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The cell wall lipids in Mycobacterium tuberculosis are probably involved in pathogenesis. The largest open
reading frame in the genome of M. tuberculosis H37Rv, pks12, is unique in that it encodes two sets of domains
needed to produce fatty acids. A pks12-disrupted mutant was produced, and disruption was confirmed by both
PCR analysis and Southern blotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis showed that a 430-kDa protein band present in the wild type was missing in the mutant. Matrix-
assisted laser desorption ionization—time of flight mass spectrometry (MS) and liquid chromatography (LC)-
MS analysis of tryptic peptides showed that 54 peptides distributed throughout this protein matched the
pks12-encoded sequence. Biochemical analysis using [1-'*C]propionate as the radiotracer showed that the
pks12 mutant was deficient in the synthesis of dimycocerosyl phthiocerol (DIM). SDS-PAGE, immunoblot
analysis of proteins, and analysis of fatty acids showed that the mutant can produce mycocerosic acids. Thus,
the pks12 gene is probably involved in the synthesis of phthiocerol, the diol required for DIM synthesis. Growth
of the pksI2 mutant was attenuated in mouse alveolar macrophage cell line MH-S, and the virulence of the
mutant in vivo was highly attenuated in a murine model. Thus, pks12 probably participates in DIM production

and its expression is involved in pathogenesis.

Tuberculosis accounts for more than one-fourth of all pre-
ventable adult deaths in the world (Global tuberculosis con-
trol, World Health Organization report, http://www.who.int
/gtb/publications/glovrep01/, 2001). Mycobacterium tuberculo-
sis, the causative agent, can evade the defense mechanisms of
the host and grow in macrophages that normally phagocytose
and destroy most other bacterial pathogens. It has been widely
recognized that the unusually complex cell wall of the organism
plays a major role in the exceptional ability of the pathogen to
be a successful pathogen (3, 8). The cell wall is rich (50 to 60%)
in unusual lipids that are highly hydrophobic, and some of the
cell wall components may also help the pathogen to enter
macrophages (24) and suppress the defense mechanisms of the
host (18, 22). Therefore, it is not surprising that cell wall syn-
thesis has proved to be the target of some of the most success-
ful antimycobacterial drugs. However, the pathogen has ac-
quired resistance to several frontline antimycobacterial drugs,
and the multidrug-resistant M. tuberculosis has been classified
as a class C organism by the Centers for Disease Control and
Prevention. The potential for such multidrug-resistant patho-
gens to cause major public health problems in highly populated
areas makes identification of new targets for antimycobacterial
therapy a critical need.

The presence of very-long-chain fatty acids with multiple
methyl branches at alternate positions near the carboxyl end is
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a unique feature of mycobacterial cell wall lipids (17). Deriv-
atives of such acids are virulence factors. For example, it was
suggested that dimycocerosyl phthiocerol (DIM), composed of
mycocerosic acids (2,4,6,8-tetramethyl Cs, fatty acid and ho-
mologues) esterified to the long-chain diol phthiocerol, is a
virulence factor because mutants that lack this compound were
attenuated in human monocytes and in the murine lung (4, 7,
25). We cloned the mycocerosic acid synthase (MAS) gene,
mas (19), and proved it to be the one responsible for the pro-
duction of mycocerosic acids by gene disruption (1). The my-
cobacterial genome contains many polyketide synthase (PKS)
genes (pks) (6), including seven mas-like (msl) genes (25).
These genes usually encode one full complement of catalytic
domains required to catalyze the synthesis of a fully saturated
fatty acid (one module). These include the acyl transferase
(AT) that transfers the reactants to the synthase ketoacyl syn-
thase (KS), which catalyzes the condensation of the reactants
to form the carbon-carbon bond generating the ketoacyl de-
rivative ketoreductase, which reduces the carbonyl to the sec-
ondary hydroxyl dehydratase, which eliminates water to gen-
erate the unsaturated acyl group and enoyl reductase, which
reduces the olefin to a fully saturated moiety. All of these
reactions happen while the growing chain is still attached to
the phosphopantetheine of the acyl carrier protein (ACP) do-
main of the synthase (17, 19). One of the msls (msl6, pks12),
the largest open reading frame (ORF) in the mycobacterial
genome (6), encodes two modules that can catalyze the syn-
thesis of a saturated acid. Such large ORFs encoding multiple
sets of modules have been previously found only in antibiotic-
producing organisms (15, 16, 20).
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Whether this gene is expressed in M. tuberculosis and, if it is,
what the nature of the product and its biological function are
and whether gene expression contributes to virulence remain
unknown. In this paper we report that this largest mycobacte-
rial ORF is expressed in M. tuberculosis and we identify the
protein product by showing that the amino acid sequences of
54 peptides distributed throughout the 430-kDa protein in M.
tuberculosis H37Rv matches with the sequences predicted from
the nucleotide sequence of the gene. We also report disruption
of this gene in M. tuberculosis and show that the msl6 mutant
does not produce the 430-kDa protein. The msl6-disrupted
mutant is defective in DIM synthesis and is highly attenuated.

MATERIALS AND METHODS

General DNA-handling techniques. Molecular cloning and restriction enzyme
digestions were performed by standard procedures (23). Cloning vectors used
were pBluescript KS(—) (Stratagene, La Jolla, Calif.) and pYUB572 and
phAERS7 (kindly provided by Stoyan Bardarov, Albert Einstein College of Med-
icine, New York, N.Y.). Molecular cloning and restriction endonuclease diges-
tions were performed by standard techniques (23).

Bacterial strains and culture conditions. Escherichia coli DH5« (Life Tech-
nology) and HB101 were used as host strains for cloning experiments and were
grown on Luria-Bertani (LB) broth or agar containing 100 pg of ampicillin
(Sigma Chemical Co.)/ml or 150 pg of hygromycin B (Calbiochem)/ml. Myco-
bacterium smegmatis mc>155 was grown in liquid LB medium with 0.05% Tween
80 for competent-cell preparation and in Middlebrook 7H9 broth (Difco) with
0.05% Tween 80 for transduction. M. tuberculosis H37Rv (ATCC 25618) was
grown in Middlebrook 7H9 broth supplemented with 10% oleic acid-albumin-
dextrose (OADC) enrichment (7H9-OADC; BBL Microbiology Media) plus
0.05% Tween 80 in roller bottles or on Middlebrook 7H10-OADC agar plates.
When required, hygromycin B was used at a concentration of 50 pg/ml.

Construction of mutant strains of M. tuberculosis. The M. tuberculosis msl6
(pks12, Rv2048c) mutant was constructed by allelic exchange using the previously
described specialized transducing phage system (9) in a manner similar to that we
used before (25). Part of the msi6 gene (bp 4101 to 8201 of the coding sequence;
bp 49385 to 53485 of the M. tuberculosis genome) was amplified from genomic
DNA with sense primer 5'-GGAAGCTTCGAAAATCTGCGGCTCGA-3' (A)
and antisense primer 5'-GGAAGCTTGACCGCAGCGATGTCAAC-3' (B), in-
troducing HindIII sites at the 5’ and 3’ ends of the sequence. The 4,100-bp PCR
product was cloned into a HindIII-digested pUC19 vector, and a 2,193-bp Pmil
fragment was replaced by a hygromycin resistance gene cassette (hyg). The
resulting disrupted msl6 gene and flanking regions were cloned into the cos
vector pYUBS572. The resulting recombinant cosmid was digested with Pacl and
ligated into Pacl-digested phAE87 DNA. The ligation mixture was packaged in
the lambda in vitro packaging mixture (Gigapack III; Stratagene), transduced
into E. coli HB101, and plated on LB plates with hygromycin. DNA from several
phasmid clones was isolated, confirmed by restriction digestion, and electropo-
rated into M. smegmatis strain mc?155, and the strain was plated for plaques at
30°C. Individual plaques were tested for thermosensitivity, amplified, and used to
infect M. tuberculosis H37Rv. Colonies grown at 37°C on Middlebrook 7H10-
OADC agar containing hygromycin (50 pg/ml) were screened by PCR for dis-
ruption of the msl6 gene. PCR amplification, performed directly on cell lysate
obtained by boiling the cells by standard protocols (23), was performed with
Platinum Taq polymerase (Life Technology) and sense primer 5'-CGCACTGC
GAGCCCATGCGGT-3' (E) and antisense primer 5'-AAGCCTTCTACCGGC
TCGGCG-3' (F). Positive clones were verified by Southern blot analysis and by
further PCR analysis using two other sets of primers, each containing a hygro-
mycin primer and a primer in the mycobacterial genome directly outside the
sequences used to make the disruption construct: sense primer 5'-ACCGACC
ATGAATCCGGGGTGCTG-3' (C) and antisense primer 5'-TGGACCTCGA
CGACCTGCAGGCAT-3' (H1) for amplification of the 5’-flanking region and
5'-GACGTCGCCAGTAGGCCGCTGATC-3' (D) and 5'-GGAACTGGCGC
AGTTCCTCTGGGG-3' (H2) for amplification of the 3'-flanking region. Primer
pair E-F was used in reverse transcription-PCR (RT-PCR) analysis.

Genomic DNA isolation and Southern blotting. M. tuberculosis genomic DNA
was isolated by the GTC method using guanidine thiocyanate, Tris-HCI, and
sarcosyl solution (17a). DNA samples were digested with pstI, transferred to
nylon membranes (Nytran Plus; Schleicher & Schuell, Keene, N.H.), and hybrid-
ized with labeled probes generated with [«->?P]dCTP by using the random-prime
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labeling system Rediprime II (Amersham Pharmacia Biotech, Little Chalfont,
United Kingdom).

Analysis of the msl6 gene product. Cells of M. tuberculosis H37Rv and its
msl6-disrupted mutant, collected by centrifugation, were suspended in 0.1 M
potassium phosphate buffer, pH 7.2, containing 1 mM dithioerythritol, 1 mM
EDTA, 10% glycerol, and 1 mM phenylmethylsulfonyl fluoride and disrupted by
being shaken six times, 20 s each time with a 2-min cooling on ice, with a Fast
Prep F120 instrument (Q. BIOgene). The extract was centrifuged in a Microfuge,
and the supernatant was filter sterilized (0.2 pm-pore-size filter). The extract was
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 4% separating gel and stained with Coomassie blue.

Immunoblot analysis was done with anti-MAS antibodies as described before
(13). For protein digestion, the 430-kDa band that was present in the wild type
but not in the mutant was cut from the gel as closely as possible, divided into a
number of smaller pieces, and washed and destained in two aliquots of 50%
ethanol-5% acetic acid for 1 h each. The gel pieces were washed, reduced in
dithiothreitol, and alkylated in iodoacetamide. The gel pieces were then washed
in 0.1 M ammonium bicarbonate, dehydrated in 200 pl acetonitrile, and dried in
a Speed-vac. The protease was driven into the gel pieces by rehydrating them in
50 pl of 50 mM ammonium bicarbonate containing 1 mg of trypsin on ice for 10
min. Any excess trypsin solution was removed, and 20 pl of 50 mM ammonium
bicarbonate was added. The sample was incubated overnight at room tempera-
ture. The peptides were extracted from the polyacrylamide in two aliquots of 30
pl of 50% acetonitrile-5% formic acid, and the extracts were combined and
evaporated to <20 pl for liquid chromatography-mass spectrometry (LC-MS)
analysis and analyzed on an LC-MS system (Finnigan LCQ-Deca ion trap mass
spectrometer system with a Protana microelectrospray ion source interfaced to a
self-packed 10-cm by 75-um [inside diameter] Phenomenex Jupiter C, 4 reverse-
phase capillary chromatography column). One microliter of the peptides was
injected, and the peptides were eluted from the column by an acetonitrile-0.05
M acetic acid gradient at a flow rate of 0.2 pl/min. The microelectrospray ion
source was operated at 2.5 kV. The digest was analyzed by using the data-
dependent multitask capability of the instrument, acquiring full-scan mass spec-
tra to determine peptide molecular weights and product ion spectra to determine
amino acid sequences in successive instrument scans. The data were analyzed by
using the National Center for Biotechnology Information nonredundant data-
base with the search program TurboSequest. All matching spectra were verified
by manual interpretation. The interpretation process was also aided by additional
searches using the programs Mascot and Fasta, which were carried out as
needed.

The peptides were also analyzed by matrix-assisted laser desorption ioniza-
tion-time of flight (MALDI-TOF) MS. For these analyses, the digest was de-
salted with a Millipore C,g ZipTip column that was eluted in the MALDI matrix
(5 mg of a-cyano-4-hydroxycinnamic acid/ml in 50% acetonitrile-2.5% trifluoro-
acetic acid). Aliquots of the extract (1.5 pl) were spotted on a sample plate and
analyzed with a Micromass Tof Spec 2E MS system. The spectra were internally
calibrated with trypsin autolysis peptides, giving mass accuracies that were gen-
erally better than 25 ppm.

Test for expression of mas, msl, and pps genes. RNA was isolated from the
M. tuberculosis cells grown to mid-exponential phase. Chilled cells isolated by
centrifugation were resuspended in RNeasy lysis buffer (Qiagen), transferred to
a 2-ml tube containing ceramic and silica beads (FastRNA Blue), and disrupted
with a FastPrep F120 instrument (Q. BIOgene). The extract collected by cen-
trifugation was used to isolate total RNA with an RNeasy kit (Qiagen) according
to the protocol provided by the manufacturer. Reverse transcription was per-
formed with random primers and SuperScript RNase H reverse transcriptase
(Life Technologies). PCR on the cDNA was done with Platinum 7ag DNA
polymerase (Invitrogen) and the primers shown in Table 1. A control without the
reverse transcriptase verified the absence of DNA contamination. msl6 expres-
sion in Mycobacterium bovis BCG was also tested as described here.

Biochemical analysis of cell wall lipids in the wild-type M. tuberculosis and the
mutant with msl6 disrupted. Sodium [1-'*C]propionate (50 wCi; specific activity,
55 Ci/mol) (American Radiolabeled Chemicals, St. Louis, Mo.) was added to 30
ml of 12-day-old cultures of M. tuberculosis H37Rv and the msl6 mutant (optical
density at 600 nm, 1.7 to 1.8), and incubation was continued at 37°C in roller
bottles for a further 24 h. Cells were collected by centrifugation at 6,000 X g for
10 min and autoclaved. The cells were extracted with an excess of chloroform-
methanol (2:1 [vol/vol]) with constant stirring at room temperature for several
hours, and total cellular lipids were extracted and assayed for total '*C with
Scintiverse BD scintillation fluid (Fisher Scientific, Pittsburgh, Pa.) in a Beckman
LA3801 liquid scintillation counter (25). Total cellular lipids were separated on
silica gel G plates (20 by 20 cm, 0.5 mm thick) with hexane-ethyl ether (9:1
[vol/vol]), and the polar lipids that remained at the origin in this solvent system
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TABLE 1. Primers used to test for the expression of mas,
msl, and pps genes by RT-PCR?

OREF(s) Primer sequences (5'—3")

ppsA and -B................ CGCAGTGCCCGACGACATCA, GTCGAGTGAG
TTCCGGGCAC

ppsB and -C.... GCCGAGAGGTCGGTGTGATGC, AGCATTCGC
TGCTGCGGGTCC

ppsC and -D ............... AATGACCGCAGCGACACCAGATCG, TAGCCG
GCCCGCCAGCGTGAGCAT

ppsD and -E ............... ATGACAAGTCTGGCGGAGCGCGCG, TCCGGT
GCTCAGGTACGGGTCGAT

INAS oo GCCGGATCTGCTCGGCGAAC, ATCGTGTATG
GGCCTCGCGT

IS e TACCGTCGCCGTACACCCAT, TGAACGGTGC
GGCCACCAAA

MSI2 e GCCGAGCACCCTCACCTGCG, GAAGATCTCA
GCGCCCGCCG

SIS o TGGAGATCCGGTCGAATACGC, GTCAAAACT
GCTCGCCGTCAC

IS e TACCGAAGCATCCGCCAGCCG, ACAACCCAC
CTCGTCACCGGC

SIS o GCGCGGGCGCCCTTGAGGAT, GTCCGGCCTC
CATCAAGTCG

MSIO o CGCACTGCGAGCCCATGCGGT, AAGCCTTCT
ACCGGCTCGGCG

ISIT o GTATGCGGCCACCCACAC, CGCGCAGCGTGT
CCCCAC

“ For pps, the primers used amplified the junctions between two consecutive
ORFs.

were recovered from silica gel by elution with chloroform-methanol (2:1 [vol/
vol]) and subjected to thin-layer chromatography (TLC) with chloroform-meth-
anol (9:1 [vol/vol]) as the developing solvent. The lipids were visualized under
UV light after the plates were sprayed with a 0.1% ethanolic solution of 2,7-
dichlorofluorescein or with 5% dichromate in 50% H,SO, followed by heating at
180°C. The '*C-labeled lipids were detected by scanning the chromatograms in
a Berthold Tracemaster 20 automatic TLC linear analyzer and by autoradiogra-
phy. Silica gel containing '*C was recovered from TLC plates, and the lipids were
eluted with chloroform-methanol (2:1 [vol/vol]). The recovered lipids were sub-
jected to exhaustive alkaline hydrolysis followed by methylation as described
previously (25). The products recovered after methylation were subjected to TLC
on silica gel G plates by using hexane-diethyl ether (9:1 [vol/vol]) as the devel-
oping solvent, and both nonhydroxylated and hydroxy fatty acid methyl ester
fractions were recovered from the silica gel. The hydroxy fatty acid methyl esters
were subjected to acetylation with acetic anhydride-pyridine (2:1) at room tem-
perature overnight. The acetyl derivatives recovered from the reaction mixture
were isolated by TLC, with hexane-ethyl ether (9:1 [vol/vol]) as the developing
solvent; fatty acid methyl esters and acetylated hydroxyacid methyl esters were
analyzed by radio gas chromatography (radio-GC). To examine the composition
of the fatty acids from the total lipids, these lipids were subjected to the same
procedures as those described above and analyzed by radio-GC. The methyl
esters of fatty acids from the total lipids of both the wild type and the mutant
were also separated by argentation-TLC (5% AgNOj in silica gel) using hexane-
ethyl ether (9:1 [vol/vol]) as the developing solvent (10), and each separated fatty
acid methyl ester fraction was analyzed by radio-GC using a Varian model 3300
gas chromatograph with a coiled stainless steel column (3.2 mm by 2 m) packed
with 3% (wt/wt) OV-1 on Chrom W-HP 80/100 (Varian, Inc.) and a Lablogic
GC-RAM radioactivity monitor using Winflow (IN/US Systems, Tampa, Fla.)
software. For analysis of fatty acid methyl esters and acetylated mycolipanolic
acid methyl esters, a 180 to 300°C program at 15°C/min was used. For acetylated
hydroxyphthioceranic acid methyl esters, isothermal analysis at 290°C was done
with a carrier gas (He) flow of 30 ml/min.

Bacterial growth in an alveolar macrophage cell line. Mouse alveolar macro-
phage cell line MH-S (ATCC CRL-2019) was obtained from the American Type
Culture Collection and propagated in RPMI 1640 medium (Gibco-BRL) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS). Bacteria were
grown in Middlebrook 7H9 medium to an optical density at 600 nm of 0.4 and
diluted 1:400 in RPMI 1640-FBS. Two days before infection, 24-well plates were
seeded with 2 X 10° MH-S cells and cultures were infected in triplicate at 37°C
with 0.1 ml of a single-cell suspension of M. tuberculosis H37Rv or the msl6
gene-disrupted mutant (0.5 bacterial cell/macrophage; multiplicity of infection,
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0.5). The bacteria were allowed to adsorb for 4 h, and extracellular bacteria were
removed by four successive washings with warm RPMI 1640. The infected cells
were lysed in 7H9 medium containing 200 pl of 0.067% SDS for 30 min at 37°C.
Serial 10-fold dilutions of the lysates were plated on 7H10 Middlebrook agar
medium supplemented with 10% OADC, 0.5% Tween 80, and hygromycin wher-
ever needed. Colonies were counted after 4 weeks of incubation at 37°C.

Assay for virulence in the murine model. Aliquots of the M. tuberculosis
H37Rv strain and its mutant strain were grown in modified 7H10 liquid media
(7H10 agar formulations with agar and malachite green omitted) supplemented
with 10% OADC for 1 week on a 37°C rotary shaker. Media for the mutant
strains were supplemented with 50 pg of hygromycin/ml. At the end of the
incubation period, culture growth was measured with a Klett-Summerson color-
imeter (Klett Manufacturing, Brooklyn, N.Y.) and diluted to yield a final con-
centration of 1 Klett unit/ml or 5 X 10°> CFU/ml. The inoculum size was deter-
mined by titration in triplicate on Middlebrook 7H10 (Difco Laboratories,
Detroit, Mich.)-OADC agar plates.

Female C57BL6/J mice (Jackson Laboratories, Bar Harbor, Maine) were
purchased at 6 weeks of age and allowed to acclimate in the facility for 1 week.
Animals were housed in microisolator cages (Lab Products, Maywood, N.J.) and
maintained with water and Prolab RMH 3000 rodent chow (Purina, St. Louis,
Mo.) in a BSL-3 animal facility. Mice were randomly assigned to the following
groups (four mice per group): day 1 postinfection, day 10 postinfection, and day
20 postinfection. Mice, anesthetized with telazol-xylazine, were infected intrana-
sally with 20 .l of a suspension containing 10* CFU. At the time points indicated
above, mice were euthanized by CO, asphyxiation and their right lungs were
sterilely removed. Lungs were homogenized in a 1-ml volume contained in an
aerosol-resistant grinding assembly (Idea Works Laboratory Devices, Syracuse,
N.Y.). Aliquots of the homogenate were serially diluted and titrated on 7H10
agar plates. Agar plates were incubated at 37°C in ambient air for 4 weeks, and
viable-colony counts were enumerated. For the day 10 postinfection group in-
fected with the wild type, there were only two animals because two died acci-
dentally.

RESULTS

A search of the M. tuberculosis genome for ORFs with ho-
mology to mas revealed a large ORF of 12,455 bp, designated
pks12, that could encode a protein containing 4,151 amino
acids with a deduced molecular mass of 431 kDa, representing
the largest ORF in the genome of M. tuberculosis. Analysis of
the product of this ORF, which we designated msl6 (25), shows
that it consists of a tandem repeat of two modules, each con-
taining a full complement of catalytic domains necessary for
fatty acid synthesis, in the same sequential order as in the
product of mas. The two AT domains show more sequence
variability (40% amino acid sequence identity, 55% similarity)
than the KS domains (86% amino acid sequence identity and
91% similarity). A sequence comparison of AT domains for
PKSs and fatty acid synthases revealed specific sequence motifs
that distinguish between malonyl- and methylmalonyl-coen-
zyme A (CoA)-incorporating ATs (14). Analysis of the two AT
domains encoded by msl6 indicates that AT1 falls in the group
of ATs that use methylmalonyl-CoA as the substrate and that
AT?2 is homologous to those ATs that are specific for malonyl-
CoA.

Disruption of the msi6 gene by homologous recombination.
To investigate the function of the msl6 gene, we disrupted this
gene by using a phage-mediated system to deliver the disrup-
tion construct into M. tuberculosis. A 4,100-bp PCR product
containing part of msl6 (encoding the ER1, KR1, and ACP1
domains of the first module and the KS2 and AT2 domains of
the second module) was amplified from M. tuberculosis geno-
mic DNA by introducing HindIII sites at the 5" and 3" ends of
the sequence. This product was subcloned into the HindIII-
digested pUCI19 vector, and a 2,193-bp internal Pm/I fragment
(encoding part of the ER1, ACP1, and KS2 domains) was
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FIG. 1. (A) Schematic representation of the construct used to dis-
rupt the msl6 gene in M. tuberculosis. Hatched, checkered, and un-
shaded regions represent msl6 coding sequences, an internal segment
replaced with the /yg gene (black box), and regions of the gene outside
those used to make the disruption construct, respectively. Primer pair
A-B was used to amplify the msl6 region chosen to generate the dis-
ruption construct. Primer pairs C-H1, D-H2, and E-F were used to test
for allelic exchange by PCR analysis. P, and P,, DNA segments used
as probes in Southern blot analysis (P, msl6 segment deleted in mak-
ing the construct; P,, hyg gene). WT, wild type; M, mutant. (B) PCR
analysis of internal and flanking regions of msl6 showing products
consistent with allelic exchange. Lanes 1, 3, and 5, wild type; lanes 2, 4,
and 6, mutant. Lane 1 and 2, 5'-flanking product with primers C and
HI; lanes 3 and 4, 3'-flanking product with primers D and H2; lanes 5
and 6, internal deletion segment with primers E and F. (C) Southern
blot analysis of M. tuberculosis H37Rv and msl6 mutants. Genomic
DNA was digested with PstI. Left, DNA hybridized with an msl6
segment that was deleted in making the construct (probe P,); right,
DNA probed with the Ayg gene (probe P,). WT, wild type; M1 and M2,
mutants.

replaced by the hyg gene and used to generate recombinant
phages containing the disrupted copy of msl6 (Fig. 1A). After
transduction of M. tuberculosis with these phages two hygro-
mycin-resistant colonies were screened for allelic exchange
with two primers specific for the deleted internal fragment that
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generate an 870-bp PCR product in the wild-type M. tubercu-
losis and that fail to amplify such a product from the mutant
generated by allelic exchange. The two hygromycin-resistant
colonies failed to amplify an 860-bp product specific for the
deleted gene segment (Fig. 1B). Disruption of msl6 gene by
allelic exchange was confirmed by further PCR analysis using
two other sets of primers, each containing a hygromycin primer
and a primer in the mycobacterial genome directly outside the
msl6 sequences used to make the disruption construct. These
primers generated the expected 1.3-kb 5’-flanking product and
1.2-kb 3’-flanking product (Fig. 1B). Southern blot analysis of
the genes with disruption mutations was entirely consistent
with the result of the PCR mapping (Fig. 1C). Genomic DNA
samples from wild-type and mutant strains were digested with
PstI. When an internal segment of the msl6 gene which was
replaced by the hyg gene was used as a probe, the wild type
showed the expected 6-kb hybridization band. The msl6-dis-
rupted mutant did not show hybridization, confirming integra-
tion by double-crossover recombination. Analysis of the same
blot with the hyg gene as a probe yielded a hybridization pat-
tern consistent with replacement of the deleted msl6 segment
with the hyg gene.

Expression of mas, msl, and pps genes. RT-PCR analysis of
the msl6 mutant showed that the levels of transcripts of mas,
msll, msi2, msi3, msl4, msl5, msl7, ppsA, ppsB, ppsC, ppsD, and
ppsE were very similar to those observed in the wild type (data
not shown).

Analysis of total-protein extracts from wild-type M. tubercu-
losis and the msl6 mutant. SDS-PAGE of total extracts from
wild-type M. tuberculosis and the msl6 mutant showed a high-
molecular-mass protein band of about 430 kDa that was miss-
ing in the mutant (Fig. 2A). In-gel reduction, carboxymethyla-
tion, and tryptic digestion, followed by analysis by MALDI and
LC-MS, identified this protein as the product of msl6. The
sequences for all of the 54 peptides, comprising 732 amino acid
residues, whose coding sequences were distributed throughout

MSL6-

<MAS

1 2 1 2

FIG. 2. SDS-PAGE (A) and immunoblot (B) analyses of total ex-
tracts from wild-type and msl6 mutant M. tuberculosis. The separated
proteins were stained with Coomassie blue or analyzed by immuno-
blotting with anti-MAS antibodies. Lane 1, wild type; lane 2, msl6
mutant. The protein band at 430 kDa (MSL6) was used for amino acid
sequence analysis.
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FIG. 3. Radio-GC analysis of the total fatty acid methyl esters
derived from [1-'*C]propionate in M. tuberculosis H37Rv (top) and its
msl6 mutant (bottom). Retention time ranges for branched short-chain
acids (A) mycolipanoic and mycolipenic acids (B), mycocerosic acids
(C), and phthioceranic acids (D) are indicated.

the ORF of msl6 that we examined, matched exactly with those
predicted from the msl6 sequence (data not shown).

Analysis of the lipids derived from [1-'*C]propionic acid.
To investigate the biochemical consequences of msl6 disrup-
tion, we used [1-'*C]propionate as the radiotracer to label the
lipids because msl6 is expected to encode a methylmalonyl-
CoA-utilizing synthase based on the sequence of one of the AT
domains. The wild type and the mutant incorporated similar
amounts (20 to 25%) of label into lipids. Radio-GC analysis of
the methyl esters of fatty acids from the total lipids showed that
the mutant generated all classes of fatty acids that are pro-
duced by the wild type. However, labeling of mycocerosic acids
was much less in the msl6 mutant than in the wild type (Fig. 3).
Argentation-TLC of fatty acids (as methyl esters) from the
total lipids and radio-GC analysis of each fraction showed that
the mutant generated all classes of fatty acids except that the
labeling of the mycocerosic acid-containing fraction was much
less in the mutant than in the wild type (data not shown).

When the total lipids were separated by TLC using 10%
ethyl ether in hexane, about 30% of the **C was found in the
DIM fraction in the wild type, whereas virtually no label was
found in the DIM fraction in the msl6 mutant (Fig. 4A, Table
2). DIM was also not found in the culture medium. The ab-
sence of DIM in the msl6 mutant was confirmed by treatment
of the plate with dichromate-H,SO, followed by heating; the
charred band at a retention factor of 0.6 found in the wild type
was absent in the mutant. A detailed analysis of the more-polar
lipids labeled by [1-'*C]propionate showed that labeling of
lipids other than DIM was not affected by ms/6 disruption. The
polar lipids that remained at the origin on the TLC plate
developed in hexane-ethyl ether (9:1 [vol/vol]) as the solvent
system were recovered and separated by TLC using 10% meth-
anol in chloroform as the developing solvent (Fig. 4B). The
distribution patterns of '*C among the polyacyl trehalose frac-
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tions, sulfolipids, and diacyl trehaloses for the wild type and
the msl6 mutant were similar except for the heavier labeling in
the mutant of a more-polar polyacyl trehalose that was barely
labeled in the wild type (Fig. 4B, Table 2). A detailed analysis
of fatty acids, obtained by hydrolysis and methyl esterification,
present in individual lipid fractions was done. TLC analysis
showed that there was increased amounts of '*C in the hy-
droxyphthioceranic acids in the msl6 mutant (Table 2). The
high content of the hydroxyphthioceranic acids may explain the
occurrence of a polar polyacyl trehalose component in the
mutant (Fig. 4B). Radio-GC analysis of each fatty acid methyl
ester fraction separated by argentation-TLC showed no signif-
icant differences in the fatty acid compositions of individual
lipids between the wild type and msl6 mutant. Such detailed
analysis revealed identical distributions of '*C among all
classes of lipids and fatty acids (data not shown).

To investigate whether mycocerosic acids, the acyl portion of
DIM, can be generated by the mutants, the nonpolar lipids
migrating near DIM in the TLC plate with 10% ethyl ether in
hexane were recovered and hydrolyzed. Analysis of the fatty
acids as their methyl esters by radio-GC showed low levels of
4C-labeled mycocerosic acids. Furthermore, radio-GC of the
methyl esters from the sulfolipids also showed low levels of
'4C-labeled mycocerosic acids in the msl6 mutant just as in the
wild type. Coomassie staining of an SDS-PAGE gel of soluble
protein and immunoblot analysis of the proteins from the wild
type and the mutant showed MAS proteins of the expected
sizes in the wild type and the msl6 mutant (Fig. 2B). Thus, the
mutant was found to be capable of generating MAS and my-
cocerosic acids.

Attenuation of virulence. To test for the effect of msl6 dis-
ruption on virulence, we measured the growth of M. tubercu-
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FIG. 4. Autoradiograms of TLC of lipids derived from [1-*C]pro-
pionate in M. tuberculosis H37Rv (WT) and its msl6-disrupted mutant
(MUT). (A) total lipids were subjected to TLC on silica gel G with
10% ethyl ether in n-hexane as the solvent. (B) The polar lipids
remaining in the origin in panel A were recovered and subjected to
TLC on silica gel G with 10% methanol in chloroform as the solvent.
PATS, polyacyl trehaloses; SL, sulfolipids; DAT, diacyl trehaloses.
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TABLE 2. Relative percent distribution of '*C among the lipid
classes derived from [1-'*C]propionic acid in M. tuberculosis
H37Rv (wild type) and the ms/ 6 mutant®

% "C in:
Lipids
Wild type msl6 mutant
DIM 30 0
Fatty acids 28 0
Hydroxy fatty acids 2 0
PAT-1 16 17
Fatty acids 14 13
Mycolipanolic acids 1.7 3
Hydroxyphthioceranic acids 0.3 1
PAT-II 4 3
Fatty acids 1 0.8
Mycolipanolic acids 1 0.6
Hydroxyphthioceranic acids 2 1.6
PAT-III ND 7
Fatty acids ND 1
Mycolipanolic acids ND 0.6
Hydroxyphthioceranic acids ND 5.4
SL 45 68
Fatty acids 10 10
Mycolipanolic acids 4 6
Hydroxyphthioceranic acids 31 52
Very polar eipids 5 4
Fatty acids 0.5 0.5
Mycolipanolic acids 0.3 0.2
Hydroxyphthioceranic acids 42 33

“PAT, polyacyl trehalose; SL, sulfolipids; very polar lipids, lipids that re-
mained in the origin and diacyl trehaloses that remained near the origin in TLC
using 10% methanol in chloroform as the solvent system. ND, not detected.

losis H37Rv in mouse alveolar macrophage cell line MH-S. We
used a low inoculum level (0.5 bacteria per macrophage) to
mimic natural infection and to avoid possible abnormal reac-
tions. Starting with (2.3 = 0.4) X 10* CFU, the wild type
doubled in 2 days ([4.6 = 0.44] X 10* CFU) and reached
(4.3 = 0.4) X 10° CFU in 5 days, and the msl6 mutant, starting
with (2.0 = 0.66) X 10* CFU, also doubled in 2 days ([4.3 =
0.55] X 10* CFU) and reached (2.3 = 0.6) X 10° CFU in 5
days. Thus, in a 5-day growth period the mutant showed con-
siderable less growth than the wild type. Intranasal inoculation
of C57BL6/J mice with M. tuberculosis H37Rv or its msl6 mu-
tant followed by monitoring the growth of the pathogen in the
lungs over a period of 20 days revealed a highly significant level
of attenuation, especially after 20 days of growth. The growth
of the mutant was several orders of magnitude less than that of
the wild type (Fig. 5). The level of growth of the wild type
found in these experiments was similar to those previously
published (11). The animals appeared sick by day 20 after
inoculation, especially those inoculated with the wild type, but
there were no fatalities, even with 10° CFU/lung.

DISCUSSION

The cell wall lipids of M. tuberculosis belong to many classes
that have straight and methyl-branched carbon chains (17).
The genome of this organism contains many PKS genes (pks)
(6). One of the synthases that has been purified and charac-
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terized catalyzes repeated elongation of an n-C,, alkanoyl
chain by using methylmalonyl-CoA as the substrate to generate
tetramethyl-branched acids, the major component of a class of
acids called mycocerosic acids, that are esterified to phthioc-
erol to generate DIM (21); it has been suggested that DIM
plays roles in the permeability of the cell wall and in virulence
(4, 5,7, 25). The AT and KS domains of this synthase (MAS)
showed high degrees of similarity to similar domains in the
PKSs of Streptomyces spp., which use methylmalonyl-CoA to
generate multiple methyl-branched macrocyclic lactone antibi-
otics (19). Methylmalonyl-CoA selectivity of these domains
was confirmed by analyzing domains expressed in E. coli (12).
The sequences of many other PKSs revealed certain features
characteristic of malonyl-CoA-utilizing synthases and methyl-
malonyl-CoA utilizing synthases (14). The pks genes in the
genome of M. tuberculosis encode proteins containing one
module required to make either a branched acid or a straight-
chain acid. The largest ORF in the M. tuberculosis genome,
however, is unique in that it encodes two modules, one with an
apparent selectivity for malonyl-CoA and the other with a
selectivity for methylmalonyl-CoA. In the present report we
show that disruption of this gene causes a drastic decrease in
the synthesis of DIM. Radio-GC analysis of the fatty acids
produced by the mutant shows that it is capable of producing
mycocerosic acids although the absence of DIM results in a
decreased level of total mycocerosic acids. Detailed analysis of
the labeled fatty acids and hydroxy fatty acids produced from
[1-**C]propionic acid showed that the msl6 mutant produces
all classes of branched acids that are normally produced by the
wild type although the level of mycocerosic acids was drasti-
cally reduced in the msl6 mutant. All classes of acyl lipids
normally found in M. tuberculosis H37Rv are found in the msl6
mutant except DIM. When the flow of methylmalonyl-CoA
into mycocerosic acids of DIM is blocked by the absence of
DIM synthesis, this substrate is probably channeled into the
other major products normally generated from methylmalonyl-
CoA in this organism. The major part of methylmalonyl-CoA
that would have normally gone into the production of myco-
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FIG. 5. Growth of internasally administered M. tuberculosis H37Rv
and its msl6-disrupted mutant in the lungs of C57BL6/J mice.
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cerosic acids appears to have gone into the synthesis of hy-
droxyphthioceranic acids. These hydroxyacids get incorporated
into polyacyl trehaloses, generating a more-polar class of poly-
acyl trehaloses in the msl6 mutant.

Analysis of the total proteins of M. tuberculosis by SDS-
PAGE clearly showed a protein band at about 430 kDa, con-
sistent with the size of the protein predicted to be produced by
the ORF of msl6. A proteomics approach showed that the
amino acid sequences of 54 peptides distributed throughout
the length of this protein matched with those predicted from
the nucleotide sequence of the gene, confirming the identity of
this protein as the msl6 product. Since the msl6 mutant did not
show any band at 430 kDa, the msl6 product accounts for the
entire protein represented by the band in the wild type. Since
this band is of significant intensity, the ms/6 product constitutes
a significant component of the soluble proteins in M. tubercu-
losis. RT-PCR could readily detect msl6 transcripts not only in
M. tuberculosis but also in M. bovis BCG (data not shown),
indicating that msl6 expression may be common to the organ-
isms in the tuberculosis complex.

The precise biochemical role of the msl6 gene product is not
clear. The msl6 mutant produces MAS as shown by SDS-
PAGE, Coomassie staining, and immunoblot analysis of the
cellular proteins; radio-GC analysis of lipids derived from
[1-"*C]propionic acid showed that mycocerosic acid synthesis is
not prevented by msl6 disruption. RT-PCR analysis showed
msl6 disruption did not significantly affect the transcript levels
of mas or any mas-like genes. The observed overall decrease in
propionate incorporation into mycocerosic acids is probably
due to deficiency in the sites for its esterification caused by the
defect in phthiocerol synthesis. In M. bovis BCG, disruption of
certain genes postulated to be involved in phthiocerol and
phenolphthiocerol production caused a virtual absence of my-
cocerosic acid production, because these diols constitute the
sole sites of esterification for mycocerosic acids in this organ-
ism, although enzymatically active MAS was present (2). In
M. tuberculosis H37Rv some mycocerosic acids can also be
esterified to other lipids, and thus some labeling of mycocer-
osic acids is observed in the mutant. However, DIM produc-
tion is prevented by msl6 disruption.

Phthiocerol, a long-chain diol, is derived from malonyl-CoA
and methylmalonyl-CoA. Its synthesis would involve many en-
zymes. Based on biochemical reasoning a pathway for the
biosynthesis of phthiocerol has been postulated (2, 17). From
the nature of the reactions to be catalyzed by the enzymes
postulated to be involved in this process, the participation of a
series of hypothetical enzymes with appropriate substrate spec-
ificities was hypothesized. Based on the postulated require-
ments for the appropriate combination of domains, it was
suggested that a set of genes, designated the pps genes, were
involved in phthiocerol synthesis. Although results of gene
disruption studies of M. bovis BCG supported these postulates
(2) and although the proposed involvement of these pps genes
in DIM synthesis was further supported by transposon mu-
tagenesis studies of M. tuberculosis (4, 5, 7), the enzymes in-
volved in this process have not been demonstrated. RT-PCR
analysis indicated that msl6 disruption did not affect the ex-
pression of the pps genes previously postulated to be involved
in the latter stages of DIM synthesis. It is possible that the
product of msl6, which has one module with postulated selec-
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tivity for malonyl-CoA and another module with postulated
selectivity for methylmalonyl-CoA, is involved in the synthesis
of phthiocerol, which requires both of these substrates. The pps
gene products were postulated to catalyze the synthesis of
phthiocerol and phenolphthiocerol starting with elongated prod-
ucts. The production of these starting materials would involve
additional pks genes, which remain obscure. msl6 may be one
such gene. Until the enzymology of phthiocerol synthesis is
elucidated, the exact role of msl6 in the production of phthio-
cerol remains uncertain.

Disruption of msl6 in M. tuberculosis results in attenuation in
a murine macrophage cell line and in the murine model in
which the pathogen is introduced intranasally, presumably be-
cause of the absence of DIM. DIM-defective mutants have
been generated previously by transposon mutagenesis, and
they were found to be attenuated (4, 7). Since DIM production
involves many proteins, mutations that affect the synthesis of
any of these proteins can generate DIM-deficient mutants, as
already seen with the present results and the previously de-
scribed transposon insertion mutagenesis. Even though how
the absence of DIM causes attenuation remains unclear, DIM
synthesis might be an appropriate target for antimycobacterial
therapy. Since DIM production involves many enzymes, this
process offers multiple ways to intervene in DIM production
and thus opens many possibilities for designing antimycobac-
terial agents.
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