-specific
b-lactams that could form longer-lived acyl-enzyme
intermediates. Among currently approved b-
lactams, however, meropenem is superior on the
basis of its poor activity as a substrate for BlaC,
ability to transiently inhibit BlaC, and activity
against nonreplicating organisms. This activity
provides experimental evidence that peptidoglycan
remodeling occurs in M. tuberculosis in the non-
replicating state, which may be an important
determinant of clinical efficacy.

Ten years ago, a report on the early bacteri-
cidal activity of amoxicillin-clavulanate in pa-
tients with tuberculosis appeared (19), but no
additional reports have appeared since then. Our
studies reveal that clinical strain-to-strain varia-
bility is observedwith combinations of clavulanate
with penicillins, cephalosporins, and imipenem
but not with meropenem. The synergism of the
clavulanate-meropenem combination and the
uniform activity against drug-susceptible, labo-
ratory, and XDR clinical strains suggest this
combination could be useful in the treatment of

Fig. 2. (A) Overall structure of BlaC displayed in rainbow from N term (blue) to the C term (red),
with the meropenem adduct displayed as a surface mesh. (B) Fo–Fc omit density (green) contoured
at 4.0 s surrounds the covalent meropenem adduct formed at the Ambler active-site residue Ser70.
Structure figures were produced using Pymol (www.pymol.org). (C) Proposed chemical mechanism
for the BlaC-catalyzed reaction with meropenem.

Fig. 3. Killing curves of M. tuberculosis after exposure to b-lactams and
clavulanate. (A) Aerobic growth using the microdilution method. Merope-
nem and clavulanate were added at 2 mg ml–1 + 1 mg ml–1 (■), 2 mg ml–1 +
2 mg ml–1 (□), 4 mg ml–1 + 1 mg ml–1 (▲), and 4 mg ml–1 + 2 mg ml–1 (D),
respectively, for 5 consecutive days. (B) Meropenem is cidal for non-
replicating anaerobic M. tuberculosis. Hypoxically adapted M. tuberculosis
H37Rv was treated under anaerobic conditions with twofold dilutions of

meropenem (0.19 to 12.5 mg ml–1) in the presence or absence of 2.5 mg
ml–1 clavulanate. Isoniazid (0.16 to 1.0 mgml–1) andmetronidazole (4.6 to 73
mM) served as negative and positive controls, respectively. Survival was
determined by measurement of ATP amounts in surviving bacteria during
aerobic outgrowth of 100-fold diluted cells at either 1 week (white bars) or 2
weeks (shaded bars) of treatment or by enumeration of CFUs (inset) after 2
weeks of compound exposure.
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tuberculosis. Both clavulanate and meropenem
are FDA-approved drugs, and both clavulanate
and meropenem are sufficiently free of side ef-
fects to be approved for pediatric use in children
over 3 months old.
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Analysis of Drosophila Segmentation
Network Identifies a JNK Pathway
Factor Overexpressed in Kidney Cancer
Jiang Liu,1,2* Murad Ghanim,1,2*† Lei Xue,3* Christopher D. Brown,1,2 Ivan Iossifov,1,4‡
Cesar Angeletti,5 Sujun Hua,1,2 Nicolas Nègre,1,2 Michael Ludwig,1,2,6 Thomas Stricker,1,2,7
Hikmat A. Al-Ahmadie,7 Maria Tretiakova,7 Robert L. Camp,5 Montse Perera-Alberto,8
David L. Rimm,5 Tian Xu,3 Andrey Rzhetsky,1,4 Kevin P. White1,2,6§

We constructed a large-scale functional network model in Drosophila melanogaster built around
two key transcription factors involved in the process of embryonic segmentation. Analysis of the
model allowed the identification of a new role for the ubiquitin E3 ligase complex factor SPOP.
In Drosophila, the gene encoding SPOP is a target of segmentation transcription factors.
Drosophila SPOP mediates degradation of the Jun kinase phosphatase Puckered, thereby inducing
tumor necrosis factor (TNF)/Eiger–dependent apoptosis. In humans, we found that SPOP plays a
conserved role in TNF-mediated JNK signaling and was highly expressed in 99% of clear cell
renal cell carcinomas (RCCs), the most prevalent form of kidney cancer. SPOP expression
distinguished histological subtypes of RCC and facilitated identification of clear cell RCC as the
primary tumor for metastatic lesions.

Over the last three decades, extensive mo-
lecular and genetic analyses have char-
acterized the identity of and interactions

between components of the Drosophila segmen-
tation process (1). Maternal factors distributed in

gradients along the anterior-posterior (A-P) axis
activate zygotic transcription of gap genes, which
encode transcription factors that activate sets of
pair-rule genes including the homeobox tran-
scription factors Even-skipped (Eve) and Fushi

tarazu (Ftz). These pair-rule proteins then directly
regulate segment polarity genes that determine
the internal A-P orientation of each segment.
Many of the human homologs of these genes and
their downstream targets play critical roles in
human diseases, especially cancers (2, 3). In an
effort to extract new information from the
Drosophila segmentation network, as well as
to mine this network for previously unknown
disease-related genes, we built a large-scale pre-
dictive network model around Ftz and Eve.

We analyzed gene expression changes be-
tween individual wild-type embryos and embryos
with null mutations in ftz and eve (1) collected
during a developmental time course from 2 hours
until 7 hours after egg laying (AEL). By focusing
on the effects of Ftz and Eve 2 to 3 hours AEL
(early zygotic expression), we found 1310 genes
differentially expressed between the ftz mutant
and wild type, and 1074 genes differentially
expressed between the eve mutant and wild type
(false discovery rate < 0.001; tables S1 and S2).

Using antibodies specific for Ftz or Eve,
we performed chromatin immunoprecipitation
(ChIP) and mapped genome-wide transcription
factor binding in cellular blastoderm embryos 2
hours AEL on custom-designed high-density
DNA microarrays (4). We found 1286 Ftz- and

Table 1. MIC values for b-lactams in the presence of 2.5 mg ml–1 clavulanic acid. The XDR strains
were a subset of those previously reported (18).

Strain b-lactam MIC value (mg ml–1)

Erdman Meropenem 0.5
H37Rv Amoxicillin >10
H37Rv Ampicillin 5.0
H37Rv Cefotaxime 1.25
H37Rv Cephalothin 0.94
H37Rv Imipenem 0.16
H37Rv Meropenem 0.32
XDR-1 Meropenem 0.94
XDR-2 Meropenem 0.625
XDR-3 Meropenem 0.625
XDR-4 Meropenem 0.625
XDR-5 Meropenem 0.625
XDR-6 Meropenem 0.625
XDR-7 Meropenem 0.625
XDR-8 Meropenem 0.94
XDR-9 Meropenem 1.25
XDR-10 Meropenem 0.47
XDR-11 Meropenem 0.23
XDR-12 Meropenem 0.625
XDR-13 Meropenem 0.32
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