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ABSTRACT Mycobacterium tuberculosis comprises an unusual cell envelope dominated
by unique lipids and glycans that provides a permeability barrier against hydrophilic
drugs and is central for its survival and virulence. Phosphatidyl-myo-inositol mannosides
(PIMs) are glycolipids considered to be not only key structural components of the cell
envelope but also the precursors of lipomannan (LM) and lipoarabinomannan (LAM), im-
portant lipoglycans implicated in host-pathogen interactions. Here, we focus on PatA, a
membrane-associated acyltransferase that transfers a palmitoyl moiety from palmitoyl
coenzyme A (palmitoyl-CoA) to the 6-position of the mannose ring linked to the 2-posi-
tion of inositol in PIM1/PIM2. We validate that the function of PatA is vital for M. tubercu-
losis in vitro and in vivo. We constructed a patA conditional mutant and showed that
silencing patA is bactericidal in batch cultures. This phenotype was associated with sig-
nificantly reduced levels of Ac1PIM2, an important structural component of the mycobac-
terial inner membrane. The requirement of PatA for viability was also demonstrated dur-
ing macrophage infection and in a mouse model of infection, where a dramatic decrease
in viable counts was observed upon silencing of the patA gene. This is reminiscent of the
behavior of PimA, the mannosyltransferase that initiates the PIM pathway, also found to
be essential for M. tuberculosis growth in vitro and in vivo. Altogether, the experimental
data highlight the significance of the early steps of the PIM biosynthetic pathway for M.
tuberculosis physiology and reveal that PatA is a novel target for drug discovery programs
against this major human pathogen.

IMPORTANCE Tuberculosis (TB) is the leading cause of death from a single infectious
agent. The emergence of drug resistance in strains of M. tuberculosis, the etiologic agent
of TB, emphasizes the need to identify new targets and antimicrobial agents. The myco-
bacterial cell envelope is a major factor in this intrinsic drug resistance. Here, we have
focused on the biosynthesis of PIMs, key virulence factors and important components of
the cell envelope. Specifically, we have determined that PatA, the acyltransferase responsi-
ble for the first acylation step of the PIM synthesis pathway, is essential in M. tuberculosis.
These results highlight the importance of early steps of the PIM biosynthetic pathway for
mycobacterial physiology and the suitability of PatA as a potential new drug target.
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M ycobacterium tuberculosis, the etiologic agent of tuberculosis (TB), is the second
most deadly infectious agent in the world after HIV. In 2018, there were about

10 million new cases and 1.2 million deaths from TB, with an estimated one-quarter of
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the human population carrying a latent infection (1–4). First-line treatment for active,
drug-susceptible TB, requires a standard administration of four drugs during a period of
6months, including isoniazid, rifampicin, ethambutol, and pyrazinamide (5). Multidrug-re-
sistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB) emerge mainly as a result
of poor compliance during short-course chemotherapy (6). Specifically, MDR-TB is a form
of TB caused by bacteria that do not respond to isoniazid and rifampicin. Although MDR-
TB is curable, it requires expensive and toxic second-line drugs and an extensive chemo-
therapy of up to 2 years. XDR-TB is a more serious form of MDR-TB caused by bacteria that
do not respond to the most effective second-line anti-TB drugs, often leaving patients
without any further treatment options (6). MDR-TB and XDR-TB remain a public health cri-
sis and a health security threat, making the discovery of new targets and novel anti-TB
drugs with bactericidal mechanisms different from those of currently available agents an
urgent need (7). The cell envelope of M. tuberculosis exhibits a unique architecture com-
prised of sugars and lipids of exceptional chemical structure, providing a hydrophobic
impermeable barrier against many commonly used antibiotics and allowing the bacteria
to survive in extremely hostile intracellular conditions. Due to its essential role in the biol-
ogy ofM. tuberculosis, the cell envelope represents a highly attractive target for the discov-
ery of novel anti-TB drugs (8–10). In that sense, several key medicines used in current TB
therapy inhibit enzymes involved in cell envelope biosynthesis.

The phosphatidyl-myo-inositol mannosides (PIMs) are glycolipids found in abundant
quantities in the inner and outer membranes of the cell envelope of Mycobacterium spp.
and a few other actinomycetes (Fig. 1) (11–13). PIMs are based on a phosphatidyl-myo-ino-
sitol (PI) anchor and can contain one to six mannose residues and up to four acyl chains.

FIG 1 The PIMs from M. tuberculosis. (A) The chemical structure of PIMs. The major PIM species have two (PIM2) or six (PIM6) mannose residues with
different degrees of acylation. (B) The current model of PIM biosynthesis. The currently accepted model proposes that PimA and PimB catalyze the two first
consecutive mannosylation steps in the cytoplasmic face of the plasma membrane. The identity and location of the enzyme(s) responsible for the third and
fourth mannosylation steps, as well as the existence of a flippase, are under debate. The fifth mannosylation step is catalyzed by PimE in the periplasmic
face of the plasma membrane. The identity of the enzyme responsible for the sixth mannosylation step is still unknown. PIMs can be also acylated by the
action of two acyltransferases: PatA catalyzes the transfer of an acyl chain to the mannose ring transferred by PimA at the cytosolic face of the plasma
membrane, whereas an unknown acyltransferase catalyzes the transfer of an acyl chain to the inositol ring of the glycolipid. In the inset, the acylation
steps on Ac2PIM2 are shown as an example. (C) PatA transfers a palmitoyl moiety from palmitoyl-CoA to the 6-position of the mannose ring linked to 2-
position of inositol in PIM1/PIM2.
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The tri- and tetra-acylated phosphatidyl-myo-inositol dimannosides (Ac1PIM2 and Ac2PIM2,
respectively) are considered both metabolic end products and intermediates in the biosyn-
thesis of the tri- and tetra-phosphatidyl-myo-inositol hexamannosides (Ac1PIM6 and
Ac2PIM6, respectively), lipomannan (LM), and lipoarabinomannan (LAM) (11, 12, 14). PIMs,
LM, and LAM play an essential role as structural components of the mycobacterial cell en-
velope but are also important molecules implicated in host-pathogen interactions in the
course of TB and leprosy (11, 13, 15–18). The biosynthesis of PIMs takes place on both
sides of the mycobacteria inner membrane (Fig. 1) (12, 13). The biosynthesis of PIMs is initi-
ated on the cytoplasmic side by the mannosyltransferase PimA (Rv2610c; the Rv numbers
of the nomenclature based on the M. tuberculosis H37Rv genome are included hereafter),
which catalyzes the transfer of a mannose residue from GDP-mannose (GDP-Man) to the
2-position of the myo-inositol ring of PI to produce phosphatidyl-myo-inositol monoman-
noside (PIM1 [19, 20]). The second step is mediated by the mannosyltransferase PimB
(Rv2188c), which transfers a mannose residue from GDP-Man to the 6-position of themyo-
inositol ring of PIM1, to produce phosphatidyl-myo-inositol dimannoside (20–23). The acyl-
transferase PatA catalyzes the transfer of a palmitoyl moiety from palmitoyl coenzyme A
(palmitoyl-CoA) to PIM1 and PIM2 at the 6-position of the mannose ring transferred by
PimA to form Ac1PIM1 and Ac1PIM2, respectively (24–26). The following two pathways
were originally proposed for the biosynthesis of Ac1PIM2: (i) PI is mannosylated by the con-
secutive action of PimA and PimB to form PIM2, which is further acylated to form Ac1PIM2,
and (ii) PIM1 is acylated by PatA to form Ac1PIM1 and then mannosylated by PimB to form
Ac1PIM2. The experimental data indicate that both pathways might coexist in mycobacte-
ria, although the sequence of events PI!PIM1!PIM2!Ac1PIM2 is favored (20, 27, 28).
Ac1PIM2 can be further acylated on position 3 of the myo-inositol ring to form Ac2PIM2 (20,
28). This acyltransferase as well as most of the mannosyltransferases involved in the bio-
synthesis of higher forms of PIMs still remains to be identified (11–13, 29). Strikingly, the
following four enzymes participating in the early steps of the PIM pathway were found to
be essential in vitro in Mycobacterium smegmatis: the phosphatidylinositol phosphate syn-
thase PIP (Rv2612c), PimA, PimB, and PatA (19, 26, 30, 31). From a drug discovery perspec-
tive, the essential character of the enzymes involved in the early steps of PIM biosynthesis
and their restriction to mycobacteria and a few other actinomycetes highlight their interest
as novel targets for TB drug discovery (12, 13).

Here, we focus on PatA (2.3.1.265), an enzyme that belongs to an important family
of acyltransferases, including HtrB and MsbB, involved in the last steps of Kdo2-lipid A
biosynthesis in Gram-negative bacteria (32). We previously provided the very first crys-
tal structures of PatA in the presence of (i) its naturally occurring acyl donor palmitoyl
group, (ii) a nonhydrolyzable palmitoyl-CoA analog, and (iii) the 6-O-palmitoyl-a-D-
mannopyranoside product, unraveling the acyl donor and acceptor binding mecha-
nisms (32, 33). In this study, we carefully investigated the essentiality of PatA from M.
tuberculosis in vitro and in vivo, in a mouse model of TB, in order to evaluate its poten-
tial for drug discovery purposes.

RESULTS
Silencing of patA in axenic cultures results in bacterial death. To probe the essen-

tiality of PatA, a conditional knockdown (cKD) mutant for the patA gene (rv2611c)
(TB489) was constructed in M. tuberculosis H37Rv as described in Materials and
Methods. Since patA is part of a predicted operon including pimA (rv2610c) and
rv2609c (19, 20, 34), to avoid artifacts due to polar effects, both genes were provided in
trans on pFRA247, a pMV261-derived plasmid expressing the two genes from the con-
stitutive promoter Phsp60. In the resulting strain, named TB506.1, expression of patA was
expected to be downregulated following the addition of anhydrotetracycline (ATc) to
the culture medium.

As shown in Fig. 2A, when serial dilutions of a TB506.1 suspension were spotted on
Middlebrook 7H10 containing 500 ng/ml ATc, bacterial growth was inhibited, confirm-
ing the predicted essentiality of patA in vitro. The visible residual growth corresponds
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to spots containing the largest number of bacteria, suggesting that bacteria must go
through some generations before PatA is titrated down and the phenotype becomes
detectable. As expected, the growth of TB38, an M. tuberculosis H37Rv derivative con-
taining pFRA61 (carrying the TetR/PipOFF) on the chromosome, was unaffected by the
presence of the drug at this concentration (see Fig. S2 in the supplemental material). A
similar experiment was performed growing the bacteria in Middlebrook 7H9 liquid me-
dium with or without ATc (500 ng/ml). As depicted in Fig. 2B, two passages in fresh
ATc-containing medium were necessary to observe bacterial growth inhibition, con-
firming that some time was necessary to titrate down PatA after the downregulation of
its structural gene. We also followed the viability of the culture of the patA conditional
mutant grown in the presence of ATc after its growth curve diverged from that of the
culture grown without ATc. As visible in Fig. 2B, despite the optical density of the cul-
ture with ATc remaining stable, the number of viable cells decreased, suggesting that
PatA depletion is bactericidal.

To demonstrate that the observed phenotype was indeed due to the downregula-
tion of patA and not to the failure to complement pimA (rv2609c) with pFRA247, this
plasmid was transformed in a previously characterized pimA (rv2609c) conditional mu-
tant TB99 (34) to obtain TB513. In this case, pFRA247 was able to complement the
downregulation of pimA, as the presence of ATc did not affect the growth of this com-
plemented strain (see Fig. S3 in the supplemental material). Further, to confirm expres-
sion of pimA in the patA mutant, we performed a side-by-side reverse transcriptase
PCR (RT-PCR) analysis of both pimA and patA in TB99 and TB506.1 strains. We found
that levels of pimA expression were comparable in the two strains in the absence of
ATc, while in the presence of ATc, pimA was exclusively repressed in TB99 and patA
was exclusively repressed in TB506.1 (see Fig. S4 in the supplemental material).
Importantly, it is worth noting that the mRNA levels of rv2612c remained constant in
strains TB99 and TB506.1 (Fig. S4).

Production of PIM is greatly reduced in patA-depleted mycobacteria. The effect
of patA gene silencing on PIM biosynthesis was examined by one-dimensional and
two-dimensional (2D) thin-layer chromatography (TLC) analysis of the lipids extracted
from M. tuberculosis TB38 and TB506.1 cells collected at different time points (0, 4, and
12 days) in medium supplemented with 500 ng/ml ATc. Lipid identification was per-
formed by calculating the retention factor (Rf) value, defined as the distance travelled
by a given compound divided by the distance traveled by the solvent (35), and com-
paring to previous reports using the same experimental setup. As expected, the TB38
strain showed a similar lipid profile during the time course (Fig. 3A). In contrast in the
TB506.1 strain, we could observe a reduction in lipid bands I, II, and III, starting from
the origin (O), corresponding to Ac1PIM6, Ac2PIM6, and Ac1PIM2, respectively (Fig. 3A)

FIG 2 patA is an essential gene in M. tuberculosis. (A) Serial dilutions of log-phase cultures of the conditional
mutant TB506.1 were spotted on Middlebrook 7H10 plates with or without 500 ng/ml ATc. (B) Growth curves of
the conditional knockdown TB506.1 in the presence (triangles) or absence (circles) of 500 ng/ml ATc; 1:10
dilutions of the cultures in fresh medium with or without ATc (dashed arrows) were performed until the
growth of the culture with ATc stopped. Gray bars represent the number of CFU per milliliter in the culture
with ATc after its growth arrested. The results represent the average of three independent experiments. *,
P, 0.5; **, P, 0.05.
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(19), and an increase in the lipid band assigned to PI relative to the TB38 strain (Fig.
3A) (36).

We performed 2D-TLC analysis of the same samples and corroborated that pro-
duction of Ac1PIM6, Ac2PIM6, and Ac1PIM2 lipid species is affected in the TB506.1
strain relative to the TB38 strain (Fig. 3B). This was particularly evident in the case of
Ac1PIM2, which is absent in the mutant and is considered an end product of the PIM
pathway (12, 13, 18). Altogether, this profile is consistent with the biochemical reac-
tion catalyzed by PatA, which transfers a palmitoyl moiety from palmitoyl-CoA to the
6 position of the mannose ring linked to the 2 position of myo-inositol in PIM1 or
PIM2, leading to the synthesis of Ac1PIM1/Ac1PIM2. It is evident that depletion of PatA
caused a block in the biosynthesis of PIMs, resulting in severe changes in the compo-
sition of the mycobacterial cell membrane, which correlates with the loss of viability
observed.

patA is essential for growth in macrophages. To validate the essentiality of patA
during intracellular growth on macrophages, we infected THP-1-derived macrophages
with the patA conditional mutant TB506.1 and the parental strain TB38, in the presence
or absence or ATc, and determined viable counts 2, 4, and 6days after infection. Both
TB38 parental strain and TB506.1 retained their infective capacity in the absence of ATc
and beside the presence of TetR and Pip regulators. Conversely, only the TB506.1 strain
showed reduced viability on the presence of ATc being significantly reduced at day 4
and 6 after infection (Fig. 4). Importantly, no difference in cell viability was observed
between treatments (data not shown). These results indicate the essentiality of patA
for macrophage infection.

patA is essential for growth in mouse. To assess the essentiality of patA in vivo,
C57BL/6J mice were intranasally infected with the conditional mutant strain TB506.1.
Silencing of patA was achieved by supplying animals with water with 5% sucrose contain-
ing doxycycline starting on the day of the infection. Control groups did not received doxy-
cycline, allowing normal expression of patA. As depicted in Fig. 5, we observed that M. tu-
berculosis H37Rv sustained infection in the presence and in the absence of doxycycline, 4
and 8weeks after challenge. In the same line, the TB506.1 mutant in the absence of doxy-
cycline reached similar rates of bacterial replication during the acute (4weeks) and chronic
(8weeks) phases of infection. In contrast, TB506.1 manifested a dramatic reduction in CFU
at 4 and 8weeks after infection in the presence of doxycycline, indicating the essential na-
ture of patA during both the acute and chronic phases of infection. This significant trend
of reduction in cell viability for TB506.1 in the presence of doxycycline was observed in
both lungs and spleen. Altogether, these findings clearly highlight the essential role played
by PatA duringM. tuberculosis infection.

FIG 3 Loss of Ac1PIM2 in the PatA-depleted strain. (A) Lipids were extracted from M. tuberculosis TB38 and
TB506.1 grown in the presence of 500 ng ml21 ATc at different time points (0, 4, and 12 days), separated by
TLC in the solvent CHCl3-CH3OH-concentrated NH4OH-H2O (65:25:0.5:4) and visualized with a-naphthol. (B)
Alternatively, samples from day 12 were separated by 2D-TLC using the same solvent system as in panel A for
dimension 1 and chloroform, acetic acid, methanol, and water (50:60:2.3:3) for dimension 2 and visualized as in
panel A. Data are representative of two independent experiments with similar results. At the indicated days,
cultures were submitted to serial dilutions in fresh medium with ATc in order to visualize a progressive decrease in
the Ac1PIM2 levels.
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DISCUSSION

The gene patA is predicted to be an essential gene for in vitro growth of H37Rv
according to analysis of saturated Himar1 transposon libraries (31, 37, 38). The aim of
this work is to demonstrate the essentiality of patA during in vitro growth and experimen-
tal macrophage and mouse infections. These results strongly suggest that the membrane
acyltransferase PatA is a potential drug target inM. tuberculosis according to its essentiality.

FIG 4 Growth curves of TB506.1 and of the parental strain TB38 in THP-1-derived macrophages.
The patA conditional mutant TB506.1 and the parental strain TB38 were used to infect THP-1-
derived macrophages. While TB506.1 was able to replicate intracellularly only in the absence of ATc
(A), TB38 was able to divide regardless of the presence of ATc in the cell culture medium (B). Filled
circles, no ATc; open circles, 500 ng/ml ATc added to the culture medium. Data are representative
of two independent experiments with similar results. ***, P, 0.001 one-way ANOVA with Tukey
posttest.

FIG 5 Validation of patA essentiality in the mouse model of infection. The graph illustrates the
bacterial loads in the lungs (A) and spleens (B) of C57BL/6JOlaHsd mice infected with TB506.1.
Silencing of patA was achieved by supplying animals with water supplemented with 5% sucrose
containing doxycycline. Results represent the mean value and error for 5 mice per group and time
point. **, P, 0.01; ***, P, 0.001 one-way ANOVA with Tukey posttest.
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We did this by exploiting a repressible promoter system based on the TetR and Pip regula-
tors (34, 39). The patA gene is part of a cluster of genes potentially organized as a single
transcriptional unit (12, 26) involved in the early steps of PIM biosynthesis. The upstream
gene encodes the phosphatidylinositol phosphate synthase PIP (Rv2612c) (rv2612c, PIP)
(30, 40–42), whereas the downstream open reading frame (ORF) encodes a putative GDP-
mannose hydrolase (rv2609c) and the phosphatidyl-myo-inositol mannosyltransferase
PimA (rv2610c) (19, 20). Although rv2609c was predicted to be nonessential (37), we
decided to provide this ORF and that of the pimA gene in trans on a replicative plasmid to
the TB506.1 strain in order to counteract potential polar effects caused by the single
recombination event in the patA gene. In this regard, we are confident that the described
phenotype is therefore due to the lack of the patA gene product only.

When grown on solid medium, the conditional mutant was clearly able to replicate
only in the absence of ATc, and the same phenotype was evident also in liquid me-
dium. Moreover, to observe an effect during growth in liquid culture, cells had to
undergo two passages. This suggests that the conditional mutant accumulation of
both PatA and PIMs allows cell growth for several rounds of replication after patA
expression is repressed. This phenomenon has already been observed for other condi-
tional mutants generated using the same TetR/PipOFF system and could be due to the
higher strength of the ptr promoter compared to that of the original promoter of the
downregulated gene causing its overexpression in the absence of ATc (43, 44). The sharp
decrease of bacterial viability following patA repression resembled that observed after
repression of pimA and expanded the essentiality to the early steps of the PIM biosynthetic
pathway (12, 18). Biochemical analyses of the lipids after patA repression showed a clear
depletion of PIMs and a consequent accumulation of the PIMs precursor PI, with no effect
on the remaining pools of lipids, further supporting the essential role of PatA in this bio-
chemical pathway.

The observed accumulation of PI and depletion of PIMs in the TB506.1 strain upon
treatment with ATc seem to be deleterious during experimental infection of both mac-
rophages and mice. We observed a rapid decline in viable counts 2 days after macro-
phage infection, indicating that alteration of the PIM biosynthesis pathway is critical
during the initial stages of infection. Although macrophages represent a starting point
at the time of interrogating the role of patA during infection, our results suggest that
M. tuberculosis needs to keep the integrity of the early steps of PIM biosynthesis for
optimal intracellular replication. To test the role of this gene during a more relevant
complex infection scenario, we infected C57BL/6 mice with TB506.1 and control strains
and provided water supplemented with or without doxycycline. The dramatic and sig-
nificant decrease in the number of CFU in lung and spleens both at 4 and 8weeks after
infection for the TB506.1 strain in the presence of doxycycline strongly supports that
the absence of patA leads to loss of bacterial cell viability. Although we do not know
the exact mechanism by which silencing of patA might have accelerated the process of
lung clearance, it is possible that some cell envelope instability due to altered lipid
composition renders M. tuberculosis more susceptible to innate and adaptive immune
responses.

Ac2PIM2 was found to be the most abundant lipid group in the inner membrane
(IM), accounting for up to 42% (by weight) of all of the lipids in the IM extract (16,
44–47). Our TLC analysis indicates the complete disappearance of Ac1PIM2 and the
reduction of Ac1PIM6 and Ac2PIM6 glycolipid species in the TB506.1 strain relative to
the TB38 strain (Fig. 3B). The accumulation of PI in the M. tuberculosis patA-deficient
mutant is somehow expected as well as the accumulation of PIM1 and/or PIM2. Indeed,
Kordulakova and colleagues have demonstrated the accumulation of PIM1 and PIM2

glycolipids in an M. smegmatis patA-deficient mutant (26). The lack of the palmitoyl res-
idue in Ac2PIM2 glycolipid can certainly modify the properties of the mycobacterial cell
envelope (48). In that sense, the M. smegmatis patA mutant could only be grown in the
presence of a high concentration of NaCl (15 g/liter) and in the absence of Tween 80.
The sodium salts might protect the weakened membrane by osmotic pressure or by
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neutralizing the surface charges of the membrane. Importantly, the mRNA levels of
rv2612c remained constant in the two strains, TB99 and TB506.1, ruling out any defect in
the PI biosynthesis. What seems interesting is the fact that, together with the complete dis-
appearance of Ac1PIM2 and the reduction of Ac1PIM6 and Ac2PIM6, the levels of Ac2PIM2

remain unchanged. According to Bansal-Mutalik and colleagues, Ac2PIM2 is the major com-
ponent of the internal leaflet of the mycobacterial inner membrane (45). One possible ex-
planation for these results is the presence of compensatory acyltransferase activities/spe-
cificities that could contribute to generate and maintain the Ac2PIM2 levels (26). Taken
together, the experimental data suggest that Ac1PIM2 and Ac2PIM2 primarily play a struc-
tural role in the mycobacterial cell envelope (49). The alteration in the relative abundance
of lipids/glycolipids leads to structural defects in the mycobacterial cell envelope, explain-
ing the observed severe growth defects. Therefore, patA is another potential target whose
depletion causes severe consequences in M. tuberculosis cell viability, similar to what has
been reported for other mycobacterial genes (34, 50).

Our long-term goal is the discovery of novel anti-TB drugs targeting the early steps
of PIM biosynthesis. From a drug discovery perspective, the essential character of PIM
biosynthetic enzymes and their restriction to mycobacteria and a few other actinomy-
cetes emphasizes their interest as novel targets for anti-TB chemotherapeutic agents
(Fig. 6). The following four enzymes of the PIM pathway were found to be essential in
M. smegmatis and/or M. tuberculosis: (i) in vitro, PIP (Rv2612c [30]), PimA (Rv2610c [19,
34]), PimB (Rv2188c [20]), and PatA (Rv2611c [26; this study]); and (ii) in vivo in M. tuber-
culosis, PimA (34) and PatA (this study). Interestingly, the crystal structures of PimA,
PimB, and PatA have been reported (32, 33, 51–53). PimA and PimB belong to the GT-B
family of glycosyltransferases, consisting of two Rossmann fold domains with a deep
fissure at the interface that includes the catalytic center (54–58). As a consequence, the
occurrence of an important interdomain movement has been well established in GT-B
enzymes (27, 59). Specifically, PimA is an outstanding example of GT-B flexibility and
intrinsic dynamic properties for the study of GT-B enzymes. The crystal structures of
the unliganded form of PimA and that of the GDP-Man complex revealed the local
reshuffling of secondary structure elements within the flexible segment (residues 118

FIG 6 Essentiality of the early steps in PIM biosynthesis. Two pathways were originally proposed for the biosynthesis of Ac1PIM2 in the cytoplasmic phase
of the mycobacterial inner membrane as follows: (i) PI is mannosylated to form PIM2 by the consecutive action of the GT-B glycosyltransferases PimA and
PimB, respectively, and PIM2 is then acylated by PatA to form Ac1PIM2; and (ii) PI is mannosylated by PimA to form PIM1 and then acylated by PatA to form
Ac1PIM1, which in turn is mannosylated by PimB to form Ac1PIM2. In vitro experimental evidence indicates that although both pathways might coexist in
mycobacteria, the sequence of events PI!PIM1!PIM2!Ac1PIM2 is favored (20, 28). The production and purification of high yields of PimA, PimB, and PatA,
along with the determination of their three-dimensional structure, place us in an unprecedented position to initiate a drug discovery program focusing on
those enzymes (32, 33, 51–53).
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to 163) in the N-terminal domain (52). Very recently, we identified four functionally rel-
evant states of PimA that coexist in dynamic equilibrium in solution undergoing con-
formational exchange on timescales from milliseconds to seconds. Specifically, fold
switching is a slow process, on the order of seconds, whereas domain motions occur
simultaneously but are substantially faster, on the order of milliseconds (60). We
hypothesize that such conformational flexibility has impaired identification of potent
inhibitors against PimA using in silico and in vitro target-based drug screening approaches.
In contrast, the crystal structures of PatA in the presence of (i) its naturally occurring acyl
donor palmitoyl group, (ii) a nonhydrolyzable palmitoyl-CoA analog, and (iii) the 6-O-pal-
mitoyl-a-D-mannopyranoside product revealed clear defined grooves that participate in
the association of the substrates and products. We hypothesize that the presence of clear
and deep pockets might facilitate the in silico and in vitro screenings for the discovery of
potent inhibitors against the enzyme.

Taken together, these data clearly show the essentiality of PatA for M. tuberculosis
growth and survival in axenic cultures and during macrophage or mouse infection,
making it a potential candidate for in vitro target-based drug screening approaches.
Finally, the modulation of PimA or PatA expression by the use of the conditional mu-
tant could find application in target-based whole-cell screening assays for the identifi-
cation of compounds targeting PimA or PatA or other cellular processes that are part
of the same pathway.

MATERIALS ANDMETHODS
Bacterial strains and media. M. tuberculosis strain H37Rv was grown at 37°C in Middlebrook 7H9 or

7H10 (Difco) supplemented with 0.05% (vol/vol) Tween 80 (Sigma-Aldrich), 0.2% (vol/vol) glycerol (Sigma-
Aldrich), and 10% ADN (2% glucose, 5% bovine serum albumin, 0.85% NaCl). For cloning procedures,
Escherichia coli strain DH5a was grown in Luria-Bertani medium (LB). When required, hygromycin (Roche)
was used at a final concentration of 50mg/ml for M. tuberculosis and 150mg/ml for E. coli. Streptomycin and
kanamycin (Sigma-Aldrich) were used at a concentration of 20mg/ml. Anhydrotetracycline (Sigma-Aldrich)
was used at a concentration of 500ng/ml.

Construction of the M. tuberculosis patA conditional mutant. The patA (rv2611c) conditional mu-
tant was constructed in M. tuberculosis H37Rv using the TetR/PipOFF repressible promoter system (39,
43). In this system, the gene of interest is placed under the transcriptional control of the repressible pro-
moter Pptr; then, the gene encoding its repressor (Pip) is introduced in the chromosome together with
the gene encoding the repressor TetR. Since the gene encoding Pip is transcribed from a TetR-depend-
ent promoter, addition of anhydrotetracycline (ATc) to the culture medium leads to its induction and
consequent repression of the gene of interest (39).

To place patA under Pptr transcriptional control, we constructed a suicide plasmid cloning the first 620bp
of the patA gene (PCR amplified using primers RP1862bis, 59-CCAATGCATATTGCCGGCCTTAAGGGCT-39, and
RP1889, 59-AGGCCTCAGACCACTCGGTTGTTCCT-39) downstream Pptr in pFRA50 (39), conferring resistance to
hygromycin. Ten micrograms of the resulting plasmid (pFRA238) was then introduced by electroporation
into M. tuberculosis H37Rv, and transformants were selected on 7H10 plated containing hygromycin (see Fig.
S1A in the supplemental material). The correct integration of the suicide plasmid by insertional duplication
was confirmed by PCR, using an upper primer in the Pptr region (RP1908, 59-CGACCTGACCGCGGAGAAAT-39)
and a lower primer external to the homology region used for recombination (RP1909, 59-
CAGCAATGTGTGGGCAGCAA-39) (Fig. S1B). The resulting strain (TB498) was finally electroporated
with the integrative plasmid pFRA61.1, containing the TetR-PipOFF system, conferring resistance to
streptomycin to obtain TB499. Since patA might be cotranscribed with its downstream genes
rv2609c and rv2610 (pimA), we decided to provide these genes in trans expressed from a constitutive
promoter so that addition of ATc would lead to the repression of only patA transcription. For this
purpose, pimA and rv2609c were amplified from the H37Rv genome using the primers RP1890, 59-
AGGCCTCTCGGATCGGCATGATTTGTC-39, and RP1891, 59-GTCGACCGACTTTTCTAAGCGGTCCA-39, and
then cloned downstream Phsp60 in the replicative plasmid pMV261, conferring resistance to kanamy-
cin. The resulting plasmid, named pFRA247, was than introduced in the conditional mutant TB499 to
obtain TB506.1 (Table 1).

Characterization of the patA conditional mutant. To characterize the growth curves of the bacte-
rial strains, mid-log cultures were diluted up to a theoretical optical density at 540 nm (OD540) of 0.06 in
Middlebrook 7H9 albumin-dextrose-catalase (ADC) with or without 500 ng/ml ATc and incubated with-
out shaking at 37°C. OD540 was recorded at different time points to obtain the growth curves. To charac-
terize the growth of the bacterial strains on solid medium, 5ml of 10-fold serial dilutions of a mid-log cul-
ture grown in Middlebrook 7H9 ADC was spotted on Middlebrook 7H10 plates with or without 500 ng/
ml ATc. Plates were than incubated at 37°C until growth was visible.

Extraction of lipids from the patA-deficient M. tuberculosis mutant. M. tuberculosis TB506.1 was
grown at 37°C in standing Middlebrook 7H9 supplemented with 500 ng/ml ATc. The bacteria were
diluted every 120 h three times in fresh ATc-containing medium and collected before each dilution.
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Cells were harvested by centrifugation at 3,500 rpm for 5min, and pellets were heat inactivated at 100°C
for 1 h and used for lipid extraction. A culture of M. tuberculosis TB506.1 grown without ATc served as a
control. Fivemilliliters 2:1 (vol/vol) chloroform-methanol was added to the cell pellet and incubated at
room temperature (RT) for 12 h with constant stirring. The organic extract was separated by centrifuga-
tion (1,000� g, 5min, RT) and decantation. The obtained pellet was extracted with 5ml 2:1 (vol/vol)
chloroform-methanol for 1 h at RT with constant stirring and separated under the same conditions. The
combined two organic extracts were dried under a stream of nitrogen gas at RT and subjected to a
biphasic Folch wash with 2.1ml of 4:2:1 (by volume) water-chloroform-methanol mixture. Finally, the
hydrophilic phase was removed, and the organic phase was saved and dried under a nitrogen gas
stream.

Lipid profile characterization by thin-layer chromatography. The dried organic phase was resus-
pended with 4 ml of 2:1 (vol/vol) chloroform-methanol per 1mg of dry weight. Fourteen microliters of
each sample was applied on 60 F254 silica gel plates (Merck), and lipid components were separated by
TLC using chloroform, methanol, ammonium hydroxide, and water (65:25:0.5:4) as a mobile phase. To
develop plates, we repeated the process of pulverizing the staining solution and heating the plate at
100°C 4 to 5 times. To visualize the different glycolipids of the lipid mixture, we used a-naphthol stain-
ing, which contains 10.5ml 15% ethanolic solution of 1-naphthol, 6.5ml 97% sulfuric acid, 40.5ml etha-
nol, and 4ml water. Alternatively, total lipids were separated by 2D-TLC using chloroform, methanol, am-
monium hydroxide, and water (65:25:0.5:4) as a mobile phase 1, and chloroform, acetic acid, methanol,
and water (50:60:2.3:3) as mobile phase 2.

RNA extraction and quantitative reverse transcription-PCR. RNA extraction and quantitative
reverse transcription-PCR were performed as previously described using the primers shown in Table S1
in the supplemental material (61). The sigA mRNA was used as internal invariant control for data normal-
ization (36). RNA samples that had not been reverse transcribed were included in all experiments to
exclude significant DNA contamination. For each sample, melting curves were performed to confirm the
purity of the products.

Infection of macrophages. THP-1 macrophages (American Type Culture Collection) were grown in
suspension at 37°C in 5% CO2 in bicarbonate-buffered RPMI (Gibco) supplemented with 10% (vol/vol) fe-
tal bovine serum (FBS; Gibco), 50mmol/liter b-mercaptoethanol, and 50mg/ml gentamicin to a density
of about 0.5� 106 cells/ml (34). To induce differentiation of monocytes into macrophages, cells were
seeded in 96-well plates and stimulated with 50 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich). After 24 h, PMA was removed, and cells were infected with M. tuberculosis H37Rv and TB506.1
at a multiplicity of infection of 1:10 for 90min as previously described (62). Extracellular bacteria were
further removed by washing with warm phosphate-buffered saline (PBS), and fresh medium supple-
mented with 200 ng/ml ATc was added. Macrophages were lysed at 0 h and 2, 4, and 6 days after infec-
tion, and extracts were plated to determine viable bacteria.

Intranasal infection of mice. The mice used in the experiment were 7-week-old female C57BL/6J
purchased from Envigo. Forty mice were challenged via the intranasal route with 103 CFU of M. tubercu-
losis H37Rv or TB506.1 suspended in 15ml sterile PBS. For this procedure, mice were anesthetized with
75mg/kg of ketamine and 1mg/kg of medetomidine and reversed by 1mg/kg of atipamezole. Drinking
water was supplemented with 1mg/ml of doxycycline (Sigma-Aldrich; D9891) and 5% sucrose. Control
groups without doxycycline received drinking water with 5% sucrose. At day 1, week 4, and week 8 after
infection, mice were euthanized in a CO2 chamber, and lungs and spleen were collected for bacterial
load estimation. The enumeration of viable CFU was performed by plating appropriate lung homoge-
nate dilutions on Middlebrook 7H11 plates for M. tuberculosis H37Rv and Middlebrook 7H11 plates con-
taining 50mg/ml hygromycin and 20mg/ml of streptomycin for TB506.1. The animal experiment was
performed at the biosafety level 3 (BSL3) animal facilities of NEIKER Institute (Derio, Spain), having
received institutional approval. All institutional and ethical guidelines for animal care and experimenta-
tion were adhered to with permits provided by “Diputacion Foral de Bizkaia 15/2017 and 20/2019.” The
NEIKER Animal Ethics Committee, registered with the Government of Spain (registration no. ES489010006099),
approved all animal experimental protocols and usage.

Statistics. Statistical analyses were performed in GraphPad Prism 5.0. Two-way analysis of variance
(ANOVA) with Tukey posttest was used to evaluate paired replicates. P values of less than 0.05 were con-
sidered significant.

TABLE 1M. tuberculosis strains used in this study

Strain name Parental strain Description
Reference or
source

TB38 H37Rv TetR/PipOFF system 39
TB498 H37Rv PptrpatA_pimA_rv2609c This paper
TB499 TB498 PptrpatA_pimA_rv2609c, TetR/PipOFF system This paper
TB506.1 TB499 TB499(pFRA247) (pMV261-derived plasmid

expressing pimA_rv2609c under Phsp60)
This paper

TB99 H37Rv PptrpimA_rv2609c, TetR/PipOFF system 34
TB513 TB99 TB99(pFRA247) This paper
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