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ABSTRACT Pyrazinamide (PZA) is a first-line tuberculosis (TB) drug that has been in
clinical use for 60 years yet still has an unresolved mechanism of action. Based upon
the observation that the minimum concentration of PZA required to inhibit the
growth of Mycobacterium tuberculosis is approximately 1,000-fold higher than that of
other first-line drugs, we hypothesized that M. tuberculosis expresses factors that me-
diate intrinsic resistance to PZA. To identify genes associated with intrinsic PZA resis-
tance, a library of transposon-mutagenized Mycobacterium bovis BCG strains was
screened for strains showing hypersusceptibility to the active form of PZA, pyrazi-
noic acid (POA). Disruption of the long-chain fatty acyl coenzyme A (CoA) ligase
FadD2 enhanced POA susceptibility by 16-fold on agar medium, and the wild-type
level of susceptibility was restored upon expression of fadD2 from an integrating
mycobacterial vector. Consistent with the recent observation that POA perturbs my-
cobacterial CoA metabolism, the fadD2 mutant strain was more vulnerable to POA-
mediated CoA depletion than the wild-type strain. Ectopic expression of the M. tu-
berculosis pyrazinamidase PncA, necessary for conversion of PZA to POA, in the
fadD2 transposon insertion mutant conferred at least a 16-fold increase in PZA sus-
ceptibility under active growth conditions in liquid culture at neutral pH. Impor-
tantly, deletion of fadD2 in M. tuberculosis strain H37Rv also resulted in enhanced
susceptibility to POA. These results indicate that FadD2 is associated with intrinsic
PZA and POA resistance and provide a proof of concept for the target-based poten-
tiation of PZA activity in M. tuberculosis.
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The first-line tuberculosis (TB) drug pyrazinamide (PZA) was discovered over 60 years
ago and remains an integral component of chemotherapeutic regimens for TB

patients. PZA is extremely effective at sterilizing Mycobacterium tuberculosis in vivo, as
evidenced by its ability to reduce the overall duration of treatment for active TB
infections from 9 months to 6 months when used during the first 2 months of
short-course combination therapy with isoniazid and rifampin (1). Despite the efficacy
and continued clinical usage of PZA, its precise mechanism of action remains unclear.
It is known that PZA is a prodrug that must be converted to pyrazinoic acid (POA), the
presumed active form, by the M. tuberculosis genome-encoded amidase PncA (2, 3).
Consequently, the vast majority of PZA-resistant clinical isolates harbor loss-of-function
mutations in pncA, which is nonessential for the pathogenesis of M. tuberculosis (4, 5).

Elucidation of the mechanism of action for PZA has been hindered, in part, by the
peculiar properties of the action of this drug in vitro. Despite exhibiting excellent
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bactericidal activity in vivo, PZA is ineffective against M. tuberculosis under standard in
vitro growth conditions. While the basis for this disparity remains unclear, the PZA
susceptibility of M. tuberculosis can be enhanced by stresses that are known to be
encountered during infection, such as low pH (6), nutrient limitation (7, 8), and
exposure to hypoxia (9). On the basis of these and other findings, a number of models
have been proposed to explain the antimycobacterial action of PZA and POA, including
direct inhibition of fatty acid synthase I (10), disruption of the membrane potential and
cytoplasmic pH homeostasis via a protonophore activity (11), inhibition of trans-
translation (12), and inhibition of the aspartate decarboxylase PanD, involved in pan-
tothenate and coenzyme A (CoA) biosynthesis (13). While the bases for these models
provide clues toward understanding PZA and POA susceptibility, fundamental aspects
of these models have been challenged by recent reports (7, 14–19). Consistent with a
role for PanD in PZA action, it has recently been demonstrated that exogenously
supplied intermediates of the CoA biosynthetic pathway can antagonize PZA activity,
point mutations in panD are associated with in vitro PZA resistance, and PZA treatment
leads to the depletion of intrabacterial levels of pantothenate and CoA (13, 15, 20).
However, it is important to note that a strain from which panD was deleted was found
to retain susceptibility to PZA when grown with a low concentration of pantetheine
(15). Thus, while CoA metabolism is intimately associated with PZA action, PanD is not
the principal target for POA (15).

On the basis of the observation that the other first-line TB drugs, isoniazid, rifampin,
and ethambutol, are 50- to 4,000-fold more potent than PZA for mediating in vitro
growth inhibition of M. tuberculosis (21), it is likely that the bacilli have some degree of
intrinsic resistance to PZA that limits the full potential of this drug. The high concen-
trations of PZA required for treatment efficacy can be problematic, as maintenance of
such concentrations in serum and tissues cannot be achieved in many patients (22) and
can lead to hepatotoxicity in others (23). Therefore, the identification, characterization,
and eventual drug-mediated inhibition of intrinsic PZA resistance mechanisms in M.
tuberculosis have the potential to substantially enhance PZA efficacy, reducing clinical
doses, side effect severity, and the duration of chemotherapy. In this study, we
screened for genes linked to the intrinsic PZA resistance of the M. tuberculosis complex
(MTBC) by screening for mutants exhibiting hypersusceptibility to the active form of the
drug, POA. We report that the loss of function of the long-chain fatty acyl-CoA ligase
FadD2 substantially enhances PZA and POA susceptibility in vitro. These findings
suggest that target-based inhibition of functions related to fatty acid metabolism has
the potential to dramatically improve the antitubercular activity of PZA.

RESULTS
Screen for mutant strains with hypersusceptibility to POA. To facilitate the

identification of intrinsic PZA resistance mechanisms in the M. tuberculosis complex, M.
bovis BCG was transduced with mycobacteriophage phAE180 containing a mariner
transposable element (24, 25), and approximately 5,000 mutant strains were subjected
to a screen for POA hypersusceptibility. Ten strains that exhibited a 2-fold or greater
susceptibility to POA than wild-type M. bovis BCG were isolated on agar medium. The
transposon insertion site for the strain exhibiting the greatest degree of hypersuscep-
tibility to POA (a 16-fold reduction in the agar MIC relative to that for wild-type M. bovis
BCG) was determined to be located within the 3= end of the coding DNA sequence
(CDS) for FadD2, a long-chain fatty acyl-CoA ligase, resulting in truncation of the C
terminus by 35 amino acids. FadD2 is 1 of 36 putative long-chain fatty acyl-CoA ligases
encoded by the M. tuberculosis genome (26) and is highly conserved among members
of the MTBC and the Mycobacterium genus (see Table S2 in the supplemental material).
The M. bovis BCG and M. tuberculosis H37Rv FadD2 amino acid sequences differ at
position 112, where the M. bovis BCG enzyme contains a glutamate residue and the M.
tuberculosis H37Rv enzyme contains an aspartate residue, but they are otherwise
identical (Table S2). On the basis of the locations of the putative substrate-binding and
catalytic domains of FadD2, residue 112 is unlikely to be directly involved in catalysis.
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In addition, the POA hypersusceptibility phenotype conferred by the M. bovis BCG
FadD2 loss of function was successfully complemented upon transformation of the
fadD2 disruption strain with an integrating mycobacterial expression vector encoding
the M. tuberculosis FadD2, suggesting that the M. bovis and M. tuberculosis enzymes are
functionally conserved (Table 1; Fig. 1). Furthermore, POA exhibited sustained bacte-
ricidal activity against the fadD2 disruption mutant at neutral pH at concentrations as
low as 800 �g/ml, in contrast to the 3,200 �g/ml required for similar bactericidal
activity against wild-type M. bovis BCG (Fig. 2). Consistent with the recent finding that

TABLE 1 Susceptibility of M. bovis BCG and M. tuberculosis strains to first-line TB drugs on agar medium

Strain Characteristic

MIC90
a (�g/ml)

POA RIF INH EMB

M. bovis BCG Wild type 1,250–2,500 0.16 0.125 5
M. bovis BCG fadD2::kan/pJT6a Mutant with a transposon insertion

disrupting fadD2 expression
78 0.01 0.125 2.5

M. bovis BCG fadD2::kan/pJT6a::fadD2 Complemented fadD2 disruption mutant 1,250 0.08 0.125 5
M. bovis BCG ΔfadD2/pTIC6a Mutant with the hyg and sacB marker

exchanged for the fadD2 CDS
39 ND ND ND

M. bovis BCG ΔfadD2/pTIC6a::fadD2 Complemented fadD2 deletion mutant 2,500 ND ND ND
M. tuberculosis H37Rv Wild type 625 ND ND ND
M. tuberculosis H37Rv ΔfadD2 Mutant with the hyg and sacB marker

exchanged for the fadD2 CDS
156 ND ND ND

aThe MIC90 was defined as the minimum drug concentration necessary for inhibition of at least 90% of the growth relative to the growth on the drug-free control
culture. ND, not determined; POA, pyrazinoic acid; RIF, rifampin; INH, isoniazid; EMB, ethambutol.

FIG 1 Growth kinetics of Mycobacterium bovis BCG strains in the presence of PZA or POA at pH 6.8. M.
bovis BCG strains in mid-logarithmic phase were subcultured into 7H9 medium supplemented with
OADC (10%), glycerol (0.2%), and tyloxapol (0.05%) at neutral pH (6.8). Strains ectopically expressing the
M. tuberculosis PncA in a wild-type background (A) and a fadD2 disruption background (B) were grown
in the presence of various PZA concentrations. Wild-type M. bovis BCG (C), the M. bovis BCG fadD2
disruption mutant (D), and the complemented fadD2 disruption mutant (E) were grown in the presence
of a range of POA concentrations.
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POA-resistant strains of M. tuberculosis and M. bovis BCG can be isolated at near neutral
pH (20, 27), the population that emerged following 3 weeks of incubation with POA
maintained the ability to grow when subcultured to fresh medium containing the
respective concentration of POA.

FadD2 loss of function confers hypersusceptibility to PZA. In order to assess the
PZA susceptibility of the fadD2 disruption mutant, ectopic expression of the M. tuber-
culosis PncA enzyme was necessary, since M. bovis BCG possesses a missense mutation
in PncA that renders the amidase nonfunctional and therefore incapable of converting
PZA to POA (3). To address this issue, both wild-type M. bovis BCG and the fadD2
disruption mutant were transformed with an integrating mycobacterial expression
vector expressing the M. tuberculosis PncA. As expected, expression of the M. tubercu-
losis PncA in the wild-type M. bovis BCG background conferred PZA susceptibility at
acidic pH (pH 5.8) (MIC90 � 200 �g/ml; Fig. 3) but not at neutral pH (pH 6.8) (MIC90 �

3,200 �g/ml; Fig. 1). This result is consistent with the PZA susceptibility profile observed
for wild-type M. tuberculosis, where a lack of susceptibility was observed at neutral pH
under standard growth conditions in vitro (MIC90 � 3,200 �g/ml). However, expression
of the M. tuberculosis PncA in the fadD2 disruption mutant conferred susceptibility to
PZA at neutral pH, as exhibited by the robust growth inhibition observed at PZA

FIG 2 Bactericidal activity of pyrazinoic acid against Mycobacterium bovis BCG strains at pH 6.8. Wild-type
M. bovis BCG (A), M. bovis BCG fadD2::kan/pJT6a (B), and M. bovis BCG fadD2::kan/pJT6a::fadD2 (C) cells
in mid-logarithmic phase were subcultured into supplemented 7H9 medium at neutral pH (6.8) and
treated with a range of POA concentrations. Aliquots were drawn from each culture at the indicated time
points, serially diluted, and plated on drug-free supplemented 7H9 agar to permit CFU enumeration. The
limit of detection was 200 CFU/ml. Error bars depict the standard deviations of the cell concentrations
at a particular time point from three independent experiments.
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concentrations as low as 100 to 200 �g/ml (Fig. 1). The fadD2 disruption mutant also
exhibited a 32-fold increase in PZA susceptibility at acidic pH (pH 5.8) and PZA
susceptibility at neutral pH on agar medium (Table 2).

FadD2 loss of function confers enhanced susceptibility to rifampin but not to
isoniazid or ethambutol. To determine whether FadD2-mediated intrinsic drug resis-
tance is specific to PZA and POA, susceptibility testing was conducted for the other
three first-line TB drugs (isoniazid, rifampin, and ethambutol) on agar medium. The
isoniazid and ethambutol MIC90 values for the fadD2 disruption mutant were compa-
rable to those for wild-type M. bovis BCG (Table 1). However, the mutant displayed a
16-fold increase in rifampin susceptibility, and complementation of the fadD2 disrup-
tion conferred partial restoration of the wild-type level of rifampin susceptibility (Table
1). In contrast to the PZA and POA hypersusceptibility phenotype of the fadD2
disruption mutant, the enhanced rifampin susceptibility phenotype was apparent only
on agar medium and not in liquid culture.

FIG 3 Pyrazinamide susceptibility of Mycobacterium bovis BCG strains ectopically expressing the Myco-
bacterium tuberculosis PncA at acidic pH. M. bovis BCG/pJT6a::pncA (A) and M. bovis BCG fadD2::kan/
pJT6a::pncA (B) were diluted to an OD600 of 0.01 in 7H9 medium supplemented with OADC (10%, vol/vol),
glycerol (0.2%, vol/vol), and tyloxapol (0.05%, vol/vol) at pH 5.8. Cells were aliquoted into 30-ml square
bottles, and PZA was added to a range of concentrations. Cultures were incubated by shaking at 37°C
for 7 days, after which OD600 values were acquired. The average OD600 values for the drug-free cultures
for M. bovis BCG/pJT6a::pncA and M. bovis BCG fadD2::kan/pJT6a::pncA after 7 days of incubation were
1.21 � 0.10 and 2.18 � 0.18, respectively. The data depicted represent the averages from three
independent experiments; error bars depict standard deviations.

TABLE 2 Susceptibility of Mycobacterium bovis BCG strains expressing the Mycobacterium
tuberculosis PncA to PZA on agar medium

Strain Characteristic
PZA MIC90

a

(�g/ml)

M. bovis
BCG/pJT6a::pncA

M. bovis BCG ectopically expressing M.
tuberculosis H37Rv PncA

�2,500

M. bovis BCG
fadD2::kan/pJT6a::pncA

fadD2 disruption mutant ectopically expressing
M. tuberculosis H37Rv PncA

313

aThe MIC90 was defined as the minimum drug concentration necessary for inhibition of at least 90% of the
growth relative to the growth on the drug-free control culture.
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Deletion of fadD2 in M. bovis BCG and M. tuberculosis phenocopies the fadD2
disruption. To further validate the role of FadD2 in the intrinsic PZA resistance of the
MTBC, the M. tuberculosis H37Rv and M. bovis BCG fadD2 CDSs were deleted using the
specialized transduction method for allelic exchange (28, 29). Exchange of the fadD2
CDS for a hyg and sacB marker was confirmed by conducting PCR on genomic DNA
(gDNA) extracts using primers specific to the chromosomal DNA adjacent to the
flanking regions of the fadD2 deletion construct (Table S1). Amplification of the fadD2
locus using wild-type and ΔfadD2 mutant gDNA yielded products that differed by
approximately 2 kb in length (Fig. S1). Agar susceptibility testing revealed that the M.
tuberculosis H37Rv fadD2 deletion mutant was at least 4-fold more susceptible to POA
than the parental strain and the M. bovis BCG fadD2 deletion mutant was at least
32-fold more susceptible to POA than the parental strain. Thus, deletion of the fadD2
CDS has a similar impact on POA susceptibility in both M. tuberculosis and M. bovis BCG
(Table 1).

Disruption of FadD2 expression increases susceptibility to certain short-chain
fatty acids. To further characterize the phenotypes associated with FadD2 loss of
function and gain additional insight into the basis for FadD2-mediated PZA resistance,
the susceptibility of the fadD2 disruption mutant strain to fatty acids of various
hydrocarbon chain lengths was assessed. Fatty acid susceptibility testing revealed that
the fadD2 disruption mutant was between 4- and 8-fold more susceptible than wild-
type M. bovis BCG to the short-chain fatty acids propionate (C3:0), butyrate (C4:0), and
valerate (C5:0) (Table 3). However, this mutant strain did not exhibit enhanced suscep-
tibility to acetate (C2:0) (Table 3). The fadD2 disruption mutant also exhibited 2-fold
increases in susceptibility to the medium-chain fatty acid caprylate (C8:0) and the
long-chain fatty acids laurate (C12:0) and oleate (C18:cis-9); however, no change in
palmitate (C16:0) susceptibility was observed (Table 3). Complementation of the fadD2
disruption resulted in a partial restoration of the wild-type fatty acid susceptibility
profile.

FadD2 enzymatic studies. To assess the catalytic capabilities of FadD2 and deter-
mine if POA undergoes any direct interactions with the enzyme, recombinant histidine-
tagged FadD2 was generated in Escherichia coli and purified by nickel affinity chroma-
tography. Enzymatic activity assays were conducted using Ellman’s reagent to monitor
the consumption of the free thiol group of coenzyme A due to FadD2-catalyzed
acyl-CoA ligation (30). The putative long-chain fatty acyl-CoA ligase activity of FadD2
(31) was confirmed using laurate (C12:0), palmitate (C16:0), and oleate (C18:cis-9) as the
substrate (Fig. 4). FadD2 exhibited substantially lower levels of activity when it was
supplied with the short-chain fatty acids acetate (C2:0), propionate (C3:0), butyrate (C4:0),
and valerate (C5:0) and the medium-chain fatty acid caprylate (C8:0) as the substrate (Fig.
4A). Furthermore, no enzymatic activity was observed when POA was supplied as the
substrate, and neither POA nor short- or medium-chain fatty acids appeared to interfere
with the long-chain fatty acyl-CoA ligase activity of FadD2 (Fig. 4B). A representative
kinetic profile of FadD2 with oleate as a substrate is shown in Fig. 4C.

TABLE 3 Susceptibility of M. bovis BCG strains to various fatty acids

Fatty acid

MIC90
a (mM)

BCG BCG fadD2::kan BCG fadD2::kan/pJT6a::fadD2

Acetate (C2:0) 50 50 50
Propionate (C3:0) 50 12.5 25
Butyrate (C4:0) 50 6.25 25
Valerate (C5:0) 25 3.125 25
Caprylate (C8:0) 2 1 2
Laurate (C12:0) 0.5 0.25 0.5
Palmitate (C16:0) 0.5 0.5 0.5
Oleate (C18:cis-9) 1 0.5 1
aThe MIC90 was defined as the minimum concentration of fatty acid necessary for inhibition of at least 90%
of the growth in standard medium without additional fatty acids.
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Effects of fadD2 disruption on CoA metabolism. Since pantothenate is a precur-
sor of coenzyme A, a substrate utilized by FadD2 and other fatty acyl-CoA ligases, we
sought to determine if pantothenate-mediated antagonism of PZA and POA action was
linked to FadD2-dependent intrinsic resistance. It was determined that the fadD2
disruption mutant required 4-fold more pantothenate than wild-type M. bovis BCG to
antagonize POA-mediated growth inhibition, and pantothenate antagonism was par-
tially restored to wild-type levels in the complemented strain (Table 4).

FIG 4 Enzymatic characterization of the M. tuberculosis FadD2. (A) Fatty acid substrate specificity of FadD2; (B) additional
assays conducted to assess the allosteric modulation of FadD2 and use of POA as the substrate; (C) kinetic profile of FadD2
with oleate as the substrate. Recombinant histidine-tagged FadD2 was propagated in E. coli and purified by nickel affinity
chromatography. Enzymatic assays were conducted using 5,5=-dithiobis-(2-nitrobenzoic acid) (DTNB; or Ellman’s reagent)
to monitor CoA-SH consumption at 412 nm. Specific activities were computed using the previously determined extinction
coefficient for DTNB of 13,600 M�1 cm�1. All specific activity values shown are equivalent to the average reaction velocity
over the initial 5-min incubation period. Error bars depict the standard deviations from three assays.

TABLE 4 Minimum concentrations of pantothenate necessary for antagonism of POA
activity against Mycobacterium bovis BCG strains

Strain Characteristic
Pantothenate
MAC10

a (�M)

M. bovis BCG Wild type 3.27
M. bovis BCG

fadD2::kan/pJT6a
Mutant with a transposon insertion

disrupting fadD2 expression
13.1

M. bovis BCG
fadD2::kan/pJT6a::fadD2

Complemented fadD2 disruption
mutant

6.55

aMAC10 was defined as the minimum concentration of the antagonistic metabolite necessary to permit at
least 10% of the growth exhibited by the drug-free control culture in the presence of drug at two times the
MIC90.
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Impairment of pantothenate-mediated antagonism in the fadD2 disruption mutant
suggests that FadD2 activity may be associated with CoA metabolism. Thus, we
measured and compared intracellular CoA levels in M. bovis BCG, the fadD2 mutant
strain, and the complemented strain in the absence and presence of POA (Fig. 5). When
grown in the absence of POA, the fadD2 mutant strain showed CoA levels that were
indistinguishable from those in the wild-type and complemented strains (Fig. 5A).
Consistent with recent findings (20), POA treatment led to a significant reduction in
CoA levels in the wild-type strain (Fig. 5B). Interestingly, CoA levels in the fadD2 mutant
were 20% lower (P � 0.05) than those in the wild-type strain after 48 h of POA
treatment. These data support the notion that FadD2 is associated with POA sensitivity
through its interaction with CoA metabolism.

DISCUSSION

Potentiating the activity of existing antitubercular agents is a major facet of the
effort to improve TB chemotherapeutic regimens, prevent the emergent spread of
drug-resistant TB, and ultimately eradicate M. tuberculosis. In this study, we demon-

FIG 5 Intracellular CoA levels of Mycobacterium bovis BCG strains. (A) Intracellular CoA levels were
measured from wild-type M. bovis BCG (BCG), M. bovis BCG fadD2::hyg (ΔfadD2), and M. bovis BCG
fadD2::hyg/pTIC6a::fadD2 (ΔfadD2-comp) that were grown in supplemented 7H9 medium at neutral pH
(pH 6.8) until early logarithmic phase (OD600 � 0.2 to 0.3). (B) Intracellular CoA levels were measured 24
h (POA 24 hrs) and 48 h (POA 48 hrs) after 1 mg/ml POA was added to M. bovis BCG strains grown at early
logarithmic phase. Intracellular CoA levels were measured as described in Materials and Methods. CoA
levels were normalized by the protein concentrations. These results represent the means and standard
deviations from three biological replicates. P values of pairwise comparisons (marked by the ends of the
brackets) were calculated by using the Student t test. **, P � 0.05.
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strate that the long-chain fatty acyl-CoA ligase FadD2 is a mediator of intrinsic PZA and
POA resistance in members of the MTBC and that FadD2 loss of function confers
hypersusceptibility to PZA and POA. While the precise mechanism of FadD2-mediated
PZA intrinsic resistance remains unclear, our findings demonstrate a central role for CoA
and lipid metabolism.

We found that FadD2 loss of function conferred dramatic increases in susceptibility
to both PZA and POA. Significantly, a FadD2 loss-of-function transposon mutant was
found to be fully susceptible to PZA at neutral pH under normal growth conditions, in
contrast to the high degree of PZA tolerance of wild-type bacilli observed under these
same conditions. This finding provides further validation of the recent report that the
PZA mechanism of action is acid independent (7) and suggests that the FadD2 pathway
is a contributor to the lack of PZA efficacy observed at neutral pH against wild-type M.
tuberculosis under standard in vitro growth conditions (6).

Interestingly, we also found that a FadD2 loss of function rendered M. bovis BCG
16-fold more susceptible to rifampin. Although the enhanced rifampin susceptibility of
the fadD2 mutant was observed only on agar medium and not in liquid culture, this
observation suggests that FadD2 activity is associated with a multidrug tolerance
mechanism. Mechanistically, perturbations in lipid metabolism afforded by disruption
of fadD2 expression may necessitate some degree of metabolic reprogramming at the
transcriptional level, and rifampin treatment would hinder the ability of the cell to
conduct this shift in gene expression.

The most parsimonious explanation for FadD2-mediated PZA resistance is that the
enzyme directly acts upon POA and covalently modifies it, perhaps via formation of an
adduct with coenzyme A, such that the drug is inactive against the bacterium. Although
chimeric acyl-CoA ligases capable of utilizing both aromatic acids and fatty acids as the
substrates have been described (32), our assessments of FadD2 substrate specificity and
catalytic capabilities indicate that POA does not directly interact with the enzyme either
as a substrate or as an allosteric modulator. Another possibility for the mechanistic basis
of this phenomenon is that in a wild-type background, POA inhibits 1 of the other 35
FadD enzymes in the MTBC proteome for which FadD2 provides an alternate fatty acid
detoxification pathway. Thus, when FadD2 functionality is lost during POA treatment,
the bacterium has no mechanism for the detoxification of cytotoxic fatty acids. We
found that a FadD2 loss of function conferred hypersusceptibility to the short-chain
fatty acids propionate, butyrate, and valerate but not to acetate or the long-chain fatty
acids that are the primary substrates of FadD2. This observation does not necessarily
preclude the possibility of fatty acid cytotoxicity being linked to POA action, however,
since a loss of FadD2 activity could result in the accumulation of long-chain fatty acids
that inhibit the utilization of short-chain fatty acids via a negative-feedback mechanism.
Nevertheless, despite the remarkable amount of redundancy in the MTBC proteome
with regard to long-chain fatty acyl-CoA ligases, the numerous striking phenotypic
effects associated with a FadD2 loss of function indicate that this specific enzyme
possesses a particularly important role in drug resistance and fatty acid tolerance.

Another potential explanation for the phenotypes associated with the FadD2 loss of
function is that FadD2 activity is required for the maintenance of a sufficient intracel-
lular long-chain fatty acyl-CoA pool for downstream metabolic processes, such as
�-oxidation, triacylglycerol synthesis, or membrane lipid synthesis, and that functional
lipid metabolism is required for persistence during PZA treatment. Our findings suggest
that the precise PZA mechanism of action may be associated with lipid metabolism,
which is consistent with the previous report that PZA treatment leads to significant
reductions in whole-cell fatty acid synthesis (10). Additional experimentation will be
required to elucidate the mechanistic basis for FadD2-mediated PZA resistance.

The identification of FadD2 as a novel player in intrinsic PZA resistance suggests that
drug-mediated inhibition of FadD2 or other components of this pathway could dra-
matically enhance PZA efficacy. On the basis of our in vitro findings, the FadD2 loss of
function and PZA treatment exhibit synergy in their ability to provide robust inhibition
of bacterial growth and enhance bactericidal activity. If FadD2 inhibition in vivo does
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indeed confer PZA hypersusceptibility, lower doses of PZA could be administered, in
turn reducing adverse drug reactions, expediting the sterilization of infection, and
mitigating the proliferation of drug-resistant bacilli. Since lower doses of PZA would
presumably be required for activity, it is possible that the coadministration of a FadD2
inhibitor with a normal dose of PZA could overcome the resistance resulting from the
pncA loss of function by relying on host amidase activity for PZA bioactivation (33).
Further, the potentiation of susceptibility could subvert pncA-linked resistance by
enabling the efficacious use of POA in lieu of PZA. Although additional studies will be
essential to determine whether FadD2 mediates PZA resistance in vivo, our findings
suggest that cotargeting of this pathway during antitubercular chemotherapy has the
potential to improve treatment outcomes.

MATERIALS AND METHODS
Bacterial strains and growth media. Transposon mutagenesis, a screen for POA hypersusceptibility,

and subsequent characterization of the phenotypes associated with the FadD2 loss of function were
conducted in M. bovis BCG Pasteur. Mycobacteriophages were propagated in Mycobacterium smegmatis
mc2155. Slow-growing mycobacterial strains (M. bovis BCG and M. tuberculosis H37Rv) were cultivated in
Middlebrook 7H9 medium supplemented with oleate-albumin-dextrose-catalase (OADC; 10%, vol/vol),
glycerol (0.2%, vol/vol), and tyloxapol (0.05%, vol/vol) or on Middlebrook 7H9 or 7H10 agar plates
supplemented with OADC (10%, vol/vol) and glycerol (0.2%, vol/vol) unless otherwise indicated. OADC
was prepared to the following specifications: sodium oleate (1.89 mM), bovine serum albumin (50 g/liter),
dextrose (20 g/liter), catalase (30 mg/liter), and sodium chloride (8.5 g/liter). All experiments involving M.
tuberculosis H37Rv and derivatives were conducted in a biosafety level 3 laboratory following institu-
tionally approved protocols and containment requirements. Fast-growing mycobacterial strains (M.
smegmatis) were grown in Middlebrook 7H9 medium supplemented with dextrose (0.2%, vol/vol) and
tyloxapol (0.05%, vol/vol) or on Middlebrook 7H10 agar supplemented with dextrose (0.2%, vol/vol).
Kanamycin and/or hygromycin was included in the growth medium at 50 �g/ml and 150 �g/ml,
respectively, when appropriate for selection. E. coli DH5� and HB101 were used for plasmid and phasmid
propagation. E. coli DH5� �pir was employed for transposon insertion locus determination. Recombinant
M. tuberculosis FadD2 was expressed in E. coli BL21/pGRO7. All E. coli strains were grown in LB broth or
on LB agar. Kanamycin, hygromycin, and/or chloramphenicol was included in the growth medium at 50
�g/ml, 150 �g/ml, and 25 �g/ml, respectively, when appropriate for selection.

Drug and metabolite stock solutions. PZA, isoniazid, and ethambutol were dissolved in dimethyl
sulfoxide. Rifampin was dissolved in methanol, and chloramphenicol was dissolved in ethanol. POA
stocks were prepared by dissolving POA in distilled H2O (dH2O) via addition of NaOH, adjusting the pH
to 7.0, and filter sterilizing the solution. Calcium pantothenate, sodium acetate, sodium butyrate, sodium
caprylate, and sodium laurate were dissolved in dH2O and filter sterilized. Sodium propionate and
sodium valerate stock solutions were prepared by dissolving the free acids in dH2O by addition of NaOH,
adjusting the pH to 7.0, and filter sterilizing the solutions. Palmitic acid was dissolved in warm 50%
(vol/vol) ethanol with addition of NaOH. Oleic acid was dissolved in dH2O by addition of NaOH and filter
sterilized.

Transposon mutagenesis and screen for POA hypersusceptibility. Mycobacteriophage contain-
ing a mariner transposable element (phAE180) was amplified in M. smegmatis mc2155 and used to
transduce M. bovis BCG as previously described (24, 25). Transduced bacilli were plated on supplemented
7H10 agar containing kanamycin. A screen for POA hypersusceptibility was conducted by patching
transposon mutant colonies (approximately 5,000 in total) onto supplemented 7H10 agar plates at
neutral pH containing no drug or 1,250 �g/ml POA. Strains exhibiting growth on the no-drug control
plate but not on the POA plate were selected for POA susceptibility testing. Transposon insertion sites
were determined as previously described (25). In brief, genomic DNA was extracted from M. bovis BCG
transposon insertion mutants, digested with BssHII, ligated, and used to transform E. coli DH5� �pir.
Plasmids were maintained under kanamycin selection. Purified plasmids were subjected to Sanger
sequencing using the KanSeq_Rev primer (see Table S1 in the supplemental material), which is oriented
outward from the 3= end of the mariner kanamycin resistance cassette such that the adjacent chromo-
somal DNA was sequenced. The resulting sequence were aligned with the sequence of the M. bovis BCG
genome (GenBank accession number NC_002945.3) to determine insertion sites.

Cloning (complementation, restoration of PncA function, deletion). Complementation of fadD2
disruption and restoration of pncA function in M. bovis BCG were achieved by transforming the
appropriate strains with an integrating mycobacterial expression vector expressing fadD2 or M. tuber-
culosis H37Rv pncA. The fadD2 CDS was amplified from M. tuberculosis mc27000 genomic DNA by PCR
with primers containing HindIII and NheI restriction sites at the 5= and 3= ends of the gene, respectively
(see Table S1 in the supplemental material). The PCR product and pJT6a (pTIC6a with a hygromycin
resistance cassette instead of a kanamycin resistance cassette) were digested with HindIII and NheI and
ligated. The pncA CDS was excised from pUMN002::pncA (7) by an HindIII/NheI double digest and ligated
into HindIII- and NheI-digested pJT6a. Plasmids were propagated in E. coli and maintained with
hygromycin selection. fadD2 was deleted using the specialized transduction method for allelic exchange
(28, 29). Briefly, chromosomal regions flanking the fadD2 CDS were amplified by PCR (Table S1), digested,
and ligated with the hyg and sacB marker and oriE fragments such that the fadD2 flanking regions now
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flanked the hyg and sacB marker. Both the resulting plasmid and phAE159 were digested with PacI and
ligated. The ligation product was packaged in vitro using a MaxPlax bacteriophage lambda packaging
extract, and the resulting phage was used to transduce E. coli HB101. The phasmids were purified and
subsequently electroporated into M. smegmatis mc2155 for mycobacteriophage propagation. Once a
titer of at least 1010 PFU/ml was attained, phage was used to transduce M. bovis BCG and M. tuberculosis
H37Rv. Transduced bacilli were subjected to hygromycin selection on supplemented 7H9 medium.

MIC assays. For liquid culture MICs, cells in mid-logarithmic phase were diluted to an optical density
at 600 nm (OD600) of 0.01 in supplemented 7H9 medium. Diluted cells were aliquoted into 30-ml square
bottles, and drug was added to a range of concentrations. Cultures were incubated with shaking (100
rpm) at 37°C for the time period specified for respective experiments, after which OD600 values were
acquired to permit MIC determination. The liquid MIC90 was defined as the minimum drug concentration
necessary for inhibition of at least 90% of the growth of the drug-free control culture. Drug susceptibility
on agar medium was assessed using a modified version of the agar proportion method (34). Cells in
mid-logarithmic phase were serially diluted and plated on 7H9 agar plates (7H9 broth [4.7 g/liter], agar
[15 g/liter], OADC [10%, vol/vol], glycerol [0.2%, vol/vol], tyloxapol [0.05%, vol/vol]) containing a range of
drug concentrations. The plates were incubated for 28 days at 37°C under atmospheric CO2 levels. MICs
were determined on the basis of the overall cellular biomass present on a plate with a particular drug
concentration. The biomass from a single dilution spot on each plate was resuspended in liquid medium,
and OD600 values were acquired for quantification. The agar MIC90 was defined as the minimum drug
concentration necessary for inhibition of at least 90% of the biomass formation of the no-drug control.

Growth kinetics experiments. Cells in mid-logarithmic phase were diluted to an OD600 of 0.01 in
supplemented 7H9 medium at neutral pH. Diluted cells were aliquoted into 30-ml square bottles, and
drug was added to a range of concentrations. The cultures were incubated with shaking (100 rpm) at
37°C, and OD600 values were acquired at various time points to generate growth curves.

Minimum antagonistic concentration assays. Cells in mid-logarithmic phase were diluted to an
OD600 of 0.01 in supplemented 7H9 medium at neutral pH containing a POA concentration 2-fold greater
than the MIC90 for each strain. Diluted cells were aliquoted into 30-ml square bottles, and calcium
pantothenate was added to a range of concentrations. A pantothenate-only culture and a culture lacking
both pantothenate and POA were prepared as controls. Cultures were incubated for 7 days, after which
OD600 values were acquired. The MAC10 was defined as the minimum concentration of the antagonistic
metabolite (pantothenate) necessary to permit at least 10% of the growth exhibited by the drug-free
control culture in the presence of drug at two times the MIC90.

Assessment of pyrazinoic acid bactericidal activity. Cells in mid-logarithmic phase were diluted to
an OD600 of 0.01 in supplemented 7H9 medium at neutral pH and aliquoted into 30-ml square bottles.
Drug was added to a range of concentrations. Upon initial culture inoculation and at various time points
thereafter, aliquots were drawn from each culture, serially diluted, and plated on drug-free supple-
mented 7H9 agar to permit CFU enumeration.

FadD2 overexpression and purification. The M. tuberculosis H37Rv fadD2 CDS was amplified
by PCR with primers containing NheI and HindIII restriction sites at the 5= and 3= ends of the gene,
respectively (Table S1), digested with NheI and HindIII, and ligated into NheI- and HindIII-digested
pET28b such that the pET28b-encoded histidine tag was attached to the N terminus of FadD2.
pET28b::fadD2 was transformed into E. coli DH5� for propagation, purified, and subsequently trans-
formed into E. coli BL21/pGRO7 for protein overexpression. E. coli BL21/pGRO7/pET28b::fadD2 was grown
in batch culture to mid-logarithmic phase under kanamycin and chloramphenicol selection for plasmid
maintenance and in the presence of arabinose (500 �g/ml) to induce GroEL expression. IPTG (isopropyl-
�-D-thiogalactopyranoside) was then added to 1 mM to induce FadD2 expression, and the culture was
incubated by shaking (200 rpm) at 37°C for 3 h. Cells were pelleted via centrifugation, and the pellets
were stored at �20°C. For lysis, the pellets were resuspended in lysis buffer, treated with lysozyme at 1
mg/ml for 30 min on ice, and sonicated on ice. FadD2 was purified by nickel affinity chromatography
using Ni-nitrilotriacetic acid agarose for the column matrix (Qiagen).

Enzymatic assays. The activity of purified FadD2 was assessed using 5,5=-dithiobis-(2-nitrobenzoic
acid) (DTNB; or Ellman’s reagent) to spectrophotometrically monitor the consumption of the thiol group
of coenzyme A via FadD2-catalyzed fatty acyl-CoA ligation. DTNB binds free thiol to produce a color
change quantifiable at 412 nm. Thus, a loss of signal at 412 nm is indicative of FadD2 activity. The assay
protocol was adapted from the protocols described by Kang et al. (35) and Guo et al. (36). Briefly, the
reaction components (buffer [35], 10 mM ATP, 5 �g protein, and fatty acid substrate [concentration,
between 12.5 and 400 �M]) were combined in a 90-�l volume (100-�l final volume after addition of
coenzyme A). Control reaction mixtures lacking protein were also prepared. The reaction mixtures were
prewarmed at 37°C for 2 min, after which 10 �l of 5 mM coenzyme A (final concentration, 0.5 mM) was
added for reaction initiation. The reactions were allowed to proceed for 5 min, followed by a 5-min heat
inactivation period at 80°C. After the reaction mixtures had cooled to room temperature, 70 �l of each
reaction mixture was transferred to a cuvette containing 600 �l 0.4 mM DTNB in potassium phosphate
buffer (pH 7.0). A412 values were acquired after a 5-min color development period. The previously
published extinction coefficient of DTNB (13,600 M�1 cm�1) was used to compute specific activity (30).

Intracellular CoA measurement. Intracellular CoA measurements were performed as previously
described with slight modifications (20). Briefly, M. bovis BCG strains were grown until early logarithmic
phase (OD600 � 0.2 to 0.3) and collected by centrifugation at 4,000 rpm (4°C) for 20 min. The cell pellet
was washed with ice-cold phosphate-buffered saline (pH 7.4) and then resuspended in the same buffer.
Metabolites were extracted by bead beating (Beads Blaster 24; Benchmark Scientific) at 6,000 rpm four
times for 20 s each time. The cell extract was centrifuged at 13,000 rpm for 10 min. The supernatant was
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then filtered through a 0.22-�m-pore-size syringe filter. The protein concentration in each sample was
measured by using a Pierce bicinchoninic acid protein assay kit (Thermo Fisher Scientific). Large proteins
were then removed from the remaining sample by use of a 3-kDa Nanosep spin column (Pall Corpora-
tion). CoA levels were measured using a CoA assay kit (catalog number MAK034; Sigma-Aldrich). CoA
levels were normalized by the respective protein concentration.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.02130-16.

TEXT S1, PDF file, 0.2 MB.
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