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ABSTRACT In a Mycobacterium smegmatis mutant library screen, transposon mu-
tants with insertions in fhaA, dprE2, rpsT, and parA displayed hypersusceptibility to
antibiotics, including the �-lactams meropenem, ampicillin, amoxicillin, and cefo-
taxime. Sub-MIC levels of octoclothepin, a psychotic drug inhibiting ParA, pheno-
copied the parA insertion and enhanced the bactericidal activity of meropenem
against Mycobacterium tuberculosis in combination with clavulanate. Our study iden-
tifies novel factors associated with antibiotic resistance, with implications in repur-
posing �-lactams for tuberculosis treatment.
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The global effort to eradicate tuberculosis (TB) has been hampered by the emer-
gence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) TB (1). The

current treatment for MDR TB includes administration of second-line drugs of the
aminoglycoside and fluoroquinolone classes for 20 to 28 months, and XDR TB requires
a substantially longer period of treatment involving third-line drugs, such as clofazi-
mine and clarithromycin (2). However, the success rates for MDR and XDR TB treat-
ments are 50% and 26%, respectively, indicating an urgent need for novel and more
effective treatment regimens (1). Repurposing preexisting drugs with known safety and
toxicity profiles for MDR and XDR TB treatment may be an effective solution to this
problem, as it saves money and time involved in the identification and validation of
novel anti-TB compounds (3). Based on this strategy, existing antibiotics, such as
gatifloxacin, rifapentine, linezolid, and a few �-lactams, are currently being evaluated
for MDR and XDR TB treatment (2). Among these, the �-lactam antibiotics deserve
special attention because of their well-established clinical safety and mechanism of
action, which involves inhibition of bacterial peptidoglycan biosynthesis by the
inactivation of L,D-transpeptidases and/or D,D-transpeptidases (4). Mycobacterium
tuberculosis, the causative organism of human tuberculosis, is intrinsically resistant to
�-lactams, primarily because of the presence of �-lactamases and the L,D-
transpeptidases (4). The latter class of enzymes, which are resistant to penicillins and
cephalosporins, is used by M. tuberculosis to generate 3¡3 transpeptide cross-links in
its peptidoglycan (4–7). In addition, its hydrophobic cell envelope, which acts as a
permeability barrier for several antibiotics, also confers resistance to �-lactams (4).
Supporting this view, a synthetic lethality screen with an M. tuberculosis CDC1551
transposon mutant library for hypersusceptibility to imipenem, a �-lactam antibiotic of
the carbapenem class, revealed that the majority of hypersusceptible mutants had
mutations in cell envelope-associated genes (8). Despite the possibility that targeting
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such mycobacterial cell envelope-associated factors with inhibitors may sensitize M.
tuberculosis to �-lactams, to our knowledge, no studies have been carried out thus far
to validate this hypothesis. Our objective was therefore to identify novel mycobacterial
cell envelope-associated factors linked with resistance to antibiotics, including penicil-
lin and nonpenicillin �-lactams, and to assess the effect of chemical inhibition of such
factors in enhancing the effectiveness of �-lactams against M. tuberculosis.

To identify novel cell envelope-related mycobacterial genes associated with �-lactam
resistance, we assessed the ampicillin sensitivity of 69 colony morphotype mutants of
Mycobacterium smegmatis mc26 that were originally isolated in a colony morphology
screen from a library of 5,000 transposon mutants (9). The mutants and wild-type M.
smegmatis were grown to log phase as described previously (9), and 1 �l of each of
these cultures was spotted on Middlebrook 7H10 agar plates containing 50 mg/liter of
ampicillin, a concentration lower than the reported MIC of 200 to 400 mg/liter for M.
smegmatis (10). As a control for growth, all cultures were spotted onto agar plates
lacking ampicillin. Since changes in colony morphologies were likely to result from
variations in cell envelope composition, we initially hypothesized that these mutants
might show differential susceptibilities to ampicillin by virtue of their altered permea-
bility. Earlier observations that defects in the mycobacterial cell envelope are frequently
associated with altered colony morphology and hypersusceptibility to antibiotics
supported our hypothesis (11, 12). We obtained four mutants sensitive to ampicillin,
and mapping of their transposon insertion sites with a modified genome walking
protocol revealed the identity of the disrupted genes to be homologs of the
M. tuberculosis genes dprE2, fhaA, rpsT, and parA (13) (Table 1). M. tuberculosis dprE2
encodes decaprenylphosphoryl-D-2-keto erythro pentose reductase, which with DprE1
catalyzes the epimerization of decaprenylphosphoryl ribose (DPR) to decaprenylphos-
phoryl arabinose (DPA), a precursor in cell wall arabinan synthesis (14). M. tuberculosis
fhaA codes for a conserved protein with a C-terminal forkhead-associated domain
functionally linked to cell wall peptidoglycan biosynthesis (15, 16). M. tuberculosis rpsT
codes for a 30S ribosomal protein S20 (http://tuberculist.epfl.ch/), and we suspect that
the change in the colony morphology and the �-lactam sensitivity observed in the
corresponding M. smegmatis mutant might be due to an indirect effect caused by
diminished translational efficiency, leading to a reduction in the levels of factors
associated with cell envelope homeostasis and proteins being targeted by �-lactams.
M. tuberculosis parA codes for a chromosome partitioning protein ParA, which with ParB
is involved in the segregation of genomic DNA during bacterial cell division (17). Its
interaction with Wag31, a protein involved in polar peptidoglycan biosynthesis, indi-
cates that ParA coordinates segregation with cell wall biosynthesis (18). Thus, the
annotated/reported functions of these M. tuberculosis homologs revealed their associ-
ation with cell envelope homeostasis, providing validation for our hypothesis.

Since meropenem, a carbapenem, is one of the foremost �-lactams being evaluated
for TB treatment (2), we determined the meropenem MIC values for these four mutants
through a resazurin-based microplate assay as described previously (19, 20). Consistent
with their susceptibility to ampicillin, we observed a 2-fold reduction in MIC values for

TABLE 1 Transposon insertion sites of M. smegmatis mc26 mutants hypersusceptible to
ampicillin, their gene lengths, M. tuberculosis homologs, and predicted functions

Mutant
Disrupted
gene

Gene
length (bp) POIa

M. tuberculosis
homolog Predicted function

TR37 MSMEG_6385 765 359 dprE2 Decaprenylphosphoryl-D-2-keto
erythro pentose reductase

TR49 MSMEG_0035 1,464 194 fhaA FHA domain protein
TR58 MSMEG_4571 261 88 rpsT 30S ribosomal protein S20
TR62 MSMEG_6939 972 650 parA Chromosome partitioning protein
aPOI, point of transposon insertion relative to the 5= end of a specific open reading frame used to examine
the disruptive nature of the transposon insertion on gene function. Insertions occurring in the proximal
80% region of the gene are assumed to eliminate activity in the gene product (13).
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all of these mutants in comparison with those of the wild-type strain (Table 2). This
result was further confirmed by CFU enumeration, where we observed a log10 reduc-
tion in the range of 1.87 to 2.6 for meropenem-treated mutants versus the wild-type
control (Fig. 1a; see also Fig. S1 in the supplemental material). In addition, three of these
mutants (TR37 [dprE2Ms::Tn], TR49 [fhaAMs::Tn], and TR62 [parAMs::Tn]) were observed to
be hypersusceptible to amoxicillin (a moderate-spectrum �-lactam), cefotaxime (belonging
to the cephalosporin class of �-lactams), and the non-�-lactam antibiotics isoniazid and
rifampin (Table 2). The observations indicate that the mutants exhibit a generalized
susceptibility to these antibiotics possibly due to their altered cell envelope permeability as
discussed above. On the other hand, the rpsT mutation did not confer a generalized
susceptibility phenotype but caused a significant reduction in the MIC level (2- to �64-fold)
to diverse classes of �-lactams (Table 2). This suggests that TR58 (rpsTMs::Tn) is primarily
susceptible to �-lactams, an observation that warrants further investigation.

We chose to further characterize TR62 (parAMs::Tn), since robust functional data
are available for ParA (17, 21). For complementation analysis, the open reading
frame of M. smegmatis parA was amplified by PCR using its corresponding forward
(5=-AGGGATCCATGGGTTCGGGTCAGAACAAA-3=) and reverse (5=-AGTAAGCTTTGCTG
CACTACTGCTGGC-3=) primers and cloned between the BamHI and HindIII sites of
the mycobacterium-E. coli shuttle vector pMV261h (22), an episomal plasmid carrying
an hsp60 promoter and hygromycin resistance marker. Transformation of TR62 with the
recombinant plasmid led to restoration of the meropenem MIC to wild-type levels
(Table 2), confirming the association of parA with the observed phenotype and ruling
out the possibility of a polar effect due to the transposon insertion.

This result led us to hypothesize that inhibition of ParA may further potentiate the
action of meropenem against wild-type M. smegmatis. Based on a previous study
describing octoclothepin, a potential neuroleptic drug, as an inhibitor of the ATPase
activity of mycobacterial ParA (21), we assessed the effect of the octoclothepin-
meropenem combination on M. smegmatis survival. Octoclothepin at a sub-MIC value
of 28 mg/liter was observed to cause a 2-fold reduction in the meropenem MIC, a
phenocopy of the meropenem sensitivity of TR62 (Table 2), thereby validating our
hypothesis. In addition, the meropenem-octoclothepin combination exhibited a poten-
tiating and nonantagonistic effect against M. smegmatis (Table 2), as deduced from
fractional inhibitory concentration (�FIC) calculations (23). These results were validated
by enumerating CFU after subjecting M. smegmatis to the above-mentioned treatments
(Fig. 1a). Because bacterial cell division involves the coordinated action of multiple
proteins associated with events, including DNA replication, divisome assembly, chro-
mosome segregation, and cell wall synthesis, the loss of function of proteins involved

TABLE 2 Antibiotic susceptibility profiles of wild-type M. smegmatis mc26, its transposon mutants, the corresponding M. smegmatis
complement of TR62 (parAMs::Tn), and M. tuberculosis H37Ra

Strain

Susceptibility profile (MIC in mg/liter)a:

Meropenem Octoclothepin

Meropenem in
presence of
octoclothepin
(28 mg/liter
[60.7 �M])

Meropenem in
presence of
clavulanate
(5 mg/liter
[21.1 �M])

Meropenem in
presence of
octoclothepin
(7 mg/liter
[15.2 �M]) Amoxicillin Cefotaxime Isoniazid Rifampin

M. smegmatis
Wild type 4 112 2 (�FIC 0.75) – – 32 64 8 8
TR37 (dprE2Ms::Tn) 2 – – – – 8 2 �1 �1
TR49 (fhaAMs::Tn) 2 – – – – 8 2 4b �1c

TR58 (rpsTMs::Tn) 2 – – – – 16 �1 4 8
TR62 (parAMs::Tn) 2 – 1 – – 16 4 2 �1
TR62:parAMs 4 – – – – – – – –

M. tuberculosis H37Ra 4 28 – 2 2 (�FIC 0.75) – – – –
aResults shown are representative of two biological and four technical replicates. –, Data not applicable; �FIC, fractional inhibitory concentration value; �FIC value of
�0.5 and �4 is considered nonantagonistic (23).

bThe M. smegmatis fhaA deletion mutant (ΔfhaAMs) exhibited an MIC of 4 mg/liter (16).
cΔfhaAMs exhibited an MIC of �1 mg/liter (16).
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in any of these processes is likely to affect cell division as a whole (24). Because ParA
coordinates chromosome segregation with cell wall biosynthesis (18), we propose that by
inhibiting the function of ParA, octoclothepin might affect cell wall and cell envelope-
associated processes. This may potentiate the activity of meropenem via an enhancement
of outer membrane permeability, leading to an increased accumulation of this drug in
the periplasmic space, where the targets for meropenem (D,D-transpeptidases and
L,D-transpeptidases) are localized (25). Furthermore, octoclothepin at the sub-MIC of 28
mg/liter also caused a 2-fold reduction in meropenem MIC for TR62 (Table 2), suggest-
ing that in the absence of parA, octoclothepin may act on unknown secondary targets,
leading to a further reduction in the meropenem MIC value.

To test whether our observation in M. smegmatis held true for M. tuberculosis, we
assessed the effect of the octoclothepin-meropenem pair on the survival of M. tuber-

FIG 1 Potentiating effect of octoclothepin (Oct) on meropenem (Mer) or meropenem-clavulanate (Clav)
combinations against mycobacteria as determined by mean log10CFU counts. (a) Evaluation of potenti-
ating effect of octoclothepin on meropenem against M. smegmatis (light-gray bars). TR62 (parAMs::Tn) was
included in the experiment to determine the extent to which octoclothepin phenocopies the parAMs

mutation. TR62:parAMs was included as a complementation control. Strains were incubated with the
above-mentioned antibiotic/inhibitors for 60 h. Untreated strains were plated at 0 h (open bars) and 60
h (black bars) as controls. As an additional control, the designated strains were treated with sublethal
concentrations of the above inhibitors (dark-gray bars). WT, wild type. (b) Evaluation of potentiating
effect of octoclothepin on meropenem and meropenem-clavulanate combinations against M. tubercu-
losis H37Ra (light-gray bars). M. tuberculosis H37Ra was incubated with the above-mentioned antibiotic/
inhibitor for 11 days. Untreated M. tuberculosis H37Ra was plated on day 0 (open bar) and day 11 (black
bar) as controls. As an additional control, M. tuberculosis H37Ra was treated with sublethal concentrations
of the above inhibitors (dark-gray bars). Compound concentrations are represented in mg/liter. The error
bars represent standard deviations. Results shown are representative of two biological replicates.
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culosis by using a modification of the resazurin-based microplate assay described
previously (19). For this, M. tuberculosis H37Ra was cultured as described previously
(26) and incubated along with the corresponding antibiotic/inhibitor without replen-
ishment for 11 days before the addition of resazurin, followed by a visual assessment
of color change. We found that octoclothepin at a sub-MIC of 7 mg/liter caused a 2-fold
reduction in the meropenem MIC value, consistent with our observation in M. smegmatis
(Table 2). Importantly, octoclothepin effectively potentiated the activity of meropenem
against M. tuberculosis H37Ra at a lower concentration than with clavulanate (Table 2).
These results were further verified by CFU assays (Fig. 1b), through which we also
tested the effect of the octoclothepin-meropenem pair in combination with the
�-lactamase inhibitor clavulanate on M. tuberculosis survival (27). We included clavulanate
at 5 mg/liter in these experiments because this compound is currently being evaluated
for its activity against MDR TB isolates in combination with �-lactams (2, 28) and has
been found to be optimally active at this concentration in enhancing the activity of
carbapenems against M. tuberculosis (27, 29). Moreover, the meropenem-clavulanate
combination is clinically relevant because its efficacy and safety were established in
previous studies (30–32). We found that octoclothepin at the above-mentioned sub-
MIC showed a nonantagonistic effect in combination with clavulanate and meropenem,
leading to a 1.08 log10 reduction in CFU compared with the value in meropenem-
clavulanate-treated M. tuberculosis (Fig. 1b).

In conclusion, our study identifies novel factors that can be targeted to enhance the
activity of �-lactams and possibly other antibiotics against M. tuberculosis. The corre-
sponding M. tuberculosis homologs of three (dprE2, rpsT, parA) of the four disrupted M.
smegmatis genes were reported to be indispensable for M. tuberculosis growth (http://
tuberculist.epfl.ch/), implying that in addition to potentiating �-lactam activity that
occurs by cytolysis of M. tuberculosis (33), targeting their corresponding proteins may
in principle lead to the killing of M. tuberculosis. In addition to ParA, DprE2 possesses
enzymatic activity and hence is a potential target for inhibition by small molecules. Our
demonstration that the ParA inhibitor octoclothepin showed a potentiating effect on
meropenem activity, as well as the meropenem-clavulanate combination, against M.
tuberculosis provides a valid proof of principle for the hypothesis on which this study
is based. Chemical modifications of octoclothepin, such as those described in reference
34, may lead to an improvement in its specificity against M. tuberculosis and its in vivo
effectiveness. By identifying a novel �-lactam-potentiating agent and new factors
associated with antibiotic resistance, our study provides new modalities to enhance the
activity of �-lactams and probably other antibiotics against M. tuberculosis.
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