Point Mutations within the Fatty Acid Synthase Type II Dehydratase
Components HadA or HadC Contribute to Isoxyl Resistance in
Mycobacterium tuberculosis
Laila Gannoun-Zaki,a Laeticia Alibaud,a Laurent Kremera,b
Laboratoire de Dynamique des Interactions Membranaires Normales et Pathologiques, Université de Montpellier 2 et 1, CNRS UMR 5235, Montpellier, Francea; INSERM,
DIMNP, Montpellier, Franceb

T

he absence of novel effective antituberculosis therapy remains
a significant worldwide public health threat due to the rapid
development of multidrug-resistant and extensively drug-resistant strains (1, 2). The development of potent chemotherapeutic
alternatives is crucial to preventing future epidemics of this insidious and often fatal form of the disease. New drugs to treat tuberculosis are urgently needed, yet the pace of new drug development
has been slow. One approach to finding new agents is to define the
pharmacological target(s) of currently used drugs and develop
new therapeutic analogues that possess greater potency than the
original molecules against Mycobacterium tuberculosis.
Isoxyl (ISO; thiocarlide, 4,4=-diisoamythio-carbanilide) began
to be used clinically to treat tuberculosis in the 1960s. We and
others have shown that this thiourea derivative is a prodrug that
must be activated by the mycobacterial monooxygenase EthA, a
common activator of most thiocarbamide-containing drugs, including ethionamide and thiacetazone (3–5). In an early study,
ISO was shown to inhibit the synthesis of both mycolic acids and
free fatty acids in Mycobacterium bovis BCG (6). It was later reported that ISO displays potent activity against other slow- and
fast-growing species of Mycobacterium, including multidrug-resistant clinical isolates of M. tuberculosis, by altering the biosynthesis of all types of mycolic acids and the long-chain fatty acids
that are an important component of the mycobacterial cell wall
and also alters the synthesis of shorter-chain fatty acids (7). The
main effect of ISO on fatty acid metabolism is the inhibition of
oleic acid biosynthesis by specifically targeting the membraneassociated stearoyl-coenzyme A (CoA) desaturase DesA3
(Rv3229c) (8). Sterculic acid, a known inhibitor of membraneassociated ⌬9 desaturases (8, 9), emulated the effect of ISO on
oleic acid synthesis but did not inhibit mycolic acid synthesis (8),
suggesting that the two effects of ISO were unrelated. Moreover,
the fact that some ISO derivatives were found to affect mainly
mycolic acid synthesis while having lost the capacity to inhibit
oleic acid production supports the view that ISO has at least an
additional target that is directly or indirectly related to the mycolic
acid biosynthetic pathway (7).
With the goal of elucidating the molecular mechanism of action of ISO inhibition on mycolic acid synthesis, genetic and biochemical studies of defined strains of M. tuberculosis were undertaken. We report here that components of the dehydratase
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complex of the type II fatty acid synthase (FAS-II), participating in
mycolic acid biosynthesis, are new players in ISO resistance.
The general effect of ISO treatment on mycolic acid inhibition in mycobacteria prompted us to think that ISO could inhibit a specific component of FAS-II. To investigate this hypothesis, genes encoding all four major FAS-II components
(kasA, inhA, mabA, and hadABC) were cloned into vector
pMV261 and transformed into M. bovis BCG. The constructions pMV261-kasA, pMV261-inhA, and pMV261-hadABC
were reported previously (10, 11; G. D. Coxon, D. Craig, R. M.
Corralles, E. Vialla, L. Gannoun-Zaki, and L. Kremer, unpublished data). To generate pMV261-mabA, the mabA gene was
PCR amplified using M. tuberculosis H37Rv chromosomal
DNA with primers MAbA-up (5=-TGACTGCCACAGCCACTG
AAGGGGCCAAAC-3=) and MAbA-lo (5=-GGGAATTCTCAGT
GGCCCATACCCATGCCGCCGTCGA-3= [EcoRI site underlined]). The amplicon was restricted with EcoRI and cloned
directly into pMV261 cut with MscI/EcoRI. The effect of the overexpression was visually assessed by determining the MIC on
Middlebrook 7H11 plates containing OADC (oleic acid-albumindextrose-catalase) and increasing drug concentrations (Table 1).
Serial 10-fold dilutions of each actively growing culture were
plated and incubated at 37°C for 2 to 3 weeks. The MIC99 was
defined as the minimum concentration required to inhibit 99% of
mycobacterial growth. As expected, overexpression of InhA
yielded high-level resistance to both isoniazid (INH) and ethionamide (ETH) compared to the control strain harboring the plasmid vector alone (11). Surprisingly, however, although the overexpression of kasA, inhA, and mabA failed to confer resistance to
ISO, the strain harboring a multicopy hadABC gene cluster had an
MIC that was 5- to 10-fold higher than the MIC for the control strain.
It has been proposed that HadABC acts as the FAS-II dehydra-
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The mechanism by which the antitubercular drug isoxyl (ISO) inhibits mycolic acid biosynthesis has not yet been reported. We
found that point mutations in either the HadA or HadC component of the type II fatty acid synthase (FAS-II) are associated with
increased levels of resistance to ISO in Mycobacterium tuberculosis. Overexpression of the HadAB, HadBC, or HadABC heterocomplex also produced high-level resistance. These results show that the FAS-II dehydratases are involved in ISO resistance.
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TABLE 1 Antimycobacterial activities of INH, ETH, and ISO against
M. bovis BCG strains overexpressing various FAS-II components
MIC99 (g/ml)a
Strain

INH

ETH

ISO

pMV261
pMV261::kasA
pMV261::inhA
pMV261::mabA
pMV261::hadABC

0.1
0.1
2
0.1
0.1

2.5–5
5
50
5
2.5–5

0.5–1
0.5–1
1
0.5–1
5

a

MIC99s were determined by dilution on 7H11 solid agar medium supplemented with
OADC.

TABLE 2 Antimycobacterial activities of TAC and ISO against
M. tuberculosis strains overexpressing various Had complexes

rified methyl mycolates were prepared from cultures treated for 15
h with increasing concentrations of ISO and then labeled with 1
Ci/ml [14C]acetate for an additional 6 h. Mycolic acid methyl
esters were extracted as described previously (10) and analyzed by
thin-layer chromatography (TLC)-autoradiography. As previously reported (4, 6, 7), all classes of mycolates were affected in a
dose-dependent manner (Fig. 1), but consistent with its higher
MICs (Table 2), the synthesis of mycolic acids in the strain overexpressing HadABC was more refractory to ISO inhibition, especially at low concentrations. Overexpression of HadABC by M.
tuberculosis was associated with a modified mycolic acid profile,
characterized by a reduction in the level of methoxy mycolic acids
that form the major subclass in the wild-type strain to the least
prominent subspecies in the HadABC-overexpressing strain (Fig.
1). Since HadABC has been shown to physically interact with various FAS-II partners (17), including the methyltransferases that
are required for mycolic acid functionalization, it is conceivable
that overexpression of HadABC impacts the structure of the
FAS-II interactome, leading to an altered mycolic acid pattern.
Overall, these results suggest that the amount of the functional
HadABC complex determines its susceptibility to ISO.
Recently, two independent studies demonstrated that M. tuberculosis strains harboring missense mutations in either HadA or
HadC were associated with resistance to TAC (14; Coxon et al.,
unpublished), so we investigated whether these mutations would
also confer resistance to ISO. We first tested two TAC-resistant
strains, i.e., MTTR3, which has a HadA C61G substitution, and
MTTR18, which has a HadC V85F substitution. The ISO MICs for
these strains were at least 10 to 20 times higher than that for the
TABLE 3 Antimycobacterial activity of ISO against M. tuberculosis
strains harboring mutations within hadA or hadC

MIC99 (g/ml)a
Strain

TAC

ISO

Strain

ISO MIC99
(g/ml)a

pMK1
pMK1::hadAB
pVV16
pVV16::hadBC
pMV261::hadABC

0.25
2.5
0.25
⬎25
⬎50

0.5
2.5
0.5
1
10

Wild type
MTTR3 (HadA_C61G)
MTTR6 (HadA_C61S)
MTTR2 (HadC_T123A)
MTTR18 (HadC_V85F)

0.5–1
⬎10
⬎10
10
⬎10

a

MIC99s were determined by dilution on 7H10 solid agar medium supplemented with
OADC.
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a

MIC99s were determined by dilution on 7H10 solid agar medium supplemented with
OADC.
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tase and that HadAB and HadBC can be viewed as two separated
heterocomplexes, with HadAB functioning at early and middle
steps during mycolic acid elongation, while HadBC would act
upon longer substrates at a later step in mycolic acid biosynthesis
(12). HadB possesses the catalytic activity (12, 13), whereas both
HadA and HadC are thought to work by stabilizing the long
acylated-acyl carrier protein (ACP) substrate (12). Overexpression of HadABC in M. tuberculosis has recently been found to be
associated with high levels of resistance to thiacetazone (TAC)
(14; Coxon et al., unpublished), another thiocarbamide whose
activity is dependent on EthA activation (4). The unexpected role
for the dehydratase complex in resistance to ISO led us to question
whether overexpression of the HadAB and HadBC subunits
would be, as reported for TAC, sufficient to confer a resistance
phenotype. The genetic constructs pMK1-hadAB and pVV16hadBC, which overexpress the N-terminally His-tagged HadAB
fusion and the C-terminally His-tagged HadBC fusion, respectively (15), were introduced into M. tuberculosis mc27000, an unmarked version of mc26030 (16). All M. tuberculosis recombinant
strains were grown at 37°C in Sauton’s medium supplemented
with 20 g/ml pantothenic acid. The MICs of ISO and TAC were
determined on Middlebrook 7H10 OADC medium containing 20
g/ml pantothenic acid and increasing drug concentrations. As
shown in Table 2, the overexpression of HadAB and, to a lesser
extent, that of HadBC were capable of conferring resistance to both
ISO and TAC, although the levels of resistance to ISO were significantly lower than for TAC. One possible explanation for the lower
level of resistance to ISO could be the additional effect of ISO on oleic
acid biosynthesis, through the specific inhibition of the essential stearoyl-CoA desaturase DesA3 (8). Nevertheless, these data suggest that
the two drugs have similar mechanisms of action involving the FAS-II
dehydratase components.
To further evaluate the possible link between HadABC and the
effect of ISO on mycolic acid biosynthesis in M. tuberculosis, pu-

FIG 1 Dose-response effects of ISO on mycolic acid biosynthesis in wild-type
and HadABC-overexpressing M. tuberculosis strains. The inhibitory effect on
the incorporation of [1,2-14C]acetate was assayed by labeling in the presence of
increasing drug concentrations. The corresponding fatty acid methyl esters
(FAMEs) and mycolic acid methyl esters (MAMEs) were extracted. Equal
counts (20,000 cpm) were loaded onto a TLC plate, and lipids were developed
twice in hexane-ethyl acetate (19:1, vol/vol) and exposed overnight to a film.

Mechanism of Resistance to Isoxyl in M. tuberculosis

FIG 2 Mutations within HadA or HadC confer growth resistance during ISO treatment. Mid-log-phase cultures of wild-type (WT) M. tuberculosis and strains
carrying either the C61G mutation in HadA (MTTR3) or the V85F mutation in HadC (MTTR18) were streaked onto Middlebrook 7H10 OADC plates
supplemented with increasing concentrations of ISO (1, 2.5, and 5 g/ml). Plates were incubated for 2 to 3 weeks at 37°C, after which growth was visualized.

EthA has been shown to act as the common activator of both
TAC and ISO (4), but the cross-resistance in our HadA and HadC
mutants cannot be attributed to an additional mutation in the
EthA activator, as the ethA gene had been sequenced in these
strains and found to be of the wild type (Coxon et al., unpublished). In a previous study, coding sequence mutations in ethA
were found in a panel of multidrug-resistant tuberculosis patient
isolates from Cape Town that were resistant to ETH, TAC, and
ISO (3). Interestingly, the same study also identified a few ETHsusceptible strains possessing a wild-type ethA gene but exhibiting
moderate or high-level resistance to both TAC and ISO (3). On
the basis of our data, we suspect that these strains could have had
mutations in either HadA or HadC, although the possibility that
TAC and ISO have an additional mechanism of action in common
cannot be ruled out until a large panel of strains resistant to both
TAC and ISO but susceptible to ETH is analyzed.
While all EthA-activated thiocarbamides affect the synthesis of
mycolic acids, each drug appears to have distinct modes of action
(Fig. 3), as only ISO inhibits oleic acid biosynthesis, whereas TAC
alone can inhibit mycolic acid cyclopropanation in various mycobacterial species (20; Coxon et al., unpublished). An explanation

FIG 3 Mechanisms of action and/or markers of resistance to the major antitubercular thiocarbamide-containing prodrugs. ETH, TAC, and ISO are all prodrugs that get
into tubercle bacilli by passive diffusion, where they are activated by the monooxygenase EthA. Once activated, ETH inhibits mycolic acid biosynthesis by targeting the
FAS-II enoyl ACP reductase InhA. Activated TAC and ISO affect mycolic acid composition through InhA-independent mechanisms involving other important mycolic
acid biosynthetic enzymes. TAC has been shown to inhibit mycolic acid cyclopropanation (CMAS), and high resistance levels were found to be associated with mutations
within the methyltransferase MmaA4 and within the HadA or HadC component of the FAS-II dehydratase. This study provides evidence that the same mutations in
HadA or HadC correlate with increased levels of resistance to ISO, suggesting that TAC and ISO can have mechanisms of activation and action in common. In addition,
oleic acid synthesis appears to be specifically inhibited through inhibition of the stearoyl-CoA desaturase DesA3 by activated ISO.
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parental M. tuberculosis strain (Table 3). When streaked on agar
plates with 2.5 or 5 g/ml ISO and incubated for 2 to 3 weeks at
37°C, both TAC-resistant strains grew, but not the parental strain
(Fig. 2). Similarly, we found that TAC-resistant strains MTTR2
and MTTR6 (Coxon et al., unpublished) carrying a HadC T123A
and a HadA C61S mutation, respectively, also exhibited levels of
ISO resistance higher than that of the parental strain (Table 3).
These results show that strains carrying mutations in the HadA
and HadC components of the FAS-II dehydratase are coresistant
to both TAC and ISO, suggesting that they have similar mechanisms of action that ultimately lead to alteration of the mycolic
acid profile. It has recently been demonstrated that FAS-II is organized into specialized interconnected complexes composed of
condensing enzymes, dehydratase heterodimers, and methyltransferases (17–19). This led to the speculation that the interactions among these enzymes are crucial and that their disruption is
detrimental to M. tuberculosis survival. That activated ISO (and
TAC) is capable of acting by specifically disrupting protein interactions involving the dehydratase complex and other FAS-II partners, leading to a profound alteration of the mycolic acid composition, seems quite conceivable but remains to be established
experimentally.

Gannoun-Zaki et al.

for these differences may require a more complete understanding
of the structures of the proteins involved and how the drugs alter
their interactions and enzymatic activity.
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ADDENDUM

While this report was under review, a report was published (A. E.
Grzegorzewicz et al., J. Biol. Chem., 2012) providing comparable
results and conclusions supporting a link between isoxyl resistance and the M. tuberculosis FAS-II dehydratase.
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