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Mycobacterium tuberculosis possesses an unusual cell wall that
is replete with virulence-enhancing lipids. One cell wall molecule
unique to pathogenicM. tuberculosis is polyacyltrehalose (PAT), a
pentaacylated, trehalose-based glycolipid. Little is known about
the biosynthesis of PAT, although its biosynthetic gene cluster has
been identified and found to resemble that of the better studiedM.
tuberculosis cell wall component sulfolipid-1. In this study, we
sought to elucidate the function of papA3, a gene from the PAT
locus encoding a putative acyltransferase. To determine whether
PapA3participates inPATassembly,weexpressed theproteinhet-
erologously and evaluated its acyltransferase activity in vitro. The
purifiedenzymecatalyzed the sequential esterificationof trehalose
with twopalmitoyl groups, generating a diacylatedproduct similar
to the 2,3-diacyltrehalose glycolipids of M. tuberculosis. Notably,
PapA3 was selective for trehalose; no activity was observed with
other structurally related disaccharides. Disruption of the papA3
genefromM.tuberculosisresulted inthe lossofPATfrombacterial
lipidextracts.Complementationof themutantstrainrestoredPAT
production, demonstrating that PapA3 is essential for the biosyn-
thesis of this glycolipid in vivo. Furthermore, we determined that
the PAT biosynthetic machinery has no cross-talk with that for
sulfolipid-1 despite their related structures.

Mycobacterium tuberculosis, the bacterium that causes
tuberculosis in humans, has a complex cell wall that contains a
number of unique glycolipids intimately linked to mycobacte-
rial pathogenesis (1, 2). The biosynthesis of many of these vir-
ulence factors, including the trehalose mycolates, phenolic gly-
colipids, and sulfolipid-1 (SL-1),3 is largely understood (3–5). In

contrast, relatively little is known about the biosynthesis of
other prominent M. tuberculosis glycolipids, such as di-, tri-,
and polyacyltrehaloses. These acyltrehaloses are located in the
outer surface of the cell wall and contain di- and tri-methyl
branched fatty acids that are only found in pathogenic species
of mycobacteria (6, 7). Previous studies suggest a role for these
glycolipids in anchoring the bacterial capsule, which impedes
phagocytosis by host cells (6).
The major polyacyltrehalose (PAT) of M. tuberculosis, also

referred to as pentaacyl or polyphthienoyl trehalose, consists of
five acyl chains, four mycolipenic (phthienoic) acids and one
fully saturated fatty acid, linked to trehalose (Fig. 1A) (8). The
mycolipenic acid side chains of PAT are products of the
polyketide synthase gene pks3/4 (7). Disruption of pks3/4 (also
referred to as msl3 (7)) abolishes PAT biosynthesis and causes
cell aggregation. At present, the remaining proteins required
for PAT assembly have not been characterized.
Interestingly, the PAT biosynthetic gene cluster strongly

resembles that of SL-1, which is a structurally similar trehalose-
based glycolipid unique to pathogenic mycobacteria (Fig. 1B)
(9). Both gene clusters contain polyketide synthase (pks), acyl-
transferase (pap), and lipid transport (mmpL) genes in a similar
genomic arrangement (Fig. 1C). The SL-1 locus encodes two
acyltransferase genes, papA1 and papA2, which are required
for SL-1 biosynthesis (5, 10). These proteins belong to the
mycobacterium-specific polyketide-associated protein (Pap)
family of acyltransferases, which share a conserved HX3DX14Y
motif that is required for activity (11). The PapA2 enzyme cat-
alyzes the esterification of the 2�-position of trehalose 2-sulfate
with a saturated fatty acid. PapA1 mediates the subsequent
esterification of this intermediate with a hydroxyphthiocer-
anoyl group produced by Pks2 (5). Interestingly, the PAT locus
contains a gene,Rv1182, that is homologous to both papA1 and
papA2 (55 and 53%amino acid identity, respectively). This gene
is annotated as papA3 in the genome andwas previously shown
to encode a protein bearing the signature Pap motif (11).
Here we demonstrate that papA3 encodes an acyltransferase

essential for the biosynthesis of PAT. Deletion of the papA3
gene resulted in loss of the glycolipid fromM. tuberculosis lipid
extracts, as determined by high resolution mass spectrometry.
Moreover, the purified enzyme was shown to selectively and
sequentially acylate trehalose in vitro, generating a diacylated
product similar to the 2,3-diacyltrehaloses of M. tuberculosis.
Together, these data confirm that PapA3 plays a crucial role in
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PAT biosynthesis and highlight its potential involvement in the
biosynthesis of relatedM. tuberculosis acyltrehaloses.

EXPERIMENTAL PROCEDURES

Reagents and Chemicals—Pfu DNA polymerase was from
Stratagene (La Jolla, CA).Oligonucleotideswere fromElimBio-
pharmaceuticals, Inc. (Hayward, CA). Restriction enzymes
were fromNewEnglandBiolabs (Ipswich,MA).Qiagen (Valen-
cia, CA) kits were used for plasmid DNA purification and the
extraction of DNA from agarose gels. T4 DNA ligase and
BL21(DE3) chemically competent cells were purchased from
Invitrogen. DNA sequencing was performed by Elim Biophar-
maceuticals, Inc. 14C-Palmitoyl coenzyme A (14C-PCoA), 14C-
palmitic acid, 14C-butyryl coenzyme A, 14C-crotonoyl coen-
zymeA, and 14C-docosanoyl coenzymeAwere purchased from
ARC Radiolabeled Chemicals (St. Louis, MO; 50–55 mCi/
mmol). Unlabeled palmitoyl coenzyme A (PCoA) was pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, AL). Treha-
lose 2-palmitate (T2P) and trehalose 2-sulfate were synthesized
as described previously (12–14). The synthesis and structural
characterization of trehalose 3-palmitate (T3P) are reported in
the supplemental material. Glass-backed silica gel 60 HPTLC
plates were purchased from EMD Chemicals (Gibbstown, NJ).
All other chemicals were purchased from Sigma or Fluka (St.
Louis, MO) and used without further purification.
Electrospray Ionization Fourier Transform Ion Cyclotron

Mass Spectrometry (ESI-FT-ICR MS)—Mass spectra were
obtained on an Apex II FT-ICR mass spectrometer equipped
with a 7-tesla actively shielded superconducting magnet
(Bruker Daltonics, Billerica, MA). Ions were introduced into
the ion source via direct injection at a rate of 1 �l/min. Ions
were generated with an Apollo pneumatically assisted electro-
spray ionization source (Analytica, Branford, CT) operating in
the negative ion mode and were accumulated in an RF-only
external hexapole for 0.5–2 s before being transferred to the ion
cyclotron resonance cell formass analysis.Mass spectra consist
of 512,000 data points and are an average of between 28 and 128
scans. The spectra were acquired usingXMASS version 6.0.0 or
7.0.8 (Bruker Daltonics). All spectra were internally calibrated
with at least four known compounds.
ESI Linear Ion Trap MS—Additional mass spectra were

obtained on an LTQ ion trapmass spectrometer equipped with
an ESI source (ThermoFinnigan) operating in either the nega-
tive or positive ion mode. Ions were introduced into the ion
source via direct injection at a rate of 5 �l/min. For linear ion
trap tandem mass spectrometry (MSn) experiments, the pre-
cursor ions were isolated with an isolation width of 1–3 Da; the
ions were activated with a 13–20% normalized collision energy
for 100 ms, and the qz value was maintained at 0.250. Spectra
are an average of 100 scans, acquired usingXcalibur, version 1.4
(ThermoFinnigan).
Preparation of Protein Expression Vector—The papA3 gene

(Rv1182, encoding residues 2–472) was amplified from M.
tuberculosisH37Rv genomic DNA with the primers 5�-TACT-
GTAGTCGAATTCTTGCGGGTTGGACCGTTGAC-3� (EcoRI)
and 5�-GATTACAGGTCTGCAGTCAGGCAACATTCTGC-
TGCT-3� (PstI). Rv1182 was ligated into a modified pMAL-
C2X vector (New England Biolabs) encoding an N-terminal

His7 tag and TEV cleavage site. The TEV cleavage site
was introduced by site-directed mutagenesis using the
QuikChange PCR mutagenesis kit (Stratagene), and the His7
tag was annealed to the 5� end of themaltose-binding protein
(MBP)-coding region. DNA sequencing was performed to
confirm the successful construction of the protein-encoding
plasmid.
Protein Expression and Purification—E. coli BL21(DE3) cells

were transformed with the protein expression plasmid. Trans-
formants were used to inoculate 1-liter cultures of LB medium
containing 100 mg/liter ampicillin and 2 g/liter glucose. The
cultures were incubated at 37 °C for �2.5 h with shaking until
an A600 of 0.6–0.8 was attained. Protein expression was
induced by the addition of isopropyl �-D-1-thiogalactopyrano-
side to a final concentration of 100 �M. After 18–20 h at 18 °C,
cells from each liter of culture were harvested and suspended in
30 ml of lysis buffer (20 mM Tris, pH 7.4, 200 mM NaCl, 1 mM
EDTA, 1 mM DTT, 1 mM TCEP) supplemented with 5 �g/ml
lysozyme and 5 �g/ml DNase. Cells were lysed using a high
pressure homogenizer (Avestin EmulsiFlex-C5). The lysate was
cleared by centrifugation and applied to amylose resin (New
England Biolabs) equilibrated with lysis buffer. After washing
the resin with additional lysis buffer, MBP-PapA3was eluted in
lysis buffer containing 10 mM maltose. The eluted protein was
diluted�1:15 in low salt buffer (50mMTris, pH 7.4, 1mMDTT,
1 mM TCEP, 10% glycerol) and loaded onto a MonoQ HR 5/5
column (GEHealthcare) equilibratedwith the same buffer. The
protein was purified using a gradient of 1.5–100% high salt
buffer (50 mM Tris, pH 7.4, 1 M NaCl, 1 mM DTT, 1 mM TCEP,
10% glycerol) over 40 min at a constant temperature of 4 °C.
Fractions (0.5 ml each) were analyzed by SDS-PAGE, and those
containing pure protein were pooled and analyzed by the Brad-
ford protein assay to determine protein concentration. MBP
was cleaved from PapA3 using AcTEV protease (Invitrogen)
and removed using nickel-nitrilotriacetic acid resin (Qiagen),
which bound the His-tagged MBP and protease while leaving
the desired protein in solution. PapA3 was subsequently con-
centrated and stored at �80 °C.
To confirm the identity of the protein, the purified sample

was desalted on a microbore reversed-phase column (Bruker
Agilent) and characterized using a Bruker Hewlett-Packard
ESI-ion trap mass spectrometer. Tryptic digestion and mass
fingerprinting using an LTQ mass spectrometer provided fur-
ther confirmation of the identity of the protein. Protein concen-
tration was determined by UV absorption at 280 nm using a
calculated extinction coefficient of 57,340 M�1 cm�1.
Biochemical Characterization of PapA3—A previously

described TLC-based assay (5) was used to characterize the
acyltransferase activity of PapA3. Briefly, PapA3 (2 �M) was
incubated with 20 �M 14C-PCoA and 1mM of the desired sugar
substrate in reaction buffer (100 mM ammonium bicarbonate,
pH 7.2) for 2 h at room temperature. Alternative 14C-labeled
acyl donors were screened at a concentration of 20 �M. The
reactions were quenched by the addition of an equal volume of
ethanol and subsequently analyzed by TLC (35:65 methanol:
chloroform) and phosphorimaging. Stocks of each sugar sub-
strate were prepared in water with the exception of T2P and
T3P, which were dissolved in dimethyl sulfoxide (DMSO). The
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amount ofDMSO in any given reaction did not exceed 5%of the
reaction volume.
MS Characterization of Reaction Products—PapA3 (1 �M)

was incubated with 20 �M unlabeled PCoA and 1 mM trehalose
or T2P in reaction buffer for 6 h at room temperature. Control
reactions without enzyme were also prepared. Samples were
lyophilized and stored at �20 °C prior to analysis by ESI-FT-
ICR and linear ion trap MS.
Construction of M. tuberculosis Mutants—M. tuberculosis

cells (Erdman strain) were cultured in 7H9 medium supple-
mentedwith 10%OADC, 0.5% glycerol, and 0.05%Tween 80 or
on 7H10 solid agar medium supplemented with 10% OADC
and 0.5% glycerol. Hygromycin (50 �g/ml) or kanamycin (25
�g/ml) was used when necessary. The �papA3 mutant strain
was created by homologous recombination as described previ-
ously (15). Briefly, specialized transduction phage phMWS120
was incubated with concentrated wild-type Erdman M. tuber-
culosis cells for 4 h at 39 °C. Cells were then plated on 7H10
plates containing hygromycin. Colonies were picked and
screened for the deletion by PCR. The resulting deletion
replaced 1136 bp of papA3 (amino acids 45–423) with a hygro-
mycin resistance cassette. The �papA3::papA3 complementa-
tion strain was created by cloning the papA3 gene from M.
tuberculosis (Erdman strain) into the mycobacterial expression

vector pMV261 (16) under the con-
trol of the groEL promoter, resulting
in the complementation plasmid
pMWS149. This plasmid was elec-
troporated into the �papA3 strain,
and transformants were selected on
kanamycin-containing plates. The
�stf0mutant was created by homol-
ogous recombination using trans-
duction phage phMWS102 as
described above. The resulting dele-
tion replaced 600 bp of stf0 (amino
acids 22–222) with a hygromycin
resistance cassette.
Preparation of M. tuberculosis

Lipid Extracts—M. tuberculosis cul-
tures were synchronized and grown
in 7H9 media to A600 � 0.6. Cul-
tures (50 ml) were transitioned to
Tween 80-free 7H9 media and
grown at 37 °C for 1 day. Surface lip-
ids were extracted with hexane (1
ml) as described previously (17).
The remaining cell pellets were
extracted with 4 ml of chloroform:
methanol (1:1).
Sample Preparation for Mass

Spectrometry—PapA3 reaction pro-
duct samples were resuspended in 1
ml of 100% methanol (MeOH) for
ESI-FT-ICR MS analysis. For linear
ion trap MS analysis of PapA3 reac-
tion product samples, 500 �l of the
resuspended volume were concen-

trated to dryness and resuspended in 3 ml of chloroform
(CHCl3):isopropyl alcohol (IPA) (2:1).M. tuberculosis cell sur-
face extracts were concentrated to dryness under nitrogen and
resuspended in 3 ml of CHCl3:IPA (2:1).

Lipids in each sample were separated using a modification
of the method of Kaluzny et al. (18). Samples were passed
over a solid-phase extraction column (Sep-Pak Vac, NH2
resin, Waters) that had been pre-charged with 3 ml of 0.1 M
ammonium acetate in MeOH. The column was eluted using
3 ml of each of the following solvents: 1) CHCl3:IPA (2:1); 2)
diethyl ether:acetic acid (98:2); 3) 100% MeOH; and 4) 0.1 M
ammonium acetate in MeOH. Column fractions from the
PapA3 reaction product samples were concentrated to dry-
ness and resuspended in 1 ml of CHCl3:MeOH (2:1). Acyl-
trehaloses eluted in solvent 3. For linear ion trap MSn exper-
iments, lithium acetate was added to the PapA3 reaction
products and the T2P and T3P standards to a final concen-
tration of 1 mM. Column fractions from M. tuberculosis cell
surface extracts were concentrated to dryness under nitro-
gen and resuspended in either 200 �l CHCl3:MeOH (2:1)
(fractions from solvents 1 and 2) or 400 �l of CHCl3:MeOH
(2:1) (fractions from solvents 3 and 4) for mass spectrometry
analysis. PAT eluted in solvent 1, and SL-1 eluted in sol-
vent 4.

FIGURE 1. PAT and SL-1 share related structures and biosynthetic gene clusters. A, structure of PAT.
B, structure of SL-1. C, genomic arrangement of the PAT and SL-1 biosynthetic gene clusters.
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RESULTS

Genomic Analysis of the PAT Biosynthetic Locus—The pap
gene family encodes polyketide synthase-associated acyltrans-
ferases that are involved in the synthesis of some of the complex
lipids produced byM. tuberculosis (5, 11). In theM. tuberculosis
genome, papA3 is clustered with the polyketide synthase-en-
coding gene pks3/4. In some strains, including the sequenced
H37Rv strain, there is an intervening stop codon in pks3/4 that
results in two separate open reading frames (termed pks3 and
pks4) (7). Strains containing this mutation do not synthesize
PAT (19), indicating that an intact pks3/4 gene is essential for
the biosynthesis of this glycolipid.Within the same gene cluster
resides mmpL10, which encodes a putative lipid transporter.
MmpL10 belongs to the same protein family as MmpL8, which
is required for SL-1 biosynthesis (17, 19, 20). The genomic orga-
nization of pks3/4, papA3, and mmpL10 parallels that of pks2,
papA1, and mmpL8 in the SL-1 biosynthetic gene cluster (Fig.
1C). We previously demonstrated that papA1 is the acyltrans-
ferase responsible for coupling the polyketide product of Pks2
to a trehalose-based acceptor (5). By analogy, we hypothesized
that PapA3 is essential for PAT biosynthesis, catalyzing treha-
lose acylation.
PapA3 Is an Acyltransferase That Esterifies Trehalose and

T2P—The papA3 gene from the H37Rv M. tuberculosis strain
was expressed in Escherichia coli BL21(DE3) as an N-terminal
MBP fusion protein. SDS-PAGE analysis revealed an apparent
molecular mass of 95 kDa for the purified protein. Following
TEVcleavage and subsequent removal of the protease andMBP
by Ni2�-affinity chromatography (supplemental Fig. S1), the
identity of the protein was confirmed by mass spectrometry.
The measured mass (51,809 � 3 Da) was consistent with the
predicted molecular mass of the protein (51,777.5 Da) oxidized
at a singlemethionine residue. In addition, tryptic digestion and
mass fingerprinting of the purified protein generated �61%
sequence coverage, providing further confirmation of the iden-
tity of the protein (data not shown).
Incubation of PapA3 with 14C-PCoA and trehalose resulted

in the formation of twounique products, as determinedby silica
gel TLC and phosphorimaging (Fig. 2A). Only the less polar
product was formed by the reaction of PapA3 with 14C-PCoA
and synthetic T2P (12, 13). PapA3 showed no activity against
several other saccharides, including T3P, trehalose 2-sulfate,
�,�-trehalose, glucose, and maltose, suggesting that the
enzyme is selective for trehalose and T2P (Table 1). Notably,
PapA3 hydrolyzes 14C-PCoA to 14C-palmitic acid in the
absence of another substrate (Fig. 2A), similar to the other char-
acterized Pap enzymes. Further kinetic analysis of the PapA3
reaction containing trehalose or T2P was precluded by the
complexity of the product mixture.
Interestingly, no activitywas detectedwith 14C-butyryl coen-

zyme A or 14C-crotonoyl coenzyme A, which contains a trans-
2-ene functionality like themycolipenoyl groups of PAT (Table
1). However, product formation was observed upon incubation
of PapA3 with trehalose and 14C-docosanoyl coenzyme A,
which consists of a 22-carbon saturated fatty acid conjugated to
coenzyme A (data not shown). This suggests that PapA3 may
also accept the 24-carbon backbone ofmycolipenic acid. Taken

FIGURE 2. PapA3 is an acyltransferase that sequentially palmitoylates
trehalose in vitro. A, PapA3 was incubated with 14C-PCoA and either treha-
lose (Tre) or T2P. The reactions were analyzed by TLC and phosphorimaging.
Two new products (1 and 2) were observed in the reaction with trehalose, but
only product 2 was observed in the reaction with T2P. B, ESI-FT-ICR MS anal-
ysis of product 1 from the PapA3 reaction with trehalose. A product ion with
m/z 615.32, corresponding to the m/z of a chloride adduct of synthetic T2P,
was observed in the PapA3 reaction. In contrast, the control reaction lacking
PapA3 showed no product at m/z 615. C, ESI-FT-ICR MS analysis of product 2
from the PapA3 reaction with Tre and T2P. An ion with m/z 853.54 was
observed in both reactions but was not present in control reactions lacking
PapA3.

TABLE 1
Substrate specificity of PapA3
NDmeans not detectable.

Substrate Product formationa

Nucleophileb
Trehalose Yes
T2P Yes
T3P ND
Trehalose 2-sulfate ND
�,�-Trehalose ND
Glucose ND
Maltose ND

Acyl-CoAc

Palmitoyl-CoA Yes
Docosanoyl-CoA Yes
Butyryl-CoA ND
Crotonoyl-CoA ND

a Product formation was assessed by TLC and phosphorimaging.
b Reactions were performed with 2 �M enzyme, 20 �M 14C-palmitoyl-CoA, and 1 or
10 mM of each substrate in 100 mM ammonium bicarbonate, pH 7.2, at room
temperature for 2 h.

c Reactions were performed with 2 �M enzyme, 20 �M 14C-acyl-CoA, and 1 mM of
trehalose or T2P in 100mM ammoniumbicarbonate, pH 7.2, at room temperature
for 2 h.
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together, these findings indicate that lipid chain length influ-
ences the substrate specificity of PapA3.
T2P and Trehalose Dipalmitate Are Products of PapA3—

Products from the reaction of PapA3 with PCoA and either
trehalose or T2P were characterized by ESI-FT-ICR and linear
ion trapMSoperating in the negative ionmode. The reaction of
PapA3 with trehalose yielded two unique products measured
via FT-ICRMS atm/z 615.3153 andm/z 853.5447, correspond-
ing to the exact masses of the chloride adducts of trehalose
palmitate and trehalose dipalmitate, respectively (Fig. 2, B and
C). The accurate mass spectra were calibrated internally, and
both reaction products were measured to sub-ppm accuracy.
The product ion atm/z 853.54was also observed in the reaction
of PapA3 with T2P (Fig. 2C). Importantly, these products were
not observed in the absence of enzyme. Linear ion trap tandem
mass spectrometry (MSn) of the ion at m/z 615.32 yielded dis-
sociation ions consistentwith those derived from synthetic T2P
(supplemental Fig. S2). MSn of the ion at m/z 853.54 was con-
sistent with 2,3-dipalmitoylation of a single pyranose ring of
trehalose (supplemental Fig. S3), which was confirmed in the
positive ion mode using lithium-ion coordination (supplemen-
tal Fig. S4). Together, these data demonstrate that PapA3
sequentially acylates trehalose to form trehalose dipalmitate.
T3P Is Not Produced by PapA3—To rule out the possibility

that the initial acylation product of PapA3 isT3Por amixture of
2- and 3-palmitoylated species, we synthesized T3P for addi-
tional biochemical and structural studies. To determine
whether T3P is a viable intermediate in the biosynthesis of tre-
halose dipalmitate, we incubated T3P with PapA3 and 14C-
PCoA. No product formation was detected following TLC and

phosphorimaging (supplemental
Fig. S5), indicating that T3P is not a
substrate for PapA3. Interestingly,
the presence of T3P in the reaction
mixture appears to diminish the
hydrolysis of 14C-PCoA by PapA3,
suggesting it may instead inhibit the
enzyme.
For further confirmation that the

monoacyl product of PapA3 is not
T3P, we analyzed T3P byMSn in the
positive ion mode using lithium-
cation coordination (21, 22) and
compared its fragmentation to that
of T2P and the PapA3 monoacyl
reaction product ion (Fig. 3). T2P,
T3P, and themonoacyl PapA3 reac-
tion product were observed at m/z
587, corresponding to the lithium
adducts of these molecules. Two
dissociation ions atm/z 425 and 407
were observed in theMS2 spectra of
these ions, corresponding to the
cleavage of the glycosidic bond
between the pyranose rings of tre-
halose (data not shown). The MS3
spectrum of the monoacyl PapA3
reaction product dissociation ion at

m/z 407was identical to that derived from synthetic T2P (Fig. 3,
A and B) and dramatically distinct from the MS3 spectrum
derived from synthetic T3P (Fig. 3C). These data clearly dem-
onstrate that the monoacyl PapA3 reaction product is not T3P.
Combined with the finding that T3P is not a substrate for
PapA3, these data support the assignment of T2P as the initial
acylation product of PapA3.
PapA3 Is Required for PAT Biosynthesis in Vivo—To deter-

mine whether PapA3 is required for PAT biosynthesis in vivo, a
papA3 deletionmutant, �papA3, was generated in the Erdman
strain ofM. tuberculosis. The H37Rv strain sequenced by Cole
et al. (23) contains a stop codon in pks3/4, which truncates the
encoded polyketide synthase and abolishes PAT biosynthesis.
However, sequencing confirmed that the Erdman strain used in
these studies encodes a single open reading frame for pks3/4,
yielding a functional polyketide synthase (data not shown).
Extraction of the crude lipids fromwild-type Erdman cells with
organic solvents followed by ESI-FT-ICR MS analysis con-
firmed the presence of the PAT lipid envelope in this strain of
M. tuberculosis (Fig. 4). In contrast, PAT was not observed in
extracts from the �papA3mutant strain. Complementation of
the �papA3 mutant strain with a plasmid encoding papA3
restored PAT production, demonstrating that PapA3 is essen-
tial for the biosynthesis of this glycolipid inM. tuberculosis.
PAT Biosynthesis Is Independent of SL-1 Biosynthesis—Given

the similarities between the PAT and SL-1 genetic loci, we
sought to determine whether the two biosynthetic pathways
shared common intermediates. The first committed step in
SL-1 biosynthesis is the sulfation of trehalose at the 2-position
of one of the glucose moieties by the sulfotransferase Stf0 (24).

FIGURE 3. Linear ion trap MSn of the monoacyl product ion from the reaction of PapA3 with trehalose (A)
is consistent with that of synthetic T2P (B) and not that of synthetic T3P (C). MSn analysis was performed in
the positive ion mode using lithium-cation coordination. Shown are the MS3 spectra of the dissociation ions
obtained from the cleavage of the glycosidic bond between the individual pyranose rings of trehalose.
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Thus, we analyzed the M. tuberculosis �stf0 mutant strain,
which lacks SL-1 as well as its upstream biosynthetic precur-
sors, for the presence of PAT. FT-ICRMSanalysis of crude lipid
extracts clearly showed the presence of PAT in the �stf0
mutant strain (Fig. 4). Also, SL-1 synthesis was not perturbed in
the �papA3 mutant strain. These data indicate that the PAT
biosynthetic pathway is independent of the SL-1 pathway and
that these pathways share no intermediates other than the cel-
lular pool of trehalose.

DISCUSSION

The data presented here establish that PapA3 is an acyltrans-
ferase required for PAT biosynthesis in M. tuberculosis.
Recombinant PapA3 selectively acylates trehalose and T2P in a
manner consistent with the structure of PAT. Also, deletion of

papA3 from M. tuberculosis prevents PAT synthesis in vivo.
Furthermore, despite the genetic and structural similarities
between PAT and SL-1, the biosynthetic pathways of these
metabolites are independent. However,many questions remain
about PapA3 and PAT biosynthesis.
In vitro, PapA3 catalyzes the sequential transfer of twopalmi-

toyl groups onto a single glucose residue of trehalose, suggest-
ing that PapA3 installs both the palmitoyl group at the 2-posi-
tion of PAT and the 3-mycolipenoyl group (Fig. 1A). It is
possible that PapA3 associates with other proteins in the PAT
biosynthetic pathway, forming a coordinate synthetic complex
similar to that described for phthiocerol dimycocerosate bio-
synthesis (25). Such supramolecular assemblies may influence
substrate availability and orientation in the PapA3 active site,
thereby conferring this unique activity.
Whether PapA3 is truly a bifunctional acyltransferase

remains unclear. PapA3may only install the palmitoyl group of
PAT in vivo, in which case the formation of trehalose dipalmi-
tate by the purified enzyme is an in vitro artifact. Such activity
has been observed with the lauroyltransferase of E. coli lipid A
biosynthesis, which transfers two lauroyl groups in vitro but
only one in vivo (26). Alternatively, the mycolipenoyl groups
found at the 3-, 6-, 2�-, and 4�-positions of PAT may all be
physiological products of PapA3. This hypothesis is supported
by the genetic association between papA3 and the mycolipe-
nate synthase pks3/4 and the promiscuity of PapA3 toward the
acylation state of trehalose. Unfortunately, our analysis of the
acylation events catalyzed by PapA3 is limited by the lack of a
commercially available mycolipenoyl substrate and our lim-
ited capability to detect either T2P or trehalose mycolipena-
tes in vivo.
The chemical similarities between PAT and SL-1 suggest

that the biosynthesis of these molecules may be comparable.
However, the SL-1 gene locus encodes two Pap proteins, PapA2
and PapA1, which sequentially install a palmitoyl group and a
methyl-branched hydroxyphthioceranoyl group, respectively.

FIGURE 4. PAT biosynthesis requires papA3, but not stf0, in vivo. ESI-FT-ICR
MS analysis of lipid extracts from wild type, �papA3::papA3, and �stf0 M.
tuberculosis strains revealed the presence of characteristic PAT lipoforms that
are absent from �papA3 M. tuberculosis extracts.

FIGURE 5. Proposed PAT biosynthetic pathway. PapA3 first acylates the 2-position of one of the glucose residues of trehalose with a palmitoyl group to form
T2P. A mycolipenoyl group, synthesized by Pks3/4, is then transferred to the 3-position of T2P by PapA3 to generate 2,3-diacyltrehalose. 2,3-Diacyltrehalose
may either be transported to the cell surface or serve as a biosynthetic intermediate that is further elaborated with mycolipenic acids to give PAT.
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By comparison, the PAT gene locus encodes only PapA3. Pre-
viously, we showed that PapA2 does not recognize trehalose
and cannot account for T2P synthesis (5). We initially hypoth-
esized that the SL-1 precursor trehalose-2-sulfate-2�-palmitate
(termed SL659) may be desulfated by a sulfatase to form T2P,
thus negating the need for a committed trehalose palmitoyl-
transferase. However, the �stf0 mutant strain, which lacks
SL659, maintained the ability to synthesize PAT. We therefore
conclude that SL-1 and PAT biosynthesis are independent.
On the basis of our biochemical and genetic data, we propose

themodel for PATbiosynthesis shown in Fig. 5. Initially, PapA3
modifies the 2-position of one of the glucose residues of treha-
lose with a palmitoyl group from an unknown acyl donor, most
likely PCoA or an acyl pantotheine-based cofactor. A mycoli-
penoyl group is then transferred to the 3-position of T2P by
PapA3, which may associate directly with Pks3/4 or an
unknown acyl carrier protein to initiate this second acylation
step. The resulting 2,3-diacyltrehalose may be transported to
the cell surface without further modification through an
unknown pathway. Alternatively, it may serve as a biosynthetic
intermediate that is elaborated either intracellularly or extra-
cellularly with the three remaining mycolipenoyl groups of
PAT by means of PapA3 or an unidentified acyltransferase. By
analogy to other M. tuberculosis lipid biosynthetic pathways,
transport of PAT or its precursor to the cell surface is most
likely accomplished by MmpL10.
Clearly, several questions regarding the biosynthesis of PAT

remain unanswered. The synthesis of physiological substrates
for in vitro assays and the comparative lipid analysis of a panel
of PAT biosynthetic mutants, including �mmpL10 and
�pks3/4, may resolve some of these issues.Whereas genes from
the PAT biosynthetic gene cluster are up-regulated under var-
ious conditions of environmental stress, including phagosomal
acidification and nutrient starvation (27, 28), the role of PAT in
M. tuberculosis pathogenesis remains a mystery. Notably, a
recent study of an M. tuberculosis strain deficient in PAT bio-
synthesis suggests PATdoes not contribute to virulence inmice
(29). However, the phenotype of SL-1-deficientM. tuberculosis
strains is also indistinguishable from wild type in the murine
model of infection (5), suggesting the function of these glyco-
lipids may be host-specific. Thus, a more appropriate model of
tuberculosis may be key to elucidating the role of these lipids in
M. tuberculosis pathogenesis.
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