
Diacyltransferase Activity and Chain Length Specificity of
Mycobacterium tuberculosis PapA5 in the Synthesis of Alkyl β‑Diol
Lipids
Megan H. Touchette,† Gopal R. Bommineni,† Richard J. Delle Bovi,‡ John E. Gadbery,† Carrie D. Nicora,#

Anil K. Shukla,# Jennifer E. Kyle,# Thomas O. Metz,# Dwight W. Martin,§,⊥ Nicole S. Sampson,†

W. Todd Miller,‡ Peter J. Tonge,† and Jessica C. Seeliger*,∥

Departments of †Chemistry, ‡Physiology and Biophysics, §Medicine, and ∥Pharmacological Sciences, ⊥Proteomics Center, Stony
Brook University, Stony Brook, New York 11790, United States
#Biological Sciences Division, Pacific Northwest National Laboratory, Richland, Washington 99352, United States

*S Supporting Information

ABSTRACT: Although they are classified as Gram-positive
bacteria, Corynebacterineae possess an asymmetric outer
membrane that imparts structural and thereby physiological
similarity to more distantly related Gram-negative bacteria.
Like lipopolysaccharide in Gram-negative bacteria, lipids in the
outer membrane of Corynebacterineae have been associated
with the virulence of pathogenic species such as Mycobacterium
tuberculosis (Mtb). For example, Mtb strains that lack long,
branched-chain alkyl esters known as dimycocerosates (DIMs)
are significantly attenuated in model infections. The resultant
interest in the biosynthetic pathway of these unusual virulence
factors has led to the elucidation of many of the steps leading
to the final esterification of the alkyl β-diol, phthiocerol, with
branched-chain fatty acids known as mycocerosates. PapA5 is an acyltransferase implicated in these final reactions. Here, we show
that PapA5 is indeed the terminal enzyme in DIM biosynthesis by demonstrating its dual esterification activity and chain-length
preference using synthetic alkyl β-diol substrate analogues. By applying these analogues to a series of PapA5 mutants, we also
revise a model for the substrate binding within PapA5. Finally, we demonstrate that the Mtb Ser/Thr kinases PknB and PknE
modify PapA5 on three overlapping Thr residues and that a fourth Thr is unique to PknE phosphorylation. These results clarify
the DIM biosynthetic pathway and indicate post-translational modifications that warrant further elucidation for their roles in the
regulation of DIM biosynthesis.

Bacteria that belong to the suborder Corynebacterineae are
classified as Gram positive, but their cell wall is

distinguished by long-chain fatty acids, known as mycolic
acids, that are esterified to an underlying arabinogalactan
carbohydrate layer.1 In their covalent attachment to the cell
wall, mycolic acids are analogous to the peptidoglycan-
anchored wall teichoic acids of other Gram-positive bacteria,2

but they constitute a unique, well-ordered layer that is believed
to form the inner leaflet of a second lipid bilayer (sometimes
referred to as the mycobacterial outer membrane or
mycomembrane) that is distinct from the cytosolic membrane.
The double-membrane structure of Corynebacterineae is
analogous, therefore, to that of Gram-negative bacteria, which
also possess an asymmetric outer membrane. In addition, just as
lipopolysaccharide at the bacterial cell surface restricts cell
permeability and plays key roles in host−pathogen interactions
of Gram-negative bacteria,3 noncovalently attached lipids in the
outer membrane have been linked to the inherent drug
resistance and virulence of pathogenic Corynebacterineae.4

Unsurprisingly, the more prominent examples of such
virulence-associated lipids come from the human pathogen
Mycobacterium tuberculosis (Mtb), whose outer membrane
contains glycolipids and β-diol wax diesters that are unique to
pathogenic strains. Of these, the dimycocerosates (DIMs)
comprise two families of β-diol diesters that participate in
Mtb−host interactions: phthiocerol dimycocerosates (PDIM)
and the structurally related phenolic glycolipids (PGL).5

Clinical Mtb strains that lack PDIM and mutants defective in
PDIM biosynthesis or transport are attenuated for virulence in
animal-based models of infection.6−9 Diverse roles for PDIM in
Mtb−host biology have been described10−13 that underscore
the importance of these unusual lipids in promoting the ability
of Mtb to cause disease.
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Given the importance of DIMs in Mtb−host biology, DIM
structure and biosynthesis have been extensively studied and
recently summarized in a comprehensive review.14 Briefly, both
PDIMs (Figure 1) and PGLs comprise aliphatic β-diols, known
as phthiocerols, esterified by long branched-chain fatty acids,
known as mycocerosic acids. The PpsABCDE cluster of
modular polyketide synthases (PKS) synthesizes phthiocerol
β-diols. Pks1/15 makes the p-hydroxyphenylalkanoate pre-
cursor that FadD29 then passes to the Pps complex to form the
phenolphthiocerol β-diol of PGL.15 The mycocerosic acids are
produced by another specialized PKS, mycocerosic acid
synthase (Mas). Additional structural diversity within the
DIM families arises from methoxy- and keto- versions of
phthiocerol as well as variations in the length and number of
branches in the mycocerosic chains.
The acyltransferase PapA5 has been implicated in the

esterification of β-diols with mycocerosic acids to generate
both PDIM (Figure 1) and PGL.16,17 PapA5 has a preference
for longer-chain (C12−C18) fatty acid-CoA substrates as acyl
donors17,18 and catalyzes the in vitro esterification of a variety of
aliphatic alcohols, including vicinal and β-diols. When PapA5
was incubated with phenolphthiocerol, a putative native
substrate isolated from Mycobacterium leprae, only a singly
esterified product was detected,16 leaving the ongoing question
of whether PapA5 catalyzes successive reactions or, alter-
natively, a second and as yet uncharacterized acyltransferase
follows PapA5 in DIM biosynthesis. Following synthesis in the
cytosolic membrane, DIM localization in the outer membrane
depends on the integral membrane transporters MmpL7 and
DrrC and the cell wall lipoprotein LppX (Figure 1).7,19,20

There is precedent for dual esterification activity among
acyltransferase related to PapA5. PapA5 belongs to an enzyme
family that includes PapA1 and PapA2, which are involved in
sulfoglycolipid biosynthesis, and PapA3, which initiates
acyltrehalose biosynthesis.21−23 Like DIMs, the products of
these acyltransferases are surface-localized outer membrane
lipids. PapA3 is unique in that it catalyzes two reactions and
esterifies trehalose successively at the 1- and 2-positions with a
straight-chain fatty acid and a branched-chain mycolipenic acid,
respectively.23 On the basis of this example, and the absence of
any other predicted acyltransferase near the DIM biosynthetic

locus, we hypothesized that PapA5 is indeed the sole
acyltransferase in the DIM pathway.
Diverse conditions affect DIM production and PapA5 activity

in Mtb, including carbon source, reductive stress, and
transcriptional regulation in response upon macrophage
infection.24−28 PDIM biosynthesis may also be modulated by
the activity of mycobacterial protein kinases. PDIM levels are
attenuated in a PknH knockout strain, and in vitro, PknD
modifies the PDIM transporter MmpL7 and PknB phosphor-
ylates PapA5.29−31 Phosphorylated peptides corresponding to
Mas and Pks1/15 have also been detected in Mtb cell
lysates.32,33 We hypothesized that phosphorylation modulates
PDIM biosynthesis, in part, via a direct effect on the catalytic
activity of PapA5, as has been shown for other lipid
biosynthetic enzymes in Mtb.34−36

Here, we present data that establish the dual esterification
activity of PapA5 using synthetic β-diol substrate analogues and
show that PapA5 has a preference for longer-chain β-diols.
Using a series of mutations, we define the substrate-binding
sites suggested by the previously published crystal structure and
propose a model for the interaction of PapA5 with the
phthiocerol and acyl donor substrates. We also show that
PapA5 is a substrate for the Mtb kinases PknB and PknE.
Phosphorylation by PknB and PknE overlaps at several Thr
within an unresolved segment distal to the active site;
modification by PknE was detected at one additional site.

■ EXPERIMENTAL PROCEDURES
Materials and Reagents. Escherichia coli XL-1 Blue

(Stratagene) or Stellar (Clontech Laboratories) strains were
used for cloning. E. coli BL21(DE3) cells were used for protein
expression. Cells were grown in LB supplemented with 50 μg/
mL kanamycin (for pET28b vectors) or 50 μg/mL
streptomycin (for pCDFDuet-1 vectors) unless otherwise
indicated. See Table S1 for details on vector constructs and
oligonucleotide primer sequences. Alkyl alcohols (3R,5R)-
heptane-3,5-diol and (3S,5S)-heptane-3,5-diol were purchased
from Strem Chemicals, Inc. (Germany).

Synthesis of Alkyl Anti-β-Diol Compounds. Overall
Synthetic Scheme for 1,3-anti-β-Diols. Compound 4 (Figure
3C) was synthesized as reported.37,38 Compound 4 was
coupled with hydroxylamine hydrochloride in the presence of

Figure 1. Biosynthesis of phthiocerol dimycocerosate (PDIM). The phthiocerol β-alkyl diol is synthesized by the modular polyketide synthase
(PKS) PpsABCDE. The iterative PKS Mas generates mycocerosate, which is esterified directly onto the phthiocerol by PapA5 at least once. PapA5
may also be responsible for a second esterification that generates the final PDIM product, which is then transported to the outer membrane by
MmpL7, DrrC and LppX.
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EDC/DIPEA to form 5, which, upon reaction with the
corresponding Grignard or lithium-derived agent, yielded 6
and 7 in good yield. Stereoselective reduction of compounds 6
and 7 with tetramethylammonium triacetoxyborohydride at
−20 °C gave compounds 8 and 9.
(R)-3-Hydroxy-N-methoxy-N-methylheptanamide (5).38

N,O-Dimethylhydroxylamine hydrochloride (521 mg, 5.3
mmol, Acros Organics), EDC (1.73 mg, 9.0 mmol), N,N′-
diisopropylethylamine (0.93 mL, 5.3 mmol, DIPEA, Alfa
Aesar), and a catalytic amount of 4-dimethylaminopyridine
(∼50 mg, 4-DMAP, Acros Organics) were added to a solution
of compound 4 (600 mg, 4.1 mmol) in dry DMF. The mixture
was stirred for 15 h at 24 °C and extracted with 10% HCl
followed by a wash with saturated sodium bicarbonate. The
extract was dried with magnesium sulfate, filtered, and
evaporated under reduced pressure. The residue was purified
by silica gel chromatography with petroleum ether/AcOEt (7:3,
v/v) to obtain compound 5 (498 mg, 83% yield) as a white
powder.
[α]D

23 = −58 (c 1, CH2Cl2).
1H NMR (500 MHz, CDCl3): δ

3.86 (br s, 1H), 3.58 (br s, 1H), 3.55 (s, 3H), 3.04 (s, 3H),
2.51−2.31 (m, 2H), 1.38−1.16 (m, 6H), 0.75 (t, J = 7.2 Hz,
3H). 13C NMR (125 MHz, CDCl3): δ 173.4, 67.5, 60.8, 38.0,
36.0, 31.2, 27.3, 22.2, 13.5. MS (ESI+) m/z (%): 190.1 (100)
[M + H]+.
(R)-7-Hydroxyundecan-5-one (6).39 Compound 5 (203 mg,

1.1 mmol) was dried under argon and then reacted with 2 M n-
butyl lithium in cyclohexane (1.5 mL, 18.2 mmol, Sigma-
Aldrich) in dry THF under nitrogen at −78 °C for 2 h. The
reaction mixture was extracted with saturated sodium
bicarbonate, dried with magnesium sulfate, filtered, and
evaporated under reduced pressure. The resulting residue was
purified by silica gel chromatography with petroleum ether/
AcOEt (4:1, v/v) to obtain compound 6 (137 mg, 68% yield)
as a white powder.
[α]D

23 = −42 (c 1, CH2Cl2).
1H NMR (500 MHz, CDCl3): δ

3.95 (br s, 1H), 3.31 (br s, 1H), 2.54−2.35 (m, 4H), 1.51−1.46
(m, 2H), 1.36−1.22 (m, 8H), 0.84 (m, 6H). 13C NMR (125
MHz, CDCl3): δ 212.2, 67.5, 48.9, 43.2, 36.1, 27.5, 25.5, 22.4,
22.1, 13.8, 13.6. MS (ESI+) m/z (%): 169.2 (60), 187.2 (40)
[M + H]+.
(5R,7R)-Undecane-5,7-diol (8; UDD).40,41 Tetramethylam-

monium triacetoxyborohydride (775 mg, 2.9 mmol, Sigma-
Aldrich) was added to a stirred solution of acetonitrile (3.7 mL,
70.4 mmol, Fisher) and acetic acid (3.7 mL, 130 mmol, Fisher)
at 24 °C. After 30 min, the reaction mixture was cooled to −78
°C and compound 6 (137 mg, 0.74 mmol) was added. The
resulting mixture was stirred for 40 min followed by 36 h at
−20 °C. The reaction mixture was extracted with saturated
sodium bicarbonate, dried with magnesium sulfate, filtered, and
evaporated under reduced pressure. The resulting residue was
purified by silica gel chromatography with petroleum ether/
AcOEt (4:1, v/v) to obtain compound 8 (36 mg, 26% yield) as
a white powder.
[α]D

23 = −6.0 (c 1, CH2Cl2).
1H NMR (500 MHz, CDCl3): δ

3.92 (t, J = 6.5 Hz, 2H), 2.57 (br s, 1H), 1.60−1.29 (m, 14H),
0.90 (t, J = 6.5 Hz, 6H). 13C NMR (125 MHz, CDCl3): δ 69.3,
42.3, 37.1, 22.6, 22.5 22.1, 14.0. MS (ESI+) m/z (%): 189.2
(10), 169.2 (60) [M + H]+.
(R)-5-Hydroxypentadecan-7-one (7).39 Compound 5

(104.4 mg, 0.55 mmol) was dissolved in dry DMF under
vacuum, 2 M octylmagnesium chloride in THF (0.6 mL, 3.2
mmol, Sigma-Aldrich) was added dropwise to the reaction

mixture, and the reaction was cooled to −50 °C for 2 h. The
reaction mixture was quenched with ammonium chloride,
extracted with ethyl acetate twice, dried with magnesium
sulfate, filtered, and evaporated under reduced pressure. The
resulting residue was purified by silica gel chromatography with
petroleum ether/AcOEt (4:1, v/v) to obtain compound 7 (70
mg, 67% yield) as a white powder.
[α]D

23 = −45 (c 1, CH2Cl2).
1H NMR (400 MHz, CDCl3): δ

4.01 (br s, 1H), 3.05 (d, J = 3.2 Hz, 1H), 2.58 (dd, J = 17.6, 2.8
Hz, 1H) 2.51−2.39 (m, 3H), 1.60−1.26 (m, 18H), 0.91−0.85
(m, 6H). MS (ESI+) m/z (%): 189.2 (10), 243.1 (80) [M +
H]+.

(5R,7R)-Pentadecane-5,7-diol (9; PDD).40,41 Tetramethy-
lammonium triacetoxyborohydride (304 mg, 1.2 mmol, Alfa
Aesar) was added to a stirred solution of acetonitrile (1.45 mL,
27.5 mmol, Fisher) and acetic acid (1.45 mL, 50.7 mmol,
Fisher) at 24 °C. After 30 min, compound 7 (70 mg, 0.29
mmol) was added and the reaction mixture was cooled to −78
°C for 40 min. The reaction was stirred at −20 °C for an
additional 20 h. The reaction mixture was extracted with
saturated sodium bicarbonate, dried with magnesium sulfate,
filtered, and evaporated under reduced pressure. The resulting
residue was purified by silica gel chromatography with
petroleum ether/AcOEt (4:1, v/v) to obtain compound 9
(17 mg, 24% yield) as a white powder.
[α]D

23 = −5.0 (c 1, CH2Cl2).
1H NMR (400 MHz, CDCl3): δ

3.94−3.90 (m, 2H), 2.40 (br s, 1H), 1.60 (t, J = 6.2, Hz, 2H)
1.52−1.26 (m, 22H), 0.92−0.85 (m, 6H). 13C NMR (100
MHz, CDCl3): δ 69.4, 42.2, 37.5, 37.1, 31.8, 29.6, 29.5, 29.2,
27.9, 25.7, 22.69, 22.65, 14.0. MS (ESI+) m/z (%): 189.2 (10),
243.1 (80) [M + H]+.

Synthesis of 3R,5R-Undecane-3,5-diol Dipalmitate
(10) and 3R,5R-Pentadecane-3,5-diol Dipalmitate (11).
Compounds 10 and 11 were synthesized from diols 8 and 9,
respectively, according to the protocol reported for PDIM A
synthesis.42,43 Compound 8 (10 mg, 53.11 μmol), palmitic acid
(40.9 mg, 159.33 μmol, 3.0 equiv, Sigma-Adrich), DCC (43.8
mg, 212.44 μmol, 4.0 equiv) and DMAP (26.0 mg, 212.44
μmol, 4.0 equiv) were dissolved in dry DCM (0.5 mL), and the
resulting mixture was stirred at 25 °C for 48 h under nitrogen.
Compound 9 (10 mg, 41.08 μmol), palmitic acid (31.6 mg,
123.24 μmol, 3.0 equiv, Sigma-Aldrich), DCC (33.9 mg, 164.32
μmol, 4.0 equiv), and DMAP (20.1 mg, 163.32 μmol, 4.0
equiv) were dissolved in dry DCM (0.5 mL), and the resulting
mixture was stirred at 25 °C for 48 h under nitrogen. For both
reactions, the solvent was removed under reduced pressure, and
the product was purified by silica gel chromatography with
hexanes/ethyl ether (50:1, v/v) to obtain compound 10 (30
mg, 85.0% yield) or 11 (16.9 mg, 57.1% yield) as a white wax.

3R,5R-Undecane-3,5-diol Dipalmitate (10). 1H NMR (400
MHz, CDCl3): δ 4.92 (m, 2H), 2.27 (t, J = 8.0 Hz, 4H), 1.53−
1.77 (m, 10H), 1.25−1.33 (m, 56H), 0.88−0.90 (m, 12H). 13C
(400 MHz, CDCl3): δ 173.4, 70.1, 38.5, 34.6, 34.5, 31.9, 29.7,
29.6, 29.5, 29.4, 29.3, 29.2, 27.3, 25.0, 22.7, 22.6, 14.1, 14.0.

3R,5R-Pentadecane-3,5-diol Dipalmitate (11). 1H NMR
(400 MHz, CDCl3): δ 4.92 (m, 2H), 2.27 (t, J = 7.2 Hz, 4H),
1.49−1.60 (m, 10H), 1.26−1.32 (m, 64H), 0.87−0.90 (m,
12H). 13C (400 MHz, CDCl3): δ 173.2, 70.0, 69.9, 38.3, 34.6,
34.4, 34.3, 31.8, 31.7, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 29.0,
27.1, 25.0, 24.9, 22.6, 22.5, 22.4, 14.0, 13.8.

Cloning, Expression, and Purification of 6×His-PapA5.
PapA5 (Rv2939) was cloned from H37Rv genomic DNA into
pET28b (Novagen) via the NheI and HindIII restriction sites,
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and a TEV protease cleavage site was inserted at the N-
terminus before the 6×His tag (Table S1). To investigate the
putative substrate binding channels, the following mutations
were made in the pET28b 6×His-TEV-PapA5 vector by site-
directed mutagenesis using overlapping primers (Table S1):
G129L, S380M, S380F, A382M, Q19R, and Q19K as well as
V16C/G328C (generated with two successive mutagenesis
reactions). The sequence-verified pET28b 6×His-TEV-PapA5
constructs were transformed into E. coli BL21(DE3) cells. N-
terminally 6×His-tagged PapA5 was expressed and purified as
described.17 PapA5 aliquots were snap frozen in 50 mM Tris,
pH 7.4, 100 mM NaCl, 1 mM DTT, 10% glycerol and stored at
−80 °C.
Isotope-Coded Mass Tagging. PapA5 (V16C/G328C)

(70 μM) was allowed to thaw on ice. A 50 μL reaction
containing 12 μM PapA5 (V16C/G328C), 50 mM HEPES, pH
7, and 1% (w/v) sodium deoxycholate (SDC) was prepared at
25 °C before the addition of 5 mM 4-(2,5-dioxo-2H-pyrrol-
1(5H)-yl)-N,N,N-trimethyl-d9-butan-1-aminium iodide.44 After
incubating for 10 min at 25 °C, excess label was removed by
adding 450 μL of 50 mM HEPES, pH 7, and centrifuging for 6
min at 12 000g in a centrifugal filter (Amicon Ultra 0.5 mL 10k
MWCO, Millipore). The wash step was repeated four more
times to reduce the label concentration to 0.5 μM. Tris(2-
carboxyethyl)phosphine (TCEP, 4.5 mM final concentration)
was added to the retentate, and the solution was incubated for 2
h at 25 °C. The TCEP concentration was reduced to 5 μM by
centrifugal washing and filtration as above. The reduced protein
was incubated with 5 mM 4-(2,5-dioxo-2H-pyrrol-1(5H)-yl)-
N,N,N-trimethylbutan-1-aminium iodide44 and 1% SDC for 10
min at 25 °C and then for 1 h at 70 °C. The labeled protein was
digested with chymotrypsin (10 ng/μL final concentration),
and the solution was incubated for 16 h at 25 °C. To quench
the digestion and precipitate the SDC, 3.5% (v/v final
concentration) trifluoroacetic acid (TFA) was added and the
mixture was incubated for 10 min at 25 °C. The precipitate was
removed by centrifugation for 10 min at 18 000g. The
supernatant containing the digested peptides was recovered,
and an equal volume of supernatant and 2,5-dihydroxybenzoic
acid (DHB) matrix were mixed and immediately spotted for
peptide fingerprint analysis by MALDI-TOF (Bruker Auto-
FlexII).
PapA5 Enzymatic Reactions. Reactions contained 2 μM

PapA5, 18 μM [1-14C]palmitoyl-CoA (PerkinElmer), and 180
μM OCT, UDD, or PDD or 100 mM heptanediol in 25 μL of
reaction buffer (MES, pH 6.5, 100 mM NaCl). Reactions were
initiated by the addition of PapA5, incubated for 12−16 h at
20−25 °C, and quenched with an equal volume of ethanol.
Specific activity was determined from reactions incubated at
20−25 °C for 45 min. A 2 μL aliquot of each quenched
reaction was spotted on silica thin-layer chromatography
(TLC) plates (high-performance TLC Silica Gel 60; EMD
Chemicals) and developed in 3:1 hexanes/ethyl acetate. For
biphasic reactions, immediately after all components were
combined, twice the reaction volume of hexanes was added
slowly as a separate phase on top of the aqueous reaction
mixture. Biphasic reactions were not quenched; instead, 3 μL of
the hexanes layer was spotted for TLC. All TLC plates were
visualized by phosphorimaging, and densitometry analysis was
performed using ImageJ software. For isolation of monoester
PDD, a 1.25 mL reaction contained 2 μM PapA5, 18 μM
[1-14C]palmitoyl-CoA, and 420 μM PDD in reaction buffer and
was incubated for 16 h at 25 °C. The reaction was spotted on a

TLC plate and developed in 85:15 hexanes/ethyl acetate. The
silica containing monoester product was scraped off the plate,
and the monoester product was extracted from the silica with
hexanes. The resulting monoester product was incubated with 2
μM PapA5 and 18 μM [1-14C]palmitoyl-CoA for 16 h at 25 °C.
The reactions were spotted and TLC developed in 3:1
hexanes/ethyl acetate.

Mass Spectrometry Analysis of PapA5 Reactions.
Biphasic reactions contained 2 μM PapA5, 18 μM palmitoyl-
CoA, and 180 μM phthiocerol analogue in 500 μL of reaction
buffer with 1 mL of hexanes overlaid on the aqueous reaction
mixture. The hexanes layer was removed after 12−16 h
incubation at 20−25 °C and allowed to evaporate to dryness.
The resulting film was resolubilized in 12 μL of 2-propanol per
sample and analyzed by UPLC-ESI-MS as previously
described.45

Kinase Phosphorylation Assays. Mtb kinases Pkn B, D,
E, H, K and L were purified as His-tagged fusions to maltose-
binding protein (MBP-Pkn) and were a kind gift of Dr.
Christina Baer.46 Radiolabeled phosphorylation reactions
contained 2.8 μM PapA5, 1 μM MBP-PknB. Final reaction
volumes were 25 μL and contained 20 mM PIPES, pH 7.2, 5
mM MgCl2, 5 mM MnCl2, 400 μM ATP, and 10 μCi [γ-32P]-
ATP (PerkinElmer, 10 mCi/mL). Reactions were incubated at
30 °C for 20 min and were quenched by the addition of SDS-
PAGE sample buffer with DTT. The reactions were analyzed
by SDS-PAGE (12% acrylamide) with Coomassie blue staining.
After drying, the gels were analyzed by autoradiography (22 h
exposure). For the kinase activity screen with Pkn B, D, E, H,
K, and L, radiolabeled phosphorylation reactions contained 1
μM MBP-Pkn (all variants) and 1 μM PapA5 or myelin basic
protein (MyBP). Final reaction volumes were 50 μL and
contained 50 mM Tris (pH 7.4), 5 mM MgCl2, 5 mM MnCl2,
50 μM ATP, and 1 μCi [γ-32P]-ATP (PerkinElmer, 10 mCi/
mL). Reactions were incubated at 30 °C for 1 h and quenched
by the addition of SDS-PAGE sample buffer. Proteins were
loaded and separated by SDS-PAGE (8% acrylamide for PapA5
gel; 12% acrylamide for MyBP gel), stained, and analyzed as
above (24 h exposure).

Coexpression with Pkn and Purification of 6×His-
PapA5. The PknB (Rv0014c) catalytic domain (amino acids
1−330) was cloned from Mtb H37Rv genomic DNA into
pCDFDuet-1 (Novagen) via the NdeI and KpnI restriction
sites (Table S1). PknE (Rv1743; aa 1−290) was similarly
cloned into pCDFDuet-1 (Table S1). PknB and PknE
expressed from the final vectors are untagged. The sequence-
verified constructs pCDFDuet PknB 1−330 and PknE 1−290
were each transformed into E. coli BL21(DE3) containing
pET28b 6×His-TEV-PapA5. Double-transformed cells were
grown in LB broth (Neogen) with 30 μg/mL streptomycin and
30 μg/mL kanamycin. Cultures were grown at 37 °C with
shaking at 250 rpm to an OD600 of 1.0, induced with 1 mM
isopropyl-β-D-thiogalactopyranoside, and incubated for an
additional 4 h. Cells were lysed in 20 mM Tris, pH 7.4, 200
mM NaCl, 15 mM imidazole, 1 mM EDTA, 1 mM DTT (lysis
buffer). The clarified crude lysate was incubated with Ni-NTA
agarose resin (Qiagen) for 30 min at 4 °C. The resin was
subsequently washed with 10 resin volumes of lysis buffer and
15 resin volumes of 50 mM Tris, pH 7.4, 100 mM NaCl, 1 mM
DTT, 10% glycerol (storage buffer) with 15 mM imidazole.
PapA5 was eluted in storage buffer with 250 mM imidazole.
Fractions containing purified PapA5 were pooled and dialyzed
overnight at 4 °C into storage buffer. PapA5 was coexpressed
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with PknE under the same conditions as above with PknB. The
protocol for purification under denaturing conditions was
adapted from the Qiagen manual (The QIA Expressionist 6/
2013). Buffers used for the purification were variations on 100
mM NaH2PO4, 10 mM Tris, 8 M urea. Buffer D1 was adjusted
to pH 8.0, buffer D2 was adjusted to pH 6.3, buffer D3 was
adjusted to pH 5.9, and buffer D4 was adjusted to pH 4.5. The
cells were resuspended in 5 mL buffer D1 per 1 g of cell pellet
weight and stirred for 30 min at 25 °C. Cells were then lysed by
sonication, and the lysate was spun for 30 min at 10 000g to
pellet unbroken cells. Lysates were incubated with Ni-NTA
resin equilibrated in buffer D1 (1 mL resin slurry per 4 mL
lysate) for 60 min at 25 °C. Resin was pelleted at 1000g for 2
min to removed flow through. The resin was then washed with
1 × 5 mL buffer D1 and 3 × 5 mL buffer D2. PapA5 was eluted
from the resin in 3 × 1 mL buffer D3 and 3 × 1 mL buffer D4,
and fractions 1−5 were pooled and concentrated using a 30
kDa MWCO concentrator (Millipore).
Mass Spectrometry Analysis of Purified PapA5. PapA5

purified as above was diluted in 100 mM ammonium
bicarbonate, reduced with 4 mM DTT, and alkylated with 8.4
mM iodoacetamide. The protein was then digested with trypsin
(Trypsin Gold, mass spectrometry grade, Promega, USA) at a
25:1 protein/trypsin mass ratio for 16 h at 37 °C. The digests
were brought to 2% (v/v) formic acid (FA) and desalted with
Supel-Tips C18 micropipette tips (Sigma-Aldrich) using FA-
containing solutions containing varying proportions of
acetonitrile (ACN) according to the vendor’s instructions.
Eluted peptides were dissolved in 2% ACN, 0.1% FA (buffer A)
for analysis on an LTQ Orbitrap XL ion trap mass
spectrometer (Thermo Fisher, San Jose, CA) equipped with a
nanoliquid chromatography electrospray ionization source. The
peptides were eluted at 300 nL min−1 from a homemade 5 μm

ProntoSil 120-5-C18H (Bischoff Chromatography, Leonberg,
Germany) capillary column [2% buffer B (98% ACN, 0.1% FA)
to 40% buffer B over 115 min; 40 to 80% buffer B over 3 min
and held for 3 min; 80 to 2% buffer B over 0.1 min and held for
29 min]. Full mass spectra (MS) were recorded over m/z 400
to 2000, 60 000 resolution, followed by top-five MS/MS scans
in the ion trap. Peptides with a charge/state of +2 or higher
were analyzed. MS/MS spectra were extracted from the RAW
file with ReAdW (http://sourceforge.net/projects/sashimi).
The resulting mzXML data files were searched with Inspect
against a custom database composed of the UniProt EColi_K12
proteome with added sequences for the expressed PapA5
proteins and common contaminants. The data were also
analyzed using the GPM X! Tandem and MaxQuant
Andromeda search engines.

■ RESULTS
PapA5 Activity with Alkyl-1,3-diol Substrates. The

substrate specificity of PapA5 has been probed previously with
an array of commercially available alkyl alcohols that included
primary aliphatic alcohols (C2−C20), tertiary alcohols (2-alkyl
alcohols, C6 and C8) and both vicinal and β-diols (C6−
C10).

17,18 Of these, the highest activity was observed with the
primary aliphatic alcohol 1-octanol (OCT). In comparison, all
diols showed at least 5-fold less product formation under the
same conditions, although even with these low levels of activity
a proportion of diester was observed (2−4% compared to OCT
product formation).17 Given the strong preference for primary
alkyl alcohols over diol substrates, the question of whether dual
esterification is a physiological function for PapA5 still
remained.
We hypothesized that PapA5 discriminates both the relative

position of the two hydroxyl groups and the chain length on

Figure 2. Substrate analogues recapitulate phthiocerol diol regio- and stereoselectivity. (A) PapA5 (2 μM) was incubated overnight with 18 μM
[14C-1]-palmitoyl-CoA (PCoA) and 100 mM 3S,5S-heptane-3,5-diol (SHD; lanes 3−5) or 3R,5R-heptane-3,5-diol (RHD; lanes 6−8). The
migration of the diesters (de) and monoesters (me) are indicated. Triplicate reactions for each substrate are shown. Products were analyzed by TLC
(3:1 hexanes/ethyl acetate) and analyzed by phosphorimaging visualization and densitometry. PCoA and [1-14C]-palmitic acid (PA; product of
competing PCoA hydrolysis) were included as migration standards (lanes 1 and 2). (B) Structures of SHD, RHD, and the longer-chain analogues
3R,5R-undecane-5,7-diol (UDD) and 3R,5R-pentadecane-5,7-diol (PDD). (C) Synthetic scheme for UDD (8) and PDD (9).
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either side of the β-diol. We therefore tested PapA5 activity
with the commercially available 3S,5S- and 3R,5R-heptanediols
(SHD and RHD, respectively) since they are longer than
previously tested 2,4-pentanediols, which were not esterified.17

PapA5 was expressed and purified as previously described, and
purity was confirmed by Coomassie stain (Figure 4A) and
tryptic digest LC-MS/MS (>90% spectral counts assigned to
PapA5). When incubated with PapA5 and 14C-palmitoyl-
coenzyme A (PCoA) as the acyl donor, products consistent
with the monoester and diester were detected by thin-layer
chromatography (TLC) only at substrate concentrations 200
times higher than the Km of 0.5 mM for OCT (Figure 2A).17

Therefore, the data from these substrates did not support
diesterification as a native function of PapA5. Interestingly,
RHD, which has the same stereochemistry as phthiocerol, gave
a higher yield of monoester (6.7 ± 1.2% of input for RHD vs

1.9 ± 0.24% for SHD), suggesting that PapA5 can discriminate
substrate stereochemistry at the first acylation step.
We then synthesized the analogues 5R,7R-undecane-5,7-diol

(UDD) and 5R,7R-pentadecane-5,7-diol (PDD) to recapitulate
the stereochemistry of the native phthiocerol and to extend the
chain length (Figure 2B,C). The desired anti stereochemistry
was obtained using well-documented methods for the reduction
of the β-R-hydroxy ketone precursor with high diastereose-
lectivity (∼95:5 anti/syn) (Figure 2C).47

Under previously reported aqueous buffer conditions,17 both
UDD and PDD yielded a single product spot by TLC (Figure
3A, lanes 4−6). However, mass spectrometry confirmed that
these products were the monoester forms (data not shown).
Nevertheless, these conditions revealed that PapA5 has a higher
specific activity with UDD and PDD than with OCT and also
prefers the longer-chain PDD over UDD for formation of the
monoester (Figure 3B). Also, the apparent Km for UDD (∼150

Figure 3. PapA5 diacylates β-diol substrates and prefers longer-chain substrates. (A) PapA5 was incubated overnight with 18 μM [1-14C]-PCoA and
DMSO vehicle (lane 3) or 180 μM of the indicated substrate analogues under monophasic aqueous conditions (lanes 3−6) or biphasic buffer/
hexanes conditions (lanes 7−9; only organic phase spotted). Products were analyzed as in Figure 2A. Palmitoyl-OCT and the diesters (de) of UDD
and PDD have similar Rf values in this mobile phase. Monoesters (me) of UDD and PDD are also indicated. OCT served as a positive control for
PapA5 activity. Data are representative of three replicate experiments. (B) Specific activity for monoester formation is in μM min−1 mg−1 PapA5 at
18 μM [1-14C]-PCoA and 180 μM of the indicated substrate under monophasic conditions (22 °C, 45 min.). Activities are the average of three
replicates (shown) ± SD. (C) Initial velocity of palmitoyl-UDD formation as a function of UDD concentration (Km = ∼150 μM, kcat = 2.84 μM−1

min−1). (D) The diacyl products from biphasic reactions with UDD (left) and PDD (right) were confirmed by UPLC/ESI-tandem mass
spectrometry in positive mode. The sodium adduct ion was observed at the predicted m/z for both substrates (top row). MS2 analysis (bottom row)
of the m/z 687.63 and 743.69 parent ions confirmed fragmentation at the ester bond (R = −C15H31). (E) Reactions were performed as in (A) except
PapA5 was incubated with PDD-[1-14C]-monopalmitate (PDD-me) and PCoA (lane 3; only the organic phase was spotted). PA and PCoA (lanes 1
and 2 in both A and B) and TLC-purified PDD-me (lane 3 in B) served as migration standards. The asterisk indicates an impurity carried over from
purified PDD-me.
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μM) was 3-fold lower than that for OCT (500 μM), and the
kcat for UDD was 4 orders of magnitude faster (2.84 μM−1

min−1 vs 4.4 × 10−5 μM−1 min−1) (Figure 3C). In contrast, at
PDD concentrations ≥360 μM, the diester product was
detected, indicating that under these conditions monoester
competes with PDD for binding to PapA5 (Figure S1). Thus,
the Michaelis−Menten steady-state assumption no longer
holds, and the rate of monoester formation could not be
directly determined for the longer-chain PDD substrate.
Nevertheless, the results with UDD still underscore that, unlike
previously tested substrates, PapA5 is significantly more active
with UDD than OCT.
We hypothesized that the hydrophobicity of the monoester

product leads to aggregation that hinders access by PapA5 and
inhibits diester formation. This could also explain why only the
monoester product was observed when PapA5 was incubated
with phenolphthiocerol.16 We therefore screened PapA5
activity with PDD in a series of phase-separated aqueous−
organic systems (1:2 buffer/solvent, where the solvent was
diethyl ether, chloroform, ethyl acetate, heptanes, or hexanes)
and found that the highest, most reproducible yield of PDD
diester was obtained with hexanes (data not shown). We
further verified that PapA5 activity with OCT was similar in
aqueous and biphasic buffer/hexanes conditions and that
PapA5 is therefore not adversely affected by the inclusion of
the organic layer (Figure S2). Therefore, buffer/hexanes (1:2)
was used for all subsequent experiments. Under these
conditions, additional products with higher Rf for both UDD
and PDD were observed by TLC (Figure 3A, lanes 8 and 9)
and confirmed as the predicted dipalmitate products using
tandem mass spectrometry (Figure 3D) and comparison to
synthetic UDD-dipalmitate (10) and PDD-dipalmitate (11)
standards (data not shown). Finally, PDD-1-14C-monopalmi-
tate was isolated by preparative TLC and shown to be a
substrate for PapA5, thereby confirming that PapA5 succes-
sively esterifies the alkyl diol to form the diester (Figure 3E).
Analysis of Mutations That Affect Substrate Binding

to PapA5. On the basis of the PapA5 crystal structure and its
similarity to other acyl-CoA-dependent acyltransferases,
Buglino et al. described two putative substrate-binding channels
and hypothesized that the channels accommodate the two arms
of phthiocerol with the hydroxyl nucleophiles positioned near
the active site (Figure S3A).18 We therefore predicted that
bulky mutations at different locations along channel 1 would
differentially affect the turnover of OCT, UDD, and PDD based
on their chain lengths, whereas a bulky mutation in the
predicted pantetheine-binding channel should have the same
effect for all substrates (Figure S3A). Buglino et al. also noted

that an additional helix, helix H, shortens channel 2 in PapA5
relative to that of related acyltransferases and proposed that this
helix must move to allow phthiocerol to bind. Thus, mutations
designed to constrain helix H by forming a salt bridge or
disulfide bond with the adjacent helix A would be predicted to
decrease turnover of UDD and PDD but not OCT since this
primary alcohol would not require access to channel 2 (Figure
S3A).
To test these predictions, we created a series of mutations

(Figure S3A). The purified mutant proteins were all soluble and
isolated in good yield, and the mutations did not have a
significant effect on the overall PapA5 protein fold, as indicated
by circular dichroism spectra (Figure S4). As predicted, G129L,
which introduces steric hindrance in the pantetheine-binding
channel and would therefore affect PCoA binding, reduced
PapA5 activity for the three substrates (Table 1). In channel 1,
S380M completely abrogated activity for all substrates,
consistent with the proximity of this position to the active
site (∼12 Å from H124, which is required for activity and
thought to serve as a catalytic base17). However, contrary to
predictions, the effects of all other mutations also did not vary
with substrate. For example, A382 is ∼15 Å from H124, and a
bulky side chain would be expected to hinder PDD (∼12 Å for
the longer arm) and OCT (∼11 Å) but not UDD (∼7.5 Å).
Although mutation of A382 to Phe had a more severe effect on
activity than mutation to Met, the level of catalytic impairment
of each mutant was similar to all three substrates. For mutations
designed to constrain helix H, mutation of Q19 to Lys reduced
activity more than mutation to Arg, suggesting that Lys is more
effective at forming a salt bridge with E332 and thereby
constraining helix H than Arg. The double-cysteine mutant
V16C/G328C forms a disulfide bond between these two
residues on helices A and H, as verified by the dependence of
isotope-labeled maleimide modification upon treatment with
reducing agent (Figure S3B).44 The effect of the disulfide bond
on PapA5 activity was more severe than that for the salt bridge
Q19K mutation, but again, the reduction in catalytic activity
was similar across all substrates.

Phosphorylation of PapA5 by Mtb Ser/Thr Kinases.
Recently, biosynthetic enzymes involved in mycolic acid
biosynthesis have been shown to be phosphorylated by Ser/
Thr kinases with consequent downregulation of catalytic
activity. For example, phosphorylation of the fatty acid synthase
II (FASII) enoyl-ACP reductase InhA reduces activity by
lowering the affinity for the NADH cofactor.34 Inhibition of β-
ketoacyl acyl carrier protein synthase KasB upon phosphor-
ylation is attributed to the proximity of the modified Thr
residues to the catalytic triad.36 Since PDIM levels are

Table 1. Specific Activities of PapA5 Mutants for Formation of the Monoester

specific activity (μM min−1 mg−1)

mutation(s) OCT UDD PDD

wild typea 219 ± 79.7 311 ± 6.13 454 ± 37.4
G129L 28.2 ± 7.2 (13%)b 11.4 ± 3.3 (4%) 58.8 ± 17.5 (13%)
S380M <5.0 <5.0 <5.0
A382M 76.0 ± 7.7 (35%) 121 ± 12.1 (39%) 220 ± 16.1 (48%)
A382F <5.0 <5.0 18.7 ± 14.9 (4%)
Q19R 150 ± 14.6 (68%) 150 ± 10.4 (48%) 249 ± 36.7 (55%)
Q19K 35.8 ± 6.5 (16%) <5.0 50.4 ± 10.5 (11%)
V16C/G328C <5.0 26.1 ± 9.5 (8%) 13.6 ± 7.0 (3%)

aRaw data is shown in Figure 3B. bPercent wild-type activity. Mutants that displayed less than 20% wild-type activity for all substrates are indicated
in bold.
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modulated by growth conditions, infection, or the presence of
PknH, we hypothesized that Mtb Ser/Thr kinases may also
regulate PDIM production by modifying PapA5. We first
confirmed that PapA5 is phosphorylated only in the presence of
kinase and [γ-32P]-ATP and thereby confirmed that PapA5 is a
substrate for PknB, as previously observed (Figure 4A).31 We
then tested Pkn D, E, H, K, and L for their ability to
phosphorylate PapA5 as well. All kinases were active, as
demonstrated by autophosphorylation and phosphorylation of
myelin basic protein (MyBP), a model substrate that is
phosphorylated by many Mtb Ser/Thr kinases,48,49 but only
PknB and PknE phosphorylated PapA5 (Figure 4B).
PknB phosphorylation of threonines on PapA5 has been

reported, but the location and functional consequences of the
modification have not been examined.31 To determine the
effect of phosphorylation on catalytic activity, PapA5 was
isolated from E. coli cells coexpressing the PknB kinase domain,
but no change in activity was detected relative to that of
unmodified PapA5 using OCT, UDD, or PDD as substrates
(data not shown). To verify phosphorylation by PknB and
determine the site(s) of modification, PapA5 was analyzed by
tandem mass spectrometry. PapA5 expressed by itself showed

no evidence for phosphorylation, as determined by three
independent search programs (MaxQuant, InsPecT, and GPM
X! Tandem). In contrast, phosphorylation was detected in
PapA5 isolated from PknB coexpressing cells. Specifically, both
MaxQuant and InsPecT detected phosphorylation on the
peptide aa 184−215. Although quantification of the degree of
phosphorylation was not possible, manual inspection of the
MS2 spectra confirmed peptides with modification at T196,
T198, or T214. A representative spectrum for phosphorylation
at T198 is shown in Figure 4C.
PknE phosphorylation of PapA5 has not been previously

reported. Upon coexpression with PknE, PapA5 was insoluble.
PapA5 expressed by itself and coexpressed with PknE was
isolated in parallel under denaturing conditions and subjected
to tandem mass spectrometric analysis as above. Both
MaxQuant and GPM X! Tandem detected phosphorylation at
T196, T198, and T214, suggesting overlap with PknB
phosphorylation sites. One additional phosphorylation site at
T144 was detected by both algorithms (Figure 5C). T144 is
located at the end of helix C, the N-terminus of which forms
part of the active site. The T144 side chain hydroxyl is
appropriately positioned to form a hydrogen bond with the

Figure 4. PknB and PknE phosphorylate PapA5. Mtb Pkn kinase domains were purified as fusions to MBP and incubated with γ-32P-ATP. (A) PknB
autophosphorylates (lane 1), and PapA5 is phosphorylated only in the presence of PknB (lane 3). Autoradiogram (24 h exposure; top) and
Coomassie-stained SDS-PAGE gel (bottom). (B) PknB, D, E, H, K, and L were each incubated with PapA5 (top) or myelin basic protein as a
positive control (MyBP; bottom). Autoradiogram (24 h exposure; left) and Coomassie-stained SDS-PAGE (right). Approximate MW: MBP-Pkn,
∼80 kDa; PapA5, 49 kDa; MyBP, 18 kDa. (C) An example MS2 spectrum for the aa 184−215 peptide of PapA5 coexpressed with PknB shows
phosphorylation of T198 (indicated by t in the peptide sequence). The triply charged ion has predicted m/z 1179.58 (monoisotopic) and m/z
1180.36 (avg); the parent ion was detected at m/z 1180.25. Phosphorylation at T198 is supported by the peak for y18 and the strong proline peaks
for y17 and y22.
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backbone amide proton of T355 (T144 hydroxyl O to T355
amide N atom-to-atom distance, 3.3 Å). PknE phosphorylation
of T144 may disrupt this interaction and destabilize PapA5,
leading to the insolubility and aggregation observed upon
coexpression in E. coli.

■ DISCUSSION

Our observation that PapA5 catalyzes dual esterification with a
preference for longer-chain β-diols provides strong support for
the assignment of PapA5 as a diacyltransferase and the final
enzyme in DIM biosynthesis (Figure 1). Furthermore, the
results of our mutational analysis are not consistent with the
previously reported model for substrate binding to PapA5 and
suggest that a revised model is required. Indeed, after the
structure of PapA5 was reported, structures of mammalian
carnitine acyltransferases in complex with CoA, carnitine, or
substrate-competitive inhibitors revealed that channel 1
accommodates the alkyl chain of the acyl-CoA substrate with
the electrophilic center at the active site, whereas channel 2
binds to the carnitine nucleophile.50−53 In line with these
structures and our activity data, we propose that in PapA5
mycocerosic acid binds to channel 1 and phthiocerol binds to
channel 2 (Figure 5A). None of the mutants in channel 1

(S380M, A382M/F) showed significant discrimination among
OCT, UDD, and PDD substrates despite the varying chain
lengths, suggesting that channel 1 does not bind to the diol
substrate but rather accommodates the alkyl chain of the acyl
donor. In this model, constraining helix H affects substrates of
all chain lengths equally, as observed, since helix H is only ∼7 Å
from the active site H124. Major structural rearrangements
proximal to helix H would be required, therefore, to position
the hydroxyl nucleophile(s) at the active site while accom-
modating the two arms of phthiocerol. Flexibility in this region
of PapA5 is suggested by regions around helix H that are
unresolved in the crystal structure (aa 176−180 and aa 192−
204).18 For the second esterification, channel 2 may
accommodate the mycocerosate chain as well as the phthiocerol
of the monoester substrate. Given the size of phthiocerol
monomycocerosate, channel 1 may also be required to bind to
the monoester, although this possibility could not be
determined from the existing mutants and activity data.
Our revised model for substrate binding, in which

phthiocerol and mycocerosic acid occupy distinct channels
that orient the nucleophile and electrophile in the active site at
the channel junction, implies that phthiocerol is only partially
bound by PapA5. Even if helix H moves away, channel 2 is too

Figure 5. Model for PapA5 substrate binding and protein interactions. (A) Modified schematic of the substrate channels showing the proposed
binding modes for the acyl acceptor (here, palmitate) in channel 1 and the alkyl diol (PDD) in channel 2. (B) PapA5 crystal structure (PDB ID:
1Q9J) showing the apposition of the Mas-ACP-interacting residues R234 and R312 (orange) and helices H and A. Dashed lines designate
unresolved regions. (C) The region highlighted in red encompasses residues T196, T198, and T214 that are phosphorylated by both PknB and
PknE. Residue T144 (pink) is also phosphorylated by PknE. Arrows indicate the approximate positions of T196 and T198. Catalytic residue H124
and active-site residue D128 are shown in yellow.
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shallow (∼11 Å from H124 to the surface) to accommodate the
longer arm (C21−C24) of phthiocerol. Moreover, for the second
esterification reaction PapA5 must access the unmodified
hydroxyl on the highly hydrophobic phthiocerol monomyco-
cerosate. Our results also show that for efficient diester
synthesis PapA5 requires a hydrophilic−hydrophobic interface,
which in Mtb could be provided by the cytosol−membrane
interface. Although PapA5 is soluble, it may be proximal to the
membrane in Mtb, consistent with other soluble biosynthetic
enzymes that act on lipid intermediates in cell wall biosynthesis
and have been localized to polar sites of cell wall growth.54,55

PknB and PknE Phosphorylate PapA5 at Overlapping
but Distinct Sites. Unexpectedly, PknB phosphorylation did
not affect PapA5 activity in vitro. Although phosphorylated
PapA5 was generated in a recombinant overexpression system,
modification by PknB in this context appears to be specific, as
phosphorylation was detected at only 3 of 28 Thr residues in
PapA5, ∼20 of which are at the protein surface. Interestingly,
modified residues T196 and T198 are located in the middle of
an unresolved region (aa 192−204) at the surface of PapA5
(Figure 5C). Along with T214, these residues encompass a
region proximal to helix H and the entrance to the putative
phthiocerol binding channel and may therefore modulate the
interaction of PapA5 with other proteins (Figure 5C). The
phosphorylation of T196 and T198 in particular supports this
idea, as unstructured segments are common motifs in protein−
protein interactions.56 Enzymes that catalyze successive steps
can form multiprotein complexes to promote efficient turnover
and access to substrates, and interactions have been reported
between the DIM transporter MmpL7 and PpsE, between PpsE
and the PDIM-associated thioesterase TesA, and between the
acyl carrier domain of mycocerosic acid synthase (Mas-ACP)
and PapA5.57−59 Residues implicated in the interaction with
Mas-ACP (R234 and R312) are located on a facet orthogonal
to T186, T198, and T214 (Figure 5B,C), suggesting that post-
translational modification is unlikely to affect Mas binding.59

Rather, phosphorylation of these residues may modulate PapA5
interactions with the negatively charged plasma membrane1,60

or with other phthiocerol biosynthetic enzymes, particularly the
terminal phthiocerol enzyme PpsE, with consequences for DIM
levels in the cell. Interestingly, coexpression with PknE resulted
in insoluble PapA5, perhaps due to the disruption of a
hydrogen bond by phosphorylation at T144. While PknB and
PknE modifications overlap at T196, T198, and T214, PknE
phosphorylation may affect PapA5 stability by modifying T144
and thus regulate PapA5 in a manner distinct from PknB
modification. These results, along with previous reports of
MmpL7, Mas, and Pks1/15 phosphorylation, warrant further
investigation into the potentially diverse roles of phosphor-
ylation in modulating DIM biosynthesis.30,32,33

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.bio-
chem.5b00455.

Expression constructs and oligonucleotide primers used
in this study (Table S1); PDD diester forms under
aqueous conditions at high diol concentration (Figure
S1); biphasic reaction conditions do not affect PapA5
activity with OCT (Figure S2); substrate-blocking
mutations modulate PapA5 activity (Figure S3); circular

dichroism of purified wild-type and mutant PapA5
(Figure S4) (PDF).

■ AUTHOR INFORMATION
Corresponding Author
*Tel: 631-632-1674; Fax: 631-632-1692; E-mail: jessica.
seeliger@stonybrook.edu.

Funding
This work was supported by NIH CA58530 (W.T.M.), NIH
GM102864 (P.J.T.), NSF CHE-1058439 (N.S.S.), and a Stony
Wold−Herbert Foundation Grant-In-Aid (to J.C.S.). Protein
mass spectrometric analysis was performed by the Proteomics
Center at Stony Brook University and supported by NIH/
NCRR 1 S10 RR023680-1. Lipidomics analyses were
performed at the Environmental Molecular Sciences Labo-
ratory, a national scientific user facility sponsored by the
Department of Energy’s Office of Biological and Environmental
Research (OBER) and located at Pacific Northwest National
Laboratory (PNNL). PNNL is a multiprogram national
laboratory operated by Battelle for the Department of Energy
(DOE) under Contract DE-AC05-76RLO 1830. Lipidomics
analyses were enabled by capabilities developed by the PNNL
Pan-omics Program under support from the DOE OBER
Genome Sciences Program.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Mary Lou Previti for assistance with cloning and Bela
Ruzsicska and the Stony Brook University Institute for
Chemical Biology and Drug Discovery for assistance with
mass spectrometry. We also gratefully acknowledge Christina
Baer, Lauren Spagnuolo, and members of the Seeliger lab for
helpful discussions.

■ ABBREVIATIONS
DHB, 2,5-dihydroxybenzoic acid; DIM, dimycocerosate; FASII,
fatty acid synthase II; Mtb, Mycobacterium tuberculosis; OCT, 1-
octanol; PCoA, palmitoyl-coenzyme A; PDD, (5R,7R)-
pentadecane-5,7-diol; PDIM, phthiocerol dimycocerosate;
PGL, phenolic glycolipid; PKS, polyketide synthase; RHD,
3R,5R-heptanediol; SHD, 3S,5S-heptanediol; TB, tuberculosis;
TCEP, tris(2-carboxyethyl)phosphine; TLC, thin-layer chro-
matography; UDD, (5R,7R)-undecane-5,7-diol
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