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Phthiocerol dimycocerosates (DIM) and phenolglycolipids (PGL) are functionally important surface-ex-
posed lipids of Mycobacterium tuberculosis. Their biosynthesis involves the products of several genes clustered
in a 70-kb region of the M. tuberculosis chromosome. Among these products is PpsD, one of the modular type
I polyketide synthases responsible for the synthesis of the lipid core common to DIM and PGL. Bioinformatic
analyses have suggested that this protein lacks a functional enoyl reductase activity domain required for the
synthesis of these lipids. We have identified a gene, Rv2953, that putatively encodes an enoyl reductase.
Mutation in Rv2953 prevents conventional DIM formation and leads to the accumulation of a novel DIM-like
product. This product is unsaturated between C-4 and C-5 of phthiocerol. Consistently, complementation of the
mutant with a functional pks15/1 gene from Mycobacterium bovis BCG resulted in the accumulation of an
unsaturated PGL-like substance. When an intact Rv2953 gene was reintroduced into the mutant strain, the
phenotype reverted to the wild type. These findings indicate that Rv2953 encodes a trans-acting enoyl reductase
that acts with PpsD in phthiocerol and phenolphthiocerol biosynthesis.

Mycobacterium tuberculosis, the etiological agent of tubercu-
losis, remains one of the leading causes of mortality and mor-
bidity worldwide. The mycobacterial cell envelope is a complex
structure that plays a major role in both the virulence and the
ability of the tubercle bacillus to resist the hostile environments
encountered during the infection process. A unique feature of
this cell envelope is its high lipid content (40 to 60% [dry
weight]) that confers an exceptionally low permeability on my-
cobacteria (9, 13). Among the surface-exposed constituents of
the cell envelope of M. tuberculosis, two structurally related
families of lipids, the phthiocerol dimycocerosates (DIM) and
the glycosylated phenolphthiocerol dimycocerosates, also called
phenolglycolipids (PGL), have been extensively studied be-
cause of the key role they play in the pathogenesis of tuber-
culosis and the tubercle bacillus-host interactions (4, 8, 10, 12,
24). Consistently, DIM and PGL are produced by a limited
group of slow-growing mycobacterial species, most of which
are pathogenic for humans (10).

DIM are composed of a mixture of long-chain �-diols that
are esterified by multimethyl-branched fatty acids called my-
cocerosic acids (Fig. 1). PGL consists of a lipid core similar to
that of DIM, except that the phthiocerol chain is terminated by
a glycosylated phenolic moiety (Fig. 1). More than 20 genes are
required for the formation and translocation of DIM and PGL
(for a review, see reference 21). These genes are clustered in a
73-kbp region of the chromosome of M. tuberculosis. The bio-

synthesis pathway of the lipid core common to DIM and PGL
involves a group of six type I polyketide synthases (Pks) (18).
These enzymes are large multienzymatic proteins that synthe-
tize polyketides by decarboxylative condensation between an
acyl chain and an extender unit (5, 16). The minimal core of a
typical type I Pks consists of three domains, the ketosynthase
(KS), the acyl transferase (AT), and the acyl carrier protein
(ACP) domains, which are responsible for chain elongation.
Additional modifying domains, such as a �-ketoreductase
(KR) domain, a dehydratase (DH) domain, and an enoyl re-
ductase (ER) domain, may subsequently modify the �-keto-
thioester intermediate generated by the core domains.

A group of five modular type I Pks, PpsA through PpsE, was
shown to be involved in the formation of phthiocerol and
phenolphthiocerol chains (2). These Pks catalyze the elonga-
tion of either C22-C24 fatty acids or p-hydroxyphenylalkanoic
acid by successive additions of three malonyl-CoA and two
methylmalonyl-CoA extender units. Using the structure of
these �-diols, Azad et al. (2) predicted the domain arrange-
ment for each type I Pks encoded by the ppsABCDE genes.
These domain assignments, except that for the PpsD protein,
have been confirmed by bioinformatic studies with appropriate
computational tools and also by biochemical studies (30, 33).
Indeed, it had been proposed that PpsD contains the six do-
mains, the KS, AT, DH, ER, KR, and ACP domains, but
subsequent bioinformatic analyses failed to detect the ER do-
main (33), raising the possibility that a specific independent
enzyme might be involved in the reduction of the double bond
putatively left by PpsD during phthiocerol and phenolphthio-
cerol synthesis.

In this paper, we provide evidence that PpsD does not con-
tain an ER domain and that Rv2953 encodes an independent
reductase involved in the reduction of the double bond left in
phthiocerol and phenophthiocerol chains by PpsD.
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MATERIALS AND METHODS

Bacterial strains, growth media, and culture conditions. The Escherichia coli
DH5� strain used for cloning and M. tuberculosis strains were cultured as pre-
viously described (26).

General DNA techniques. Molecular cloning and restriction endonuclease
digestions were performed by standard procedures. Mycobacterial genomic
DNA was isolated from 5-ml saturated cultures according to the method of
Belisle and Sonnenberg (3).

Bioinformatic analysis of the Rv2953 protein. We searched for sequence
similarities between the Rv2953 and other proteins using the BLASTP program
from the National Center for Biotechnology Information (www.ncbi.nlm.nih
.gov). Secondary structure prediction and comparisons with known protein struc-
tures were carried out using the HHpred server at the Max-Planck Institute for
Developmental Biology (http://toolkit.tuebingen.mpg.de/hhpred). HHpred
builds a hidden Markov model (HMM) profile from a query sequence and
compares it with a database of HMMs representing annotated protein families or
domains with known structures (28). An HMM-HMM comparison using the
HHpred server with the Rv2953 sequence as the query sequence was performed
against the PDB70 database.

Construction of an Rv2953-disrupted mutant of M. tuberculosis H37Rv and a
complementation vector. An Rv2953 mutant of M. tuberculosis H37Rv containing
a disrupted Rv2953::Km gene on the chromosome was constructed by allelic
exchange using the Ts/sacB procedure (22, 26). A DNA fragment overlapping
the Rv2953 gene was amplified by PCR from genomic DNA using oligonucleo-
tides 2953A and 2953B (Table 1) and cloned, after the insertion of a Km

resistance cassette between the ClaI-NruI restriction sites, into the mycobacterial
thermosensitive suicide plasmid pPR27 (22). The resulting plasmid was trans-
ferred by electrotransformation into M. tuberculosis, and an allelic exchange at
the Rv2953 locus was screened by PCR analysis of the genomic DNA from
several Km- and sucrose-resistant colonies by using a set of specific primers
(2953C, 2953D, 2953E, res1, and res2 [Table 1]). One clone with a pattern
corresponding to the disruption of Rv2953 was selected and named PMM80.

To construct pC2953 (for complementation), the Rv2953 gene was PCR am-
plified from M. tuberculosis H37Rv genomic DNA using oligonucleotides 2953F
and 2953G (Table 1). The PCR product was digested with NdeI and HindIII and
inserted between the NdeI and HindIII sites of pMV361eHyg, a pMV361 de-
rivative harboring the pBlaF* promoter from pMIP12 instead of the original
phsp60 promoter and carrying an hyg resistance marker (19, 29). This vector was
transferred into PMM80 cells, and the transformants were selected on 7H11 agar
plates supplemented with oleic acid-albumin-dextrose-catalase, Km, and Hyg.

Biochemical analyses of DIM and PGL. DIM and PGL were obtained from
mycobacterial cells as described in reference 26. For mass spectrometry and
nuclear magnetic resonance (NMR) analyses, DIM and M. tuberculosis PGL
were further purified by chromatography on a Florisil column (4, 7). Thin-layer
chromatography (TLC), matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) mass spectrometry, and NMR spectroscopy analyses were per-
formed as previously described (26).

RESULTS

Identification of a gene putatively encoding the missing
enoyl reductase of PpsD. The ER domain of PpsC can be easily
identified by bioinformatic analysis (33). In contrast, the PpsD
sequence has no significant similarity with type I Pks ER do-
mains. In an attempt to identify another enzyme which may
fulfill this function, we searched the M. tuberculosis genome for
a gene conserved in mycobacteria producing DIM, encoding a
protein with similarities to reductase, and mapping within the
DIM locus, which is the locus where all the other genes in-
volved in DIM and PGL synthesis map. We identified a single,
previously uncharacterized, candidate gene, Rv2953.

Rv2953 maps immediately downstream from Rv2952, which

FIG. 1. Structure of phthiocerol dimycocerosates and related compounds in M. tuberculosis. R2 is CH3 or C2H5; R3 is (CH2)16-18-CH3. Arrows
show the position of the double bond reduced by the Rv2953 protein during phthiocerol and phenolphthiocerol biosynthesis.

TABLE 1. Oligonucleotides used in this study

Gene Primer Oligonucleotide sequence (5�–3�)

Rv2953 2953A GCTCTAGAGTTTAAACATCAACCTGTACCACCGC
2953B GCTCTAGAGTTTAAACGGAACGGCATTTTCACAGC
2953C GTCATGGCTAGGAACGCTAC
2953D CTCATTGTTTCCGAGTAGCG
2953E ACGTGTCAGCAGCTCGATAG
2953F ACGGCATATGAGCCCAGCTGAGCGCGA
2953G CAAAAGCTTAGCTCAGCCTGGTCGTTCC

res res1 GCTCTAGAGCAACCGTCCGAAATATTATAAA
res2 GCTCTAGATCTCATAAAAATGTATCCTAAATCAAATATC
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is involved in the methylation of the phthiocerol and phenol-
phthiocerol chains in mycobacterial species producing DIM, and
Rv2953 orthologs are found in Mycobacterium marinum, My-
cobacterium bovis, and even Mycobacterium leprae, a mycobac-
terial species which has undergone massive gene decay. Pro-
tein-protein BLAST and translated database similarity
searches using the Rv2953 protein sequence as the query se-
quence revealed that the Rv2953 protein has similarities with a
number of conserved prokaryotic proteins of unknown func-
tion. Many of these share similarities with saccharopine dehy-
drogenase, also known as saccharopine reductase, an oxi-
doreductase involved in the biosynthesis of lysine via the
�-aminoadipate pathway in higher fungi (32). The three-di-
mensional structures of saccharopine reductases from the
plant pathogen Magnaporthe grisea and from Saccharomyces
cerevisiae have recently been identified (1, 14). Each subunit of
this homodimer consists of three structural domains; the first
domain contains a Rossmann fold variant binding NADPH
(14). The primary sequence of the Rv2953 protein has a low
similarity with that of saccharopine reductase from M. grisea
(15% identity; 33% similarity), but an HMM-HMM compari-
son using the HHpred program (28) revealed a strong corre-
lation between the predicted secondary structure of the
Rv2953 protein and the secondary structure of saccharopine
reductase (see Fig. S1 in the supplemental material). This
result indicates that the two proteins may adopt similar three-

dimensional structures. In addition, many saccharopine reduc-
tase residues responsible for binding NADPH are either con-
served or replaced with similar amino acids in the Rv2953
protein (see Fig. S1 in the supplemental material). Together
these bioinformatic analyses strongly suggest that the Rv2953
protein has a Rossmann fold and binds NADPH, consistent
with the function of the Rv2953 protein as a reductase.

Thus, Rv2953 fulfilled our criteria for encoding the missing
enoyl reductase of PpsD. However, the biosynthetic role of the
Rv2953 protein remained to be demonstrated experimentally.

Disruption of the Rv2953 gene in M. tuberculosis H37Rv and
biochemical characterization of the Rv2953 mutant. To estab-
lish whether the Rv2953 protein is involved in DIM and PGL
biosynthesis, we constructed an M. tuberculosis H37Rv mutant
by exchanging the wild-type allele of Rv2953 with a Km resis-
tance cassette-disrupted allele (Fig. 2A). One clone, named
PMM80, exhibiting an amplification pattern consistent with an
allelic exchange at the Rv2953 locus, was retained for further
analyses (Fig. 2B).

To determine the effects of the mutation in gene Rv2953, we
then examined DIM production in the PMM80 mutant strain.
TLC analyses showed that Rv2953 disruption resulted in the
accumulation of compounds A and B (Fig. 3A) that exhibited
lower mobilities than those of DIM A and DIM B, a related
lipid of the DIM family harboring a keto moiety at the terminal
end of the �-diol chain (Fig. 1) (10). This result suggested that

FIG. 2. Construction and characterization of the M. tuberculosis
H37Rv Rv2953::Km mutant strain. (A) Schematic diagram of the
genomic organization of the Rv2953 locus in the wild-type strain of M.
tuberculosis H37Rv and the PMM80 (Rv2953::Km) mutant. The black
box represents the Rv2953 gene, and the hatched box represents the
fragment deleted during the construction of the knockout mutant. The
Km resistance cassette used for targeted disruption is represented by a
gray box. Names of primers are indicated by letters (A, 2953A; B,
2953B; C, 2953C; D, 2953D; E, 2953E; res1; and res2). Positions are
indicated by arrowheads below each genetic structure, and the ex-
pected sizes for PCR products are indicated. (B) PCR analysis of the
recombinant strain PMM80 using various combinations of specific
primers.

FIG. 3. TLC analyses of lipids extracted from M. tuberculosis
H37Rv and its isogenic Rv2953::Km mutant strain (PMM80). (A) TLC
analysis of DIM from the M. tuberculosis wild-type strain, the PMM80
mutant, and the PMM80::pC2953 strain. Lipid extracts dissolved in
CHCl3 were separated with petroleum ether-diethylether (90:10, vol/
vol), and DIM were visualized by spraying the TLC plate with 10%
phosphomolybdic acid in ethanol, followed by heating. Positions of
DIM A and DIM B (arrows) and of products A and B (arrowheads)
are indicated. (B) TLC analysis of glycolipids extracted from the M.
tuberculosis wild-type and PMM80 mutant strains complemented with
pPET1. Lipids were dissolved in CHCl3 and run in CHCl3/CH3OH
(95:5, vol/vol). Glycoconjugates were visualized by spraying the TLC
plate with 0.2% anthrone (wt/vol) in concentrated H2SO4, followed by
heating. Positions of M. tuberculosis PGL (PGL-tb; arrow) and product
C (arrowhead) are indicated.
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the DIM produced by the Rv2953::Km mutant strain was struc-
turally modified.

Because DIM A and M. tuberculosis PGL share a common
lipid domain, we also studied the role of the Rv2953 protein in
the biosynthesis of the phenolphthiocerol moiety of this glyco-
lipid. We previously demonstrated that M. tuberculosis H37Rv
is unable to produce PGL due to the presence of a frameshift
mutation in the pks15/1 gene and that the production of PGL
can be restored by introducing a functional pks15/1 gene (7).
Accordingly, both M. tuberculosis H37Rv wild-type and the
PMM80 mutant strains were transformed with pPET1, a
plasmid with a functional M. bovis BCG pks15/1 gene (7).
Lipids were extracted, and the glycolipids were analyzed. The
PMM80::pPET1 mutant produced a major glycoconjugate
(product C) (Fig. 3B, lane 2) exhibiting a slightly lower TLC
mobility than that of PGL produced from the wild-type strain
carrying pPET1, strongly suggesting that the Rv2953 protein is
also involved in the production of the conventional PGL in M.
tuberculosis.

Structural analyses of DIM and PGL derivatives from M.
tuberculosis Rv2953-disrupted mutant. To describe the DIM-
like compounds produced by the PMM80 mutant, products A
and B were purified and analyzed by MALDI-TOF mass spec-
trometry. The mass spectrum of product A showed a series of
pseudomolecular ion (M � Na�) peaks whose major homo-
logues appeared at m/z ratios of 1388, 1416, 1430, and 1458
(Fig. 4A). Product B contained a series of pseudomolecular ion
(M � Na�) peaks 16 atomic mass units lower than those for
product A (data not shown). These values for products A and
B were consistent with compound A bearing a methoxy group,
whereas compound B contains a keto group instead. However,
these values were 2 mass units lower than those observed in the
spectra of DIM A (major peaks at m/z 1390, 1418, 1432, 1460,
and 1474) (Fig. 4B) and DIM B (major peaks at m/z 1374,

1402, 1416, and 1444) (data not shown) from the wild-type
strain. These data suggest that the PMM80 mutant produced
lipids differing from DIM A and DIM B by the presence of an
additional double bond. The transformation of this mutant
strain with pC2953, a plasmid containing an intact Rv2953
gene, restored the wild-type phenotype (Fig. 3A). In addition,
the mass spectra of the lipids purified from the complemented
PMM80::pC2953 strain were superimposable to those of DIM
A and DIM B from the wild-type H37Rv strain (data not
shown). These data confirmed that the disruption of Rv2953
was solely responsible for the structural modification of DIM
in the PMM80 mutant strain.

We also used NMR to analyze the A and B lipid products
accumulated in PMM80. The 1H-NMR spectrum of product A
from PMM80 and the structure deduced from the structural
analysis are shown in Fig. 5. Most of the proton signal reso-
nances that typify DIM A (4) were detected: (i) the multiplet
centered at 4.83 p.p.m. (signal a), attributable to the reso-
nances of the methine protons of the esterified �-diol; (ii)
resonances of several terminal methyl protons seen at 0.8 to
1.0 p.p.m. (signal e), consistent with the presence of multi-
methyl-branched fatty acyl residues (11); (iii) resonances at
2.55 p.p.m. (signal d) and 1.15 p.p.m. (signal f) that correspond
to the resonances of the methine protons at the � position of
the fatty acyl residues and to those of the methyl groups lo-
cated on this � carbon, respectively; and (iv) proton resonances
of the methoxyl group observed at 3.16 p.p.m. (signal b). In-
terestingly, the proton resonance of the methine proton of the
carbon bearing this methoxyl group, expected at 2.85 p.p.m. in
the spectrum of DIM A (4), was deshielded and observed at
3.31 p.p.m. (signal c) because of the proximity of the double
bond. Additional resonances were also observed at 1.50 p.p.m.
and 5.30 p.p.m. and correspond to the proton resonance of the
methyl group in the � position of the double bond (signal g)

FIG. 4. MALDI-TOF mass spectra of purified product A from the PMM80 mutant strain (panel A), of purified DIM A from M. tuberculosis
wild-type H37Rv (panel B), of purified glycolipid (product C) from the PMM80::pPET1 strain (panel C), and of purified PGL from M. tuberculosis
H37Rv::pPET1 (PGL-tb; panel D).
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and to that of the double bond (signal h), respectively. These
resonances were assigned by two-dimensional homonuclear
1H-1H correlation spectroscopy and heteronuclear 1H-13C sin-
gle-bond correlation (heteronuclear single-quantum coher-
ence spectroscopy) experiments, and the terminal motif of com-
pound A containing the double bond was unambiguously
established by a proton-detected 1H-13C heteronuclear multiple-
bond correlation experiment (data not shown).

These data clearly demonstrated that product A is a phthio-
cerol dimycocerosate derivative unsaturated between C-4 and
C-5. Similar NMR analyses of product B, purified from
PMM80, indicated that this lipid is a DIM B-like compound
with a double bond between C-4 and C-5 (data not shown).

The TLC results with wild-type or mutant strains made com-
petent for PGL production also strongly suggested that a sim-
ilar structural change had occurred in the PGL-like substance
produced by the PMM80::pPET1 mutant strain. This glycocon-
jugate was purified from bacterial cells and analyzed by
MALDI-TOF mass spectrometry. Major pseudomolecular ion
(M � Na�) peaks were seen at m/z ratios of 1904, 1932, and
1946 (Fig. 4C). These mass peaks were 2 mass units lower
than those in the mass spectrum of M. tuberculosis PGL
from the H37Rv::pPET1 strain (Fig. 4D), strongly support-
ing the concept that the major glycolipid produced by the
PMM80::pPET1 mutant strain is M. tuberculosis PGL with an

additional unsaturated bond. These various biochemical and
structural analyses show that mutation in gene Rv2953 had
similar effects on DIM and M. tuberculosis PGL biosynthesis,
leading to the accumulation of unsaturated lipids.

DISCUSSION

The lipid core common to DIM and PGL is synthesized by
a group of five modular type I Pks: PpsA through PpsE (30). It
had been suggested that PpsD contains an ER domain respon-
sible for the reduction of the double bond between the C-4 and
C-5 during phthiocerol and phenolphthiocerol biosynthesis (2,
20). We and other groups (21, 33), however, failed to detect an
ER domain by in silico analyses. This suggests that this reduc-
tion step might be catalyzed by an unidentified enzyme. We
propose that PpsD generates an �,�-unsaturated thioester in-
termediate that is reduced by a trans enoyl reductase activity,
encoded by the Rv2953 gene. This statement is supported by
several key findings. Orthologs of Rv2953 are found in all
analyzed mycobacterial species producing DIM (i.e., M. bovis,
M. leprae, Mycobacterium ulcerans, and M. marinum), consis-
tent with the involvement of the protein in the biosynthesis of
phthiocerol. Moreover, we found that an Rv2953::Km mutant
of H37Rv produces new lipids corresponding to DIM A and
DIM B derivatives containing double bonds between C-4 and
C-5. The presence of a functional pks15/1 gene in this strain
consistently resulted in the synthesis of a major glycosylated
phenolphthiocerol dimycocerosate containing a double bond.
This phenotype was not due to a polar effect on downstream
genes as the transfer of a functional Rv2953 gene, carried on a
mycobacterial plasmid, fully reversed the biochemical pheno-
type. These findings demonstrate that (i) PpsD, which is
thought to be involved in the synthesis of this fragment of the
phthiocerol and phenolphthiocerol chain, has no functional
ER domain and (ii) the product of Rv2953 is involved in the
reduction of the double bond left by the PpsD synthase. An
alternative model is that the Rv2953 protein has no reductase
activity but may recruit an additional enzyme that fulfils this
function. However, bioinformatic analyses of the Rv2953 pro-
tein sequence are consistent with this enzyme being an enoyl
reductase and therefore do not support this alternative pro-
posal. Enoyl reductases are NADH- or NADPH-dependent
enzymes which have been categorized in two superfamilies: the
short-chain dehydrogenase/reductase (SDR) superfamily and
the medium-chain dehydrogenase/reductase superfamily (15,
23, 25). Most SDR enzymes have an N-terminal-binding motif
G-X-G-X-X-G required for the binding of the cofactor (15,
23). However, short-chain ERs are members of the divergent
family of SDRs, and they exhibit sequences that deviate from
the typical motif encountered in most SDRs (23). Interestingly,
the Rv2953 protein contains a G-A-T-G-F-S-G sequence
(amino acids 14 to 20) at the N-terminal part of the protein.
Additionally, the three-dimensional structures of several enoyl
reductases have been established and they all exhibit a Ross-
mann fold (Protein Data Bank [http://www.rcsb.org/pdb/home
/home.do]). The Rv2953 protein sequence was predicted to
fold in the same way as saccharopine reductase, an enzyme
with a Rossmann fold (14). Furthermore, many key residues
involved in the binding of NADPH are either conserved or
replaced with similar amino acids in the Rv2953 protein.

FIG. 5. The 1H-NMR spectrum of product A from the PMM80
mutant strain. The structure of the analyzed compound deduced from
the various structural analyses is shown above the spectrum (p, p’ � 3
to 5; n, n’ � 16 to 18; m � 20 to 22). Letters (a to h) shown above the
formula indicate the protons, and those above the spectrum indicate
the corresponding signal resonances.
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Therefore, these bioinformatic analyses of the Rv2953 protein
suggest that it has a Rossmann fold structure and binds NADH
or NADPH, consistent with it being an enoyl reductase.

To our knowledge, this is the first report of a type I Pks
requiring an additional accessory enzyme for polyketide bio-
synthesis in mycobacteria, although direct interactions be-
tween type I Pks and discrete enzymes have been reported for
AT, KR, DH, and ER domains in other microorganisms (6, 17,
27, 31). For instance, in Aspergillus terreus, the lovastatin nona-
ketide synthase, a type I Pks that lacks a functional ER activity,
interacts with LovC, a putative ER, for the correct assembly of
dihydromonacolin L during lovastatin production (17). LovC
probably acts on the growing polyketide chain bound to lova-
statin nonaketide synthase. How the Rv2953 protein acts dur-
ing DIM and M. tuberculosis PGL biosynthesis is still unclear.
One possibility is that the Rv2953 protein interacts directly
with PpsD during the synthesis of (phenol)phthiocerol and
provides the ER activity in trans to PpsD to reduce the �,�-
unsaturated thioester intermediate generated by this Pks. Al-
ternatively, the Rv2953 protein might reduce the double bond
after synthesis of the whole lipid chain by the five modular Pks,
PpsA through PpsE. This reaction may occur before or after
esterification of the chain with the mycocerosic acids. Further
investigations are necessary to confirm our model and to de-
termine the timing of the reduction step by the Rv2953 protein
with respect to the synthesis of the phthiocerol chain.
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