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ABSTRACT: Mycobacterium tuberculosis, the causative agent of tuberculosis, is
unique among bacterial pathogens in that it contains a wide array of complex lipids
and lipoglycans on its cell wall. Among them, the sulfated glycolipid, termed the
sulfolipid, is thought to mediate specific host—pathogen interactions during
infection. Sulfolipids (SLs), including sulfolipid I (SL-I) and sulfolipid IT (SL-II), " |-+="
are 2,3,6,6-tetraacyltrehalose 2'-sulfates. SL-I was identified as a family of e
homologous 2-palmitoyl(stearoyl)-3-phthioceranoyl-6,6'-bis- T s
(hydroxyphthioceranoyl)trehalose 2"-sulfates and was believed to be the principal . g&neeeees e i IE 4
sulfolipid of M. tuberculosis strain H37Rv. We cultured and extracted sulfolipids - R
using various conditions, including those originally described, and employed high- =
resolution multiple-stage linear ion-trap mass spectrometry with electrospray « 'ﬁdm1
ionization to characterize the structure of the principal SL. We revealed that SL-IL, a ¢z MUY
family of homologous 2-stearoyl(palmitoyl)-3,6,6tris(hydroxyphthioceranoyl)-

trehalose 2"-sulfates, rather than SL-I is the principal sulfolipid class. We identified a great number of isomers resulting from
permutation of the various hydroxyphthioceranoyl substituents at positions 6 and 6’ of the trehalose backbone for each of the SL-
IT species in the entire family. We redefined the structure of this important lipid family that was misassigned using the traditional
methods 40 years ago.
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Mycobacterium tuberculosis contains a range of complex A wealth of in vivo and in vitro studies that point to the role
glycolipids with a trehalose backbone, including a family of of sulfolipids in the virulence of the tubercle bacillus have been
sulfated acyl trehaloses that was first recognized by conducted. For example, Okamoto et al. reported that SL could
Middlebrook et al. in the virulent tubercle bacilli." This family contribute to virulence at early stages of mycobacterial infection
of sulfated acyl trehaloses defined as sulfolipids (SLs) was or stimulation with the glycolipids by counteracting the
characterized by Goren and co-workers in their early studies of immunopotentiating effect of TDM.® In vitro, SL-I induced
M. tuberculosis H37Rv.>~> The principal SLs were characterized swelling and disruption of mitochondrial membranes and
as sulfolipid I (SL-I), which is a homologous mixture of 2,3,6,6 strongly inhibited mitochondrial oxidative phosphorylation.” M.
tetraacyl-a,a’-D-trehalose 2-sulfate consisting of a pair of tuberculosis sulfolipids are also capable of preventing
2,4,6,8,10,12,14,16-octamethyl-17-hydroxydotriacontanoates phagosome—lysosome fusion in cultured macrophages.® From
(hydroxyphthioceranoic acid) located at positions 6 and 6', and in vitro studies, Zhang and co-workers reported the remarkable
a nonhydroxylated multiple-methyl-branched derivative properties of sulfolipids, including their ability to modulate the
(phthioceranoic acids) and a short saturated fatty acid (palmitic oxidative response and the cytokine secretion of human
acid or stearic acid) located at positions 3 and 2 of the trehalose monocytes and neu'ffophﬂs-g'w It was also found that diacylated
backbone, respectively. In addition to the major SL-I, minor sulfoglycolipids are mycobacterial antigens that can stimulate
species that were termed SL-II [2-palmitoyl/stearoyl-3,6,6- CD1-restricted T cells during infection with M. tuber-
tris(hydroxyphthioceranoyl)trehalose 2"-sulfate], SL-I' [2-pal- culosis."' ™" Studies addressing aspects of the biosynthesis and
mitoyl/stearoyl-3,6-bis(phthioceranoyl)-6"-hydroxyphthiocera- the function of SL-1 in vivo have recently begun to
noyltrehalose 2"-sulfate], and SL-II' [2-palmitoyl/stearoyl-4,6,6-

tris(hydroxyphthioceranoyl)trehalose 2'-sulfate] were also Received: August 4, 2011
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emerge.'*™"7 However, its function in the life cycle of M.
tuberculosis remains largely unknown.

The structures of sulfolipids are complex, and studies of the
structural definition of SL-I conducted by Goren and co-
workers 40 years ago are showcases of the exceptional talent of
scientists of their generation. They were able to deduce the
complex structure of unknown compounds using the traditional
methods that required many laborious steps to a large-scale
separation and purification, followed by multiple chemical
reaction steps and chromatographic separations, in conjunction
with various spectroscopic techniques, including IR, NMR, and
mass spectrometry for structure analysis.z_4 In this work, we
describe a simple and direct electrospray ionization (ESI) mass
spectrometric approach employing multiple-stage and high-
resolution mass spectrometry for structural elucidation of the
sulfolipids of M. tuberculosis H37Rv, the same strain previously
described by Goren et al.>~> When cells were cultured and
extracted using various conditions, including those described by
Goren, we found that SL-II, not SL-I, is always the principal
sulfolipid class. Our data are similar to those reported by others
who nevertheless referred to it as SL-L*'®"*7>° Our approaches
using various mass spectrometric techniques permit us to reveal
the detailed structures of SLs, including the various isobaric
isomers that had been reported but not confirmed by the
traditional methods.

B EXPERIMENTAL PROCEDURES

Materials. Sulfolipid I standard (this standard, in fact, is
mainly Sulfolipid II) was supplied by the Mycobacteria
Research Laboratories at Colorado State University (CSU) as
part of the TB Research materials contract that is currently
administered by BEI Resources (http://www.beiresources.org/
TBVTRMResearchMaterials/tabid/1431/Default.aspx). Ac-
cording to standard operating protocols, the SL-I standard
was harvested from M. tuberculosis H37Rv that had been grown
in glycerol—alanine—salts (GAS) broth, killed (y-irradiation),
and extracted using chloroform and methanol. All other
chemicals used are spectroscopic grade and were purchased
from Sigma Chemical Co.

Culture Media. Modified Wong—Weinzirl broth was
prepared and autoclaved as described by Goren.” The broth
consisted of malic acid (0.3%), NH,OH (0.12%), ammonium
citrate (0.5%), KH,PO, (0.6%), anhydrous Na,CO; (0.2%),
NaCl (0.2%), MgSO, (0.1%), ammonium iron(IIl) citrate
(0.005%), glycerol (0.05%, v/v), and glucose (0.2%),
supplemented with sodium pyruvate (0.05%), Cu?*
(0.0001%), and Zn** (0.0001%). Middlebrook 7H9 broth and
Middlebrook 7H10 plates (BD, Franklin Lakes, NJ) were
prepared according to the manufacturer's instructions with
supplemental OADC enrichment and Tween 80 (0.05%). GAS
broth contained (per liter) 2 g of NH,C], 1 g of L-alanine, 0.3 g
of Bacto casitone (Difco), 4 g of K,HPO,, 2 g of citric acid, 50
mg of ferric ammonium citrate, 1.2 g of MgCl,-6H,0, 0.6 g of
K,SO,, 1.8 mL of 10 M NaOH, 10 mL of glycerol, and Tween
80 (0.05%).

Mycobacterial Culture and Harvest. Seed stocks of M.
tuberculosis (H37Rv or CDC1551) were grown for 7—10 days
(OD = 0.7-0.9) in 7H9-OAD at 37 °C. For broth-grown
cultures, 250 mL of broth was inoculated (1:500) and
incubated at 37 °C for 4—6 weeks to late-log phase. Pellicles
formed in the modified Wong—Weinzirl broth, and flocculent
cultures grew in 7H9 broth. Broth cultures were harvested by
centrifugation at 3000 rpm, and the pellets were washed
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successively in a PBS/Tween (0.05%) mixture. For plate-grown
cultures, seed cultures were diluted 1:10 in a PBS/Tween
mixture and vortexed; and 4 mL was spread onto 7H10 agar
(150 cm diameter plates) and incubated at 37 °C for 6 weeks.
Confluent growth with a dry, waxy appearance was scraped into
collection tubes and weighed.

Lipid Extraction. Pellets of live bacilli were extracted in a
hexane/decylamine or chloroform/methanol (C/M) (2:1, v/v)
mixture. Plate-grown pellets were extracted three times (100
mL of solvent per 100 g). Hexane/decylamine extractions were
performed as described by Goren.” Briefly, the first extraction
was conducted in 0.1% decylamine (4 °C for 1—4 weeks), and
the subsequent extractions were conducted in 0.5% decylamine
with sonication for 30 min at room temperature. For C/M
extractions, washed pellets were extracted the first time at 4 °C
for 1—4 weeks and subsequently with sonication for 30 min at
room temperature. Extracts were pooled, filtered (0.2 um,
PFTE filters), and dried on a rotary evaporator. To remove
decylamine, residues were dissolved in hexane, and an equal
volume of citric acid (1 N) was added. The flask was shaken,
and the contents were allowed to separate. The top phase was
percolated through a column (8 cm length, 0.7 cm diameter) of
anhydrous H,SO, and chased with 1 column volume of hexane.
The eluent was dried under nitrogen. All crude extracts were
stored dried and under nitrogen at —70 °C.

Thin Layer Chromatography. Lipid extracts were dis-
solved in hexane. If a sample was insoluble, a chloroform/
methanol (2:1) mixture was added until the sample dissolved
completely. Lipids were spotted onto silica gel 60 TLC plates
(EM Science) and developed in a two-solvent system as
previously reported by Goren et al.> Plates were developed first
in a chloroform/methanol/acetic acid/water (95:1:5:0.3, v/v)
solvent to 20 cm, dried, and then redeveloped in a chloroform/
acetone/methanol/water/acetic acid (158:83:1:6:32, v/v)
solvent to 15 cm. Plates were sprayed with ethanolic sulfuric
acid (50%) and charred with a heat gun. Samples that were
fractionated by preparative TLC were loaded across a TLC
plates and developed successively in the same solvent systems
for 20 and 18 cm, respectively. A strip of the plate was charred
to visualize lipid bands, and the corresponding areas were
scraped into separate tubes and extracted from the silica with
hexane followed by a chloroform/methanol (2:1) mixture, each
for S min at 45 °C with sonication. The two extracts were
combined, dried under nitrogen, and stored at —70 °C.

Mass Spectrometry. Low-energy collision-induced disso-
ciation (CID) tandem mass spectrometry experiments were
conducted on a Thermo Scientific (San Jose, CA) LTQ
Orbitrap Velos and LIT-FT mass spectrometers with the
Xcalibur operating system. High-resolution mass spectrometry
was also performed on a Bruker (Bremen, Germany) solariX 12
T FTMS system, which provides baseline resolution among
ions from SL-I and SL-IL. A solution of sulfolipid in methanol
was infused (1.5 uL/min) to the ESI source, where the
skimmer was set at the ground potential, the electrospray
needle was set at 4.0 kV, and the temperature of the heated
capillary was 300 °C. The automatic gain control of the ion trap
was set to 5 X 10%, with a maximum injection time of 100 ms.
Helium was used as the buffer and collision gas at a pressure of
1 X 107 mbar (0.75 mTorr). The MS" experiments were
conducted with an optimized relative collision energy ranging
from 35 to 40%, an activation g value of 0.25, and an activation
time of 10 ms to leave a minimal residual abundance of
precursor ion (~20%). The mass selection window for the
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precursor ions was set at 4 Da wide to include the
monoisotopic species to the ion trap for collision-induced
dissociation. For higher-energy collision-induced dissociation
(HCD), precursor ions were selected in the linear ion trap and
via fragmentation in the multipole HCD collision cell with
high-resolution accurate mass detection in the Orbitrap mass
analyzer. Mass spectra were recorded in the profile mode,
typically for 3—10 min for MS" spectra (n = 2, 3, or 4).

Nomenclature. To facilitate the interpretation of data, the
following abbreviations were adopted. The nonhydroxylated
multiple-methyl-branched phthioceranoic acids, for example,
the 2,4,6,8,10,12,14,16-octamethyldotriacontanoic acid, are
designated as C,y-acids to reflect the fact that the structure
consists of 40 saturated hydrocarbon chains. For hydroxydo-
triacontanoic acids, for example, 2,4,6,8,10,12,14,16-octameth-
yl-17-hydroxydotriacontanoic acid is designated as hCy-acid to
reflect the fact that the compound consists of 40 hydrocarbon
chains with one hydroxyl group attached at C-17. Therefore,
the principal SL-II species (the position of the substituents on
the trehalose backbone is adopted from the definition of
Goren4), which is a 2-stearoyl-3,6,6tris(2,4,6,8,10,12,14,16-
octamethyl-17-hydroxydotriacontanoyl)-a,a’-p-trehalose 2'-sul-
fate, is designated as [18:0,hC,,,hC,,hC,]-SL, signifying that
the compound consists of one stearoyl and three
2,4,6,8,10,12,14,16-octamethyl-17-hydroxydotriacontanoyl
groups located at positions 2, 3, 6, and 6’ of the trehalose
backbone, respectively, while an SL-I molecule such as 2-
palmitoyl-3-2,4,6,8,10-pentamethyl-pentaeicosanoyl-6,6"-bis-
(2,4,6,8,10,12,14,16-octamethyl-17-hydroxydotriacontanoyl)-
a,a'-p-trehalose 2'-sulfate is designated as [16:0,C35,hCy0,hCy]-
SL.

Bl RESULTS AND DISCUSSION

Crude Sulfolipid Extracts from Different Culture
Media and Extraction Methods. Various culture media
and extraction methods have been used in re})orts character-
izing the SLs from M. tuberculosis H37Rv.>" "' To determine
whether such variables could alter the relative abundance of the
major SL families, H37Rv was cultured to late-log phase in four
culture media, and two extraction methods were used. H37Rv
and a clinical isolate [CDC1551 (data not shown)] yielded
relatively abundant SLs in crude lipid extracts under all
conditions (Figure 1). Glycolipids appeared as prominent red
spots or streak on TLC plates when they were sprayed with
sulfuric acid and heated, and spots with approximate R; values
of 0.44 and 0.49 that were scraped from prepTLC plates were
confirmed to be SLs by ESI mass spectrometry in the negative-
ion mode. The most abundant SL exhibited an R; of 0.44 with a
mobility identical to that of members of the SL-I family and a
less abundant SL (R; = 0.49), which was apparent in hexane/
decylamine extracts, corresponding to the SL family that was
designated SL-II by Goren.”*

Sulfolipids from plate-grown cultures were especially
abundant. SLs were also readily extracted from broth-grown
cultures despite some culture-to-culture variation in the
amounts of crude lipid (Figure 1, lanes S and 9 vs lane 6).
The SLs that migrated at an R; of 0.44 were always the most
abundant SL family in all broth cultures. Hexane/decylamine or
chloroform/methanol extraction methods isolated the major SL
family; however, hexane/decylamine extraction was more
efficient for isolating the SLs that migrated at an R; of 0.49,
as described by Goren.> Another parameter that was explored
briefly was whether live and dead bacterial pellets yielded the
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Figure 1. TLC comparison of crude lipid extracts from M. tuberculosis
H37Rv. Purified standards or crude lipids that were obtained under
various conditions were spotted and developed in two solvents in the
same direction. Standards, samples, and the conditions under which
they were obtained (if known) are indicated: lane 1, SL-I standard
from the CSU TB materials research contract (GAS broth, C/M
extraction); lane 2, trehalose dimycolate standard from Sigma-Aldrich;
lane 3, purified major SL (GAS broth, C/M extraction); lane 4, crude
lipids (7H10 plates, H/D extraction); lanes S and 6, crude lipids from
different cultures (7H9 broth, HD extraction); lane 7, crude lipids
(Wong—Weinzirl broth, HD extraction); lane 8, crude lipids (7H10
plates, C/M extraction); and lane 9, crude lipids (7H9 broth, C/M
extraction). The average Ry values of the SL families are indicated as
well as the origin and the most distant solvent front.

same relative abundance of SL families. Preliminary studies
showed no significant differences in crude extracts from heat-
killed (autoclaved) versuss live bacterial pellets. Taken together,
these data indicate that the SL family with an R of 0.44 in our
TLC system is the most abundant family, irrespective of
differences in commonly used culture media and extraction
methods.

High-Resolution Mass Spectrometry of the [M — H]~
lons of Sulfolipids. We examined the SLs isolated from M.
tuberculosis strain H37Rv and strain CDC1551 grown in 7H9
broth, and in modified Wong—Weinzirl broth, together with
the sulfolipid standard obtained from the Mycobacterial
Research Laboratories at CSU using ESI mass spectrometry
in the negative-ion mode. An array of [M — H] ions in the
range of 2000—2900 Da, with an intermittence of 14 Da, was
observed. The ESI/MS profiles of the SLs from H37Rv grown
in 7H9 broth (Figure 2) and from the SL standard (not shown)
are similar, and the profiles are also similar to those previously
reported.'®'®™*! The SL profiles from strain H37Rv grown in
modified Wong—Weinzirl broth (see Figure S1 of the
Supporting Information) are also similar, and the ions
representing SL-II are the dominant species; however, the
average molecular mass is 56 Da higher than that obtained from
7H9 broth. The results indicate that the length of the
hydroxyphthioceranoic acid substituents of SLs is dependent
on the growth conditions. High-resolution mass spectrometric
analysis on the ion series with an increment of 14 Da using an
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Figure 2. High-resolution ESI-MS spectrum of the [M — H] ions of sulfolipids of H37Rv grown in Middlebrook 7H9 broth. The spectrum was
obtained with a FTICR instrument. The high-resolution (resolution of S00000) readily separated the SL-I (monoisotopic ions labeled with ) class
from the SL-II (monoisotopic ions labeled with W) class, which is the principal sulfolipid class from M. tuberculosis strain H37Rv (inset). The
elemental compositions deduced from accurate mass measurements also define SL-I and SL-II.

FT-ICR instrument (resolution of ~500000) confirmed that
the 14 Da increment corresponds to a CH, residue and the
homologous [M — H]~ ions that ranged from 1900 to 2750 Da
all possess a Cj,0H,,0(CH,),0,,S; (n = 0, 1, 2, .., 60)
elemental composition (see Table S1 of the Supporting
Information), in which the nominal masses for the mono-
isotopic peaks at m/z 2333, 2375, 2417, 2459, .., 2501 are
among the most prominent (Figure 2, ions labeled with V).
This ion series consists of palmitoyl/stearoyl, three hydrox-
yphthioceranoyl, and one sulfate residue on the trehalose
backbone and was previously defined as SL-II by Goren and co-
workers.* The spectrum also contained the ion series with
nominal monoisotopic masses that are 2 Da lighter (see Figure
2, ions labeled with ), similar to that recently reported by
Layre et al.*' High-resolution mass measurements on these ions
(Table S1 of the Supporting Information) indicate that these
ions have a C,0H,,0(CH,),05,S; (n =0, 1,2, .., 60) elemental
composition, corresponding to the SL-I structures previously
defined.*

The separation of the ion clusters of SL-I from those of SL-II
(Figure 2, inset a) also provides an accurate profile of the
isotopic cluster ions for confirmation of the elemental
composition. For example, the monoisotopic ion observed at
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m/z 2359.0380 (Figure 2, inset a) corresponds to a
C144H,77,040S elemental composition (calculated mass of m/z
2359.0384), which gave a simulated spectrum (inset b, ions
labeled with ) similar to the experimental spectrum (inset a,
ions labeled with ). The monoisotopic ion observed at m/z
2361.0172 and its isotopic ion cluster pattern (inset a, ions
labeled with W) are also consistent with a C,4;3H,.c0,,S
elemental composition (calculated mass of m/z 2361.0177; the
simulated plot of the isotopic ion clusters is labeled with W in
inset c), indicating the presence of SL-II. The mass
spectrometric approaches to structural characterization of the
major sulfolipid species (ie., SL-II) are described below.

Structural Analysis of SL-Il by Multiple-Stage Mass
Spectrometry in Conjunction with High-Resolution
Accurate Mass Measurements. High-resolution mass meas-
urement of the [M — H]™ ion of the monoisotopic ion at m/z
2459 (base peak) and its isotope ion cluster profile led to a
Ci50H,590,:S; elemental composition (calculated mass of m/z
2459.1272, measured mass of m/z 2459.1272), corresponding
to an SL-II molecule (Table S1 of the Supporting Information
and Figure 2).

The MS? spectra of the ions at m/z 2459.1 following CID
(Figure 3a) and HCD (Figure 3b) yielded a prominent ion at

dx.doi.org/10.1021/bi20121781Biochemistry 2011, 50, 9135-9147
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Figure 3. LIT CID MS? spectrum (a) and high-resolution HCD MS? spectrum (b) of the ion at #/z 2459. The low-mass fragment ions from HCD
MS? (b) readily identify the hydroxyphthioceranoic acid (@), long chain fatty acid (@), and sulfate groups (seen at m/z 222.9918), while the LIT
CID MS? spectra of m/z 1850 (m/z 2459 — m/z 1850) (c), m/z 2178 (m/z 2459 — m/z 2178) (d), and m/z 1566 (m/z 2459 — m/z 1566) (e)
and MS* spectra of m/z 957 (m/z 2459 — m/z 1566 — m/z 957) (f) and m/z 831 (m/z 2459 — m/z 1566 — m/z 831) (g) together with the MS>
spectrum of m/z 1594 (m/z 2459 — m/z 1594) (h) support the fragmentation processes as illustrated in Scheme 1.

m/z 1850.6 (m/z 2459.1 — m/z 608.6), corresponding to the
loss of a C,y-hydroxyphthioceranoic acid residue probably
residing at position 3 of the trehalose core of the SL. The
spectra also contained an abundant ion at m/z 1566.3 from
further loss of a stearic acid (18:0-acid) residue at position 2 of
the trehalose skeleton. This consecutive loss of the 18:0-fatty
acid is supported by the CID MS? spectrum of the ion at m/z
1850 [m/z 2459.1 — m/z 1850.6 (Figure 3c)], which is
dominated by the ion at m/z 1566.3 (m/z 1850.6 — m/z
284.3). The ion at m/z 1566.3 can also arise from the primary
loss of the 18:0-fatty acid, followed by loss of a C,y-
hydroxyphthioceranoic acid. These fragmentation processes
were supported by the observation of the ion at m/z 1566.3 in
the MS® spectrum of the ion at m/z 2174.8 [m/z 2459.1 — m/
z 2174.8 (Figure 3d)] and consistent with the presence of the
ion at m/z 2174.8 (m/z 2459.1 — m/z 284.3) in Figure 3a. The
prominence of the ions at m/z 1850 and 1566 (Figure 3a,b)
may indicate the preferential losses of the 3-acyl and 2-acyl
substituents as the free fatty acid over those located at position
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6 or 6’ and is consistent with the notion of the greater stability
of the substituent at position 6 (or 6') toward acid or alkaline
hydrolysis as compared with those located at positions 2 and 3.
The MS* spectrum of the ion at m/z 1566.3 [m/z 2459.1 — m/
z 1850.3 — m/z 1566.3 (Figure 3e)] is identical to the MS?
spectrum of the ion at m/z 1566.3 (m/z 2459.1 — m/z 1566.3)
(not shown), and the spectrum is dominated by the ion at m/z
957.7 (m/z 1566.3 — m/z 608.6), arising from the further loss
of a C,y-hydroxyphthioceranoic acid residue, residing at
position 6 or 6" The spectrum also contained the ions at m/
z 849.5 and 831.5, corresponding to 6'-C,y-hydroxyphthiocer-
anoylglucose 2’-sulfate and dehydrated 6-C,-hydroxyphthio-
ceranoylglucose 2-sulfate anions, respectively. These two ions
consist of the glucose moiety originally bearing the lone acyl
group and the sulfate substituent and were formed by further
elimination of CcH,O, and C;H4O; fragments from the ion at
m/z 957, respectively, supporting the possibility that a C,-
hydroxyphthioceranoyl is located at position 6. This latter
fragmentation process is supported by the MS* spectrum of the
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Scheme 1. Fragmentation Processes Proposed for 2,3,6,6"-Tetraacyl-a,a’-p-trehalose 2'-Sulfate (sulfolipid II)*
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“Pathways for the most prominent [M — H] ™ ion at m/z 2459 (monoisotopic) mainly representing an [18:0,hC,,hC,,,hC,,]-SL. The structures of
the indicated fragment ions are supported by the elemental compositions deduced from accurate mass measurements via high-resolution MS" mass

spectrometry (see Table 1).

ion at m/z 957 [m/z 2459.1 — m/z 1566.3 — m/z 957.7
(Figure 3f)]. The MS® spectrum of the ion at m/z 831.5 [m/z
2459.1 — m/z 1566.3 = m/z 957.7 — m/z 831.5 (Figure 3g)]
is dominated by the ion at m/z 607.5 (m/z 831.5 — m/z 224),
representing a 6'-C,y-hydroxyphthioceranoic anion, and the ion
at m/z 223, representing a dehydrated glucose 2-sulfate anion
(Scheme 1 and Figure 3b), confirming that the ion at m/z 831
indeed contains the glucose moiety originally bearing the lone
acyl residue and the sulfate substituent and represents a 6-C -
hydroxyphthioceranoylglucose 2'-sulfate anion. These results
indicate that the major ion at m/z 2459.1 represents a 2-
stearoyl-3,6,6"tris(2,4,6,8,10,12,14,16-octamethyl-17-hydroxy-
dotriacontanoyl)-a,a’-D-trehalose 2’-sulfate
([18:0,hC40,hCyo,hCyo]-SL). The fragmentation processes
were further supported by the elemental compositions of the
fragment ijons obtained from the high-resolution CID and
HCD tandem mass spectra (Table 1). The HCD MS? spectrum
of the ion at m/z 2459.1 (Figure 3b) contained the tandem
quadrupole-like spectrum, which is dominated by the
hydroxyphthioceranoic acid anion at m/z 607 (measured
mass of m/z 607.6032, calculated mass of m/z 607.6034)
with a C4yH,9O;~ elemental composition, consistent with the
suggested structure of 2,4,6,8,10,12,14,16-octamethyl-17-hy-
droxydotriacontanoyl acid, along with the homologous ions at
m/z 691, 649, 635, 565, and 523 (Table 1). The character-
ization of hydroxyphthioceranoic acid, described below, was
further achieved via its MS" spectra.

In Figure 3c, the ion at m/z 1594.3 arising from further loss
of 16:0-fatty acid residue is also present, consistent with the
observation of the ion at m/z 2202.8 in Figure 3a. The results
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indicate the presence of the isomer bearing a 16:0-fatty acid
substituent at position 2 and a Cyy-hydroxyphthioceranoic acid
residue most likely at position 3. The ion at m/z 1594.3 can
also arise from losses that occur in a reversed manner (i.e., first
loss of the palmitoyl group followed by a C,y-hydroxyph-
thioceranoic acid residue), similar to the formation of the ion at
m/z 1568 described above. Further dissociation of the ion at
m/z 1594.3 [m/z 2459.1 — m/z 1594.3 (Figure 3h)] yielded
ions at m/z 985 and 957, arising from losses of Cjg-
hydroxyphthioceranoic and C,-hydroxyphthioceranoic acids,
respectively, along with ions at m/z 635 and 607, representing
Cy-hydroxyphthioceranoic and C,y-hydroxyphthioceranoic
anions, respectively. The results indicate the presence of C,,-
hydroxyphthioceranoic and C,y-hydroxyphthioceranoic resi-
dues at positions 6 and 6, respectively. The spectrum also
contained the ions at m/z 859 and 831, corresponding to 6-
C,,-hydroxyphthioceranoylglucose 2"-sulfate and 6'-C4-hydrox-
yphthioceranoylglucose 2'-sulfate anions, respectively. These
results indicate that both the C,,- and C,y-hydroxyphthiocer-
anoyl groups can reside at position 6, suggesting the presence
of 2-palmitoyl-3,6-bis(2,4,6,8,10,12,14,16-octamethyl-17-hy-
droxydotriacontanoyl)-6'-2,4,6,8,10,12,14,16-octamethyl-17-hy-
droxytetratriacontanoyl-a,a’-p-trehalose 2’-sulfate
([16:0,hC,0,hC40,hC4,]-SL) and 2-palmitoyl-3,6'-bis-
(2,4,6,8,10,12,14,16-octamethyl-17-hydroxytetratriacontanoyl)-
6-2,4,6,8,10,12,14,16-octamethyl-17-hydroxytetratriacontanoyl-
a,a’-p-trehalose 2"-sulfate ([16:0,hC,0,hC,,hC,]-SL) isomers.
The observation of these latter two isomers indicates that the 2-
substituent appears to be restricted as previously reported,”
while the substituents at positions 6 and 6’ are interchangeable.
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Table 1. Elemental Compositions of the Fragment Ions Obtained via High-Resolution CID and HCD MS? of the [M — H]™ Ion

of Sulfolipid at m/z 2459

nominal mass measured mass calculated mass elementary
(m/z) (Da) (Da) composition
2459 2459.1274 2456.1273 Cis0Has905:S
2202 2202.8860 2202.8870 Cy3Hy,0108
2174 2174.8547 2174.8557 Ci3pHy530108
1934 1934.6082 1934.6104 C11¢Hp1 0158
1892 1892.5634 1892.5635 Ci1sHa1s0158
1864 1864.5292 1864.5322 C11iHy, 0168
1850 1850.5147 1850.5165 Ci10Ha00015S
1836 1836.5026 1836.5009 Co9H07016S
1822 1822.4854 1822.4852 Ci0sH2050158
1808 1808.4676 1808.4695 Co7H05016S
1766 17664212 17664226 CiosH 070158
1692 1692.3864 1692.3858 Cio1H 010,68
1678 1678.3723 1678.3702 CiooH 1550168
1650 1650.3378 1650.3389 CosH,5:016S
1608 1608.2910 1608.2919 CosH,76016S
1594 1594.2756 1594.2763 Cy4H,7,0,6S
1566 1566.2441 1566.2450 CorH 730168
1538 15382130 15382137 CooH165016S
1524 1524.1961 1524.1980 CyoH167016S
1510 1510.1821 1510.1824 CagH 1650165
1482 1482.1506 1482.1511 CagH 1610168
1241 1241.9047 1241.9058 CroH 590,58
1213 1213.8732 1213.8745 CegH 1250458
1199 1199.8941 1199.8952 CeeH 12,0148
1171 1171.8630 1171.8639 CesH1230148
1157 1157.8445 1157.8453 CesHipO1S

nominal mass measured mass calculated mass elementary
(m/z) (Da) (Da) composition
1041 1041.7274 1041.7281 CigH 1050138
999 999.6804 999.6812 CssHgo043S
985 985.6645 985.6655 CoHy,01s8
957 957.6334 957.6342 Cs,Hy30438
933 933.7065 933.7070 Cs,H,010,,S
917 917.6386 917.6393 CyoHys018
901 901.6438 901.6444 CooHys011S
891 891.6583 891.6601 CyoHys011S
877 877.6436 873.6444 CysHos011S
873 873.6490 873.6495 CyoHy30108
859 859.6331 859.6338 C5Hy, 0408
849 849.6127 849.6131 CyHgO,,S
847 847.5968 847.5975 C,Hg;01,S
831 831.6021 831.6025 CyeH,0108
747 747.5088 747.5086 CyoHy50108
691 691.6970 691.6974 CasH,, 0,
649 649.6502 649.6504 Cy3Hg:O,
635 635.6345 645.6348 C,,Hg 04
607 607.6032 607.6034 CyoHr005
565 565.5564 565.5565 CyH,,0,
523 523.5092 523.5095 CyHg, 05
283 2832643 2832643 CsH,0,
255 255.2333 255.2330 C¢H3,0,
223 222.9921 2229918 CH,0.S
204 204.9820 204.9812 CH 048

Again, the structural assignments of the fragment ions are
consistent with the elemental composition deduced from high-
resolution mass measurements (Table 1). Collectively, the ion
at m/z 2459.1 represents a major [18:0,hC,,,hC,0,hC,0]-SL
isomer together with two minor isomers,
[16:0,hC4,hC40,hCy,]-SL and [16:0,hC,0,hC,,,hCy]-SL.

In Figure 3b, minor Cu-, Cy-, and Cj4-hydroxyphthiocer-
anoic anions at m/z 691, 565, and 523, respectively, were also
observed, and the minor homologous ions at m/z 1766, 1892,
and 1934 arising from losses of the C,-, Csy-, and Csyy-
hydroxyphthioceranoic acids, respectively, were also present in
Figure 3a. These results indicate the presence of the minor
isomers possessing the Cu-, Cs5-, and Cyy-hydroxyphthiocer-
anoic acid substituents. Further dissociation of the ion at m/z
1524 [m/z 2459.1 - m/z 1524.2 (data not shown)] yielded
the ion pairs at m/z 957/915 and 999/873 arising from losses
of C3;/Cp- and Cy,/C,3-hydroxyphthioceranoic acids, together
with the Cy;-, Cyo-, Cay-, and Cy3-hydroxyphthioceranoic anions
at m/z 565, 607, 523, and 649, respectively. The results support
the presence of [18:0,hC,shC,,hC5,]-SL and
[18:0,hCys,hC,43hCsy]-SL isomers. The presence of these
minor isomers is consistent with the observation of the
minor ion at m/z 1524 in Figure 3d, arising from consecutive
losses of 18:0-fatty acid and C,4-hydroxyphthioceranoic acid.
The structural assignments were also supported by accurate
mass measurements (Table 1).

Similarly, the MS? spectrum of the ion at m/z 2543.2 (Figure
4a) contained the ions at m/z 2286 and 2258, arising from loss
of 16:0- and 18:0-fatty acid residues, respectively. The ions at
m/z 1934, 1906, 1892, and 1850 arise from losses of C,y, Cyy-,
C,s and Cyg-hydroxyphthioceranoic residues, respectively, at
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position 3. The sequential losses of the 18:0-fatty acid at
position 2 gave rise to ions at m/z 1650, 1622, 1608, and 1566,
respectively, while the ion at m/z 1678 mainly arise from
further loss of a 16:0-fatty acid residue from the ion at m/z
1934. The profile of the ion set of m/z 1934, 1906, 1892, and
1850 is similar to that of the ion set of m/z 1650, 1622, 1608,
and 1566 (Figure 4a), consistent with the fragmentation
mechanisms that first eliminate the 3-hydroxyphthioceranoic
acid residue followed by loss of the 18:0-fatty acid at position 2
(or vice verse) as described above. The results indicate that the
ion at m/z 2543 consists of the isomers in which positions 2
and 3 have hC,,/18:0-, hC,,/18:0-, hC,;/18:0-, and hC,,/18:0-
and hC,,/16:0-fatty acid substituents. The prominence of the
these ion pairs (e.g, ions at m/z 1934 and 1650), again,
indicates the preferential losses of the substituents at positions
2 and 3 over those located at position 6 or 6, which have the
greater stability toward acid or alkaline hydrolysis as compared
with the substituents at positions 2 and 3.°

Further dissociation of the ion at m/z 1650 [m/z 2543 — m/
z 1650 (Figure 4b)] yielded the major ions at m/z 1041 and
999, together with the ion at m/z 957, arising from losses of
C,oy Cy3- and Cyg-hydroxyphthioceranoic acids, respectively.
The results are consistent with the observation of the major
C,o- and C,4-hydroxyphthioceranoic acid anions at m/z 607
and 691, respectively, as well as the presence of the C,;-
hydroxyphthioceranoic acid anion at m/z 649. The spectrum
also contained the 6-Cyy-, 6-C,;-, and 6'-Cy4-hydroxyphthio-
ceranoyl glucose-2"-sulfate anions at m/z 831, 873, and 915,
respectively, indicating that the ion at m/z 2543 consists of
major [18:0,hC,4,hCyphCyq]-SL and [18:0,hCy5,hCyehCyo]-SL

dx.doi.org/10.1021/bi20121781Biochemistry 2011, 50, 9135-9147
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Figure 4. LIT CID MS? spectrum of the ion at m/z 2543 (a) and sequential MS® spectra of the ions at m/z 1650 (m/z 2543 — m/z 1650) (b), m/z
1678 (m/z 2543 — m/z 1678) (c), m/z 1608 (m/z 2543 — m/z 1608) (d), m/z 1636 (m/z 2543 — m/z 1636) (e), and m/z 1622 (m/z 2543 —

m/z 1622) (f).

isomers together with a minor [18:0,hC,,hC,3hCys]-SL
isomer.

MS? spectra of the ion at m/z 1678 [m/z 2543 — m/z 1678
(Figure 4c)] yielded ions at m/z 1041 (loss of m/z 636), m/z
985 (loss of m/z 692), m/z 1069 (loss of m/z 608), m/z 957
(loss of m/z 720), m/z 999 (loss of m/z 678), and m/z 1027
(loss of m/z 650), consistent with the observation of the
hydroxyphthioceranoic anions at m/z 635, 691, 607, 719, 677,
and 649 that represent Cy,-, Cus-, Cuory Cugmy Cus, and Cys-
hydroxyphthioceranoic acid, respectively. The spectrum also
contained ions at m/z 859, 915, 831, 943, 901, and 873,
indicating the presence of 6-Cy,-, 6-Cys-, 6-Cyy-, 6-Cyg-, 6-
C4s-, and 6-C,s-hydroxyphthioceranoylglucose 2’-sulfate
anions, respectively, as seen earlier. The observation of the
abundant ion pairs at m/z 1041 (loss of hC,,) and m/z 985
(loss of hC,s) signifies the presence of the major
[16:0,hC,,hCyy,hCy6]-SL and [16:0,hCy,hC,5hC,y,]-SL iso-
mers, while the m/z 1069/957 pairs led to the assignment of
the [16:0,hC,hCuphCl-SL and [16:0,hC,ohCoehC,ol-SL
isomers; the minor m/z 999/1027 ion pairs led to the
assignment of the [16:0,hC,,,hC,;,hC,5]-SL and
[16:0,hC4,hC,5hC,3]-SL isomers.
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As described above, the ions at m/z 1566 and 1594 arose
from the consecutive losses of C,4- and Cyy-hydroxyphthiocer-
anoic acids, respectively, followed by loss of the 18:0-fatty acid
residue at C-2. Further dissociation of the ion at m/z 1566 (m/
z 2543 - m/z 1566) yielded a spectrum identical to that
shown in Figure 4c¢, indicating the presence of C,-
hydroxyphthioceranoic acid residues at positions 6 and 6
The results led to the assignment of the [18:0,hC,5,hCy,hC,]-
SL isomer, which is a positional isomer to
[18:0,hCy,hC,,hCy6]-SL and [18:0,hC,,hC,ehCy0)-SL as
seen earlier. The profile of the MS® spectrum of the ion at
m/z 1594 [m/z 2543 — m/z 1594 (not shown)] is also similar
to that shown in Figure 4f and is dominated by the ions at m/z
985 (m/z 1594 — m/z 608) and m/z 957 (m/z 1594 — m/z
636), indicating the presence of [18:0,hC,,hC4,hC,,]-SL.
Similarly, the MS? spectrum of the ion at m/z 1608 [m/z 2543
— m/z 1608 (Figure 4d)] is dominated by the ions at m/z 999
and 957, arising from losses of the C,- and C,;-
hydroxyphthioceranoic acids, respectively, consistent with the
observation of the C4- and C,;-hydroxyphthioceranoic anions
at m/z 607 and 649, respectively. These results further support
the presence of the [18:0,hC,;,hC,3,hC,;]-SL isomer.

dx.doi.org/10.1021/bi20121781Biochemistry 2011, 50, 9135-9147
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Table 2. High-Resolution ESI Mass Spectrum of the [M —
H]™ Ions of Hydroxyphthioceranoic (%) and
Phthioceranoic (#) Acids Generated by Skimmer CID of
the SLs

measured calculated elemental relative structure
mass (Da) mass (Da) composition intensity (%) (class)

383.3528 383.3531 C,,H,7 05 1.33 *
397.3685 397.3687 C,sH,0, 0.66 *
409.4048 409.4051 C,;H;0, 1.88 #
4113844 4113844 Cy6Hq 04 020 *
423.4205 4234208 CyeHos0, 3.08 #
4253997 425.4000 C,yHy;0, 1.59 *
437.4362 437.4364 CyoHy;0, 429 #
439.4154 439.4157 C,sHss05 0.12 *
4514517 4514521 C3oHegO, 2.74 #
4534311 4534513 CyoHy;04 0.02 *
465.4674 465.4677 C4Hg 0, 0.83 #
467.4467 467.4470 CyoHy0, 022 *
479.4831 479.4834 Cy,Hg0, 4.68 #
4814623 4814626 Cy Hy, 0, 1.95 *
493.4987 493.4990 Cy3HgsO, 191 #
495.4780 495.4783 C,Hg04 0.69 *
507.5145 507.5147 Cy,Hg0, 2.87 #
509.4938 509.4939 Cy3HgsO3 4.19 *
521.5301 521.5303 CysH0, 0.74 #
5§23.5094 523.5096 Cy,Hg 04 9.64 *
535.5458 $35.5460 Cy6H-,0, 125 #
537.5250 537.5252 C3sHgoO3 1.04 *
549.5613 549.5616 CyH,50, 2.04 #
551.5407 551.5409 Ca6Ho 05 222 *
563.5767 $63.5773 CysHoc0, 025 #
565.5562 565.5565 CyH,,0, 9.00 *
§77.5926 577.5929 CyoH.,0, 0.82 #
§79.5719 §79.5722 CasHo505 0.64 *
591.6082 591.6086 CyoHo40, 469 #
593.5875 593.5878 C3H,, 05 3.32 *
605.6239 605.6242 C,Hy 0, 0.86 #
607.6031 607.6034 CoHo405 100.00 *
619.6394 619.6399 C4Hg30, 2.64 #
621.6187 621.6191 CyHg 05 13.72 *
633.6551 633.6555 Cy3HysO, 2.65 #
635.6343 635.6348 CHei04 4078 *
647.6707 647.6712 C,Hg0, 1.18 #
649.6499 649.6504 Cy3Hys0, 36.36 *
661.6863 661.6868 C4sHgoO, 2.53 #
663.6655 663.6661 C4Hg, 0, 6.07 *
675.7019 675.7026 CyeH,0, 1.01 #
677.6811 677.6817 CysHgyOs 1244 *
689.7172 689.7181 Cy7Hy0, 022 #
691.6968 691.6974 C6Ho1 05 44.16 *
703.7331 703.7338 CsHosO, 048 #
7057124 705.7130 Cy7Hyy04 518 *
719.7280 719.7287 CsHosO5 8.40 *
731.7641 731.7651 CyoHyy0, 0.01 #
733.7437 733.7443 CyoHo704 1124 *
745.7802 745.7807 CgH 0,0, 0.03 #
747.7592 747.7600 CyoHygOs5 1.23 *
759.7960 759.7964 CeoH 050, 0.03 #
761.7749 761.7756 Cg1H 0,05 0.60 *
775.7905 7757913 CyHi0505 0.68 *

More minor isomeric structures were revealed by MS® of the
ions at m/z 1636 [m/z 2543 — m/z 1636 (Figure 4e)] and m/
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z 1622 [m/z 2543 — m/z 1622 (Figure 4f)]. The former
spectrum contained the m/z 985/999 ion pair from loss of
C,3-/Cyy-hydroxyphthioceranoic acids, as well as the m/z
1027/957 ion pair from loss of the C,y-/C,4-hydroxyphthiocer-
anoic acids. These results led to the assignment of the
[18:0,hC,;,hC,3hCy,]-SL and [18:0,hC,;,hC,0,hC,s]-SL iso-
mers. The latter spectrum (Figure 4f) is dominated by ion pairs
at m/z 985/98S and 957/1013, arising from losses of C,-/C,,-
hydroxyphthioceranoic acids and C,;-/Cy;-hydroxyphthiocer-
anoic acids, respectively, leading to assignment of the
[18:0,hC,,,hCy,hC,,]-SL and [18:0,hCyy,hC,3hC,y; ]-SL iso-
mers. Collectively, the ion at m/z 2543 consists of more than
12 isomers in which [18:0,hC,,,hC45,hC46]-SL and
[18:0,hC,,hC43hCy3]-SL predominate. This structural com-
plexity in a single species of SLs was recently reported with less
detail by Layre et al.>!

To reveal the shortest hydroxyphthioceranoic chain that
constitutes the SL-II molecules, MS" was conducted on the
low-mass end ion at m/z 2122.8. The MS? spectrum (see
Figure S2a of the Supporting Information) is dominated by the
ion at m/z 1640, arising from loss of Cj;-hydroxyphthiocer-
anoic acid, together with an ion at m/z 1356 from the further
loss of 18:0-fatty acid, indicating the presence of 18:0- and
hCj;-acids at positions 2 and 3, respectively. Further
dissociation of the ion at m/z 1356 [m/z 2122.8 — m/z
1356 (Figure S2b of the Supporting Information)] gave rise to
ion pairs at m/z 957/747 and 873/831 by further elimination of
C,5-/Cyo-hydroxyphthioceranoic and Cs;-/C;4-hydroxyphthio-
ceranoic acids, respectively. These results led to the assignment
of the [18:0,hC;;,hC,5,hCy0]-SL and [18:0,hC;;,hC;;,hCy,]-SL
structures. The loss of the hC,;/hC,y-acids is consistent with
the observation of the hC,;/hC,, anion at m/z 397 and 607
(Figure S2b of the Supporting Information). The ion at m/z
397 corresponds to a 2,4,6-trimethyl-7-hydroxydodecanoic acid
anion possessing two repeating isopropyl [CH,CH(CH,)]
units. This short chain hydroxyphthioceranoic acid chain was
recently reported by Layre et al.”' but not previously by
Goren.* The structural assignment is consistent with the
observation of the ion pairs at m/z 1724/1514 and 1640/1598
in Figure S2a of the Supporting Information, arising from losses
of hC,s/hC,y (m/z 398/608) and hC;,/hC,, (m/z 482/524).
The observation of the ion at m/z 1384 from the consecutive
losses of Cj;-hydroxyphthioceranoic acid and 16:0-fatty acid
(Figure S2b of the Supporting Information), together with the
ion pairs at m/z 859/873, 775/957, and 747/98S [m/z 2122.8
— m/z 1384 (Figure S2c of the Supporting Information)]
arising from loss of hCs,/hCy; hC,/hC,;, and hCyy/hCyy
respectively, readily gives assignments of the
[16:0,hC;;,hCy3,hCy,]-SL, [16:0,hC;5;,hC,,,hCyp]-SL, and
[16:0,hC;;,hC,,hC,,]-SL isomers.

For further insight into the long hydroxyphthioceranoic
chain that constitutes SL-II, the high-mass end ion at m/z
2795.5 was subjected to CID. Again, the MS?® spectrum of the
ion at m/z 2795.5 (Figure S3a of the Supporting Information)
contained homologous ions at m/z 2102.8 and 2060.7, arising
from losses of Cu,- and C,y-hydroxyphthioceranoic acids,
respectively, together with the ions at m/z 1776 and 1818
arising from further loss of 18:0-fatty acid. MS? of the ion at m/
z 1776 [m/z 27955 — m/z 1776 (Figure S3b of the
Supporting Information)] gave rise to the ion pair at m/z
1041/1083 by loss of C,o-/C,s-hydroxyphthioceranoic acid,
consistent with the observation of the C,o- and Cy4-
hydroxyphthioceranoic acid anions at m/z 733 and 691,
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Figure 5. CID MS? spectrum of the [M — H]™ ion of C,y-hydroxyphthioceranoic acid at m/z 607 generated by skimmer CID (a), its MS® spectrum
at m/z 605 (m/z 607 — m/z 605) (b), and the MS? spectra of the C,;-hydroxyphthioceranoic ion at m/z 649 (m/z 2459 — m/z 649) (c) and the
Cy,-hydroxyphthioceranoic ion at m/z 635 (m/z 2543 — m/z 635) (d).

respectively. The spectrum also contained the 6-C,y- and 6"
C,¢-hydroxyphthioceranoylglucose 2'-sulfate anions at m/z 957
and 915, respectively, indicating that the ion represents the
major [18:0,hC,5,hC,5,hCy6]-SL and [18:0,hC,5,hC,5hCyo]-SL
isomers. The MS® spectrum of the ion at m/z 1818 [m/z
2795.5 — m/z 1818 (Figure S3c of the Supporting
Information)] is dominated by the ion pair at m/z 1083/
1083 arising from elimination of 6-C,y/6'-C-hydroxyphthio-
ceranoic acid, indicating the presence of the
[18:0,hCyshCyo,hCyo]-SL isomer. The spectrum (Figure S3c
of the Supporting Information) also contained the ion pair at
m/z 1125/1041 arising from further losses of C,s/Cs,-
hydroxyphthioceranoic acid, indicating the presence of the
minor [18:0,hC,,hC,hCs,]-SL isomer. The presence of this
minor isomer is consistent with the observation of the ion at
m/z 775 and 691 (Figure S3c of the Supporting Information).
The ion at m/z 775 represents a
2,4,6,8,10,12,14,16,18,20,22,24-dodecamethyl-22-hydroxytetra-
contanoic anion possessing 11 isopropyl repeat units, which is
one isopropyl unit longer than that previously reported by
Goren.

Characterization of the Multiple-Methyl-Branched
Hydroxyphthioceranoic Acid. Upon being subjected to
ESI with skimmer CID (100 V), the SL extract yielded a whole

array of anions in the mass range from m/z 383 to 775,
corresponding to the [M — H]™ ions of hydroxyphthioceranoic
and phthioceranoic acids (Table 2). Elemental compositions
deduced from high-resolution mass measurements confirmed
the presence of the major hydroxyphthioceranoic acid ion series
at m/z 383, 397, .., 607, ..., and 775, together with the minor
phthioceranoic acid ion series at m/z 409, 423, ..., 591, ..., and
703 (Table 2). The summed percentage of the ion abundance
(2%) of the hydroxyphthioceranoic acid ion series is 88%, and
that of the phthioceranoic acid ion series is 12%. These data
gave a molar ratio of SL-II to SL-I of ~2/1, based on the fact
that SL-II consists of three hydroxyphthioceranoic acid residues
and SL-I consists of two hydroxyphthioceranoic acid and one
phthioceranoic acid residues, and both the hydroxyphthiocer-
anoic and phthioceranoic acid residues were cleaved by
skimmer CID in the same manner. These results further
support the notion that the principal sulfolipid from H37Rv is
SL-II, and SL-I is the minor component (Figure 2 and Table S1
of the Supporting Information). The ion at m/z 607 is
predominant [100% (Table 2)], consistent with the earlier
report that the major hydroxyphthioceranoic acid in SLs is a
2,4,6,8,10,12,14,16-octamethyl-17-hydroxydotriacontanoic
acid.* The characterization of the structure of hydroxydo-
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Scheme 2. Fragment Ions Observed in the MS" Spectra of the Major Hydroxyphthioceranoic Acid Substituents in SL-II and the
Proposed Fragmentation Pathways Leading to Ion Formation and Structure Identification®
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-resolution LIT MS" experiments (data not shown).

triacontanoic acids using MS" and high-resolution mass
spectrometry is described below.

The MS? spectrum of the ion at m/z 607 generated by
skimmer CID on the sulfolipid mixture (Figure Sa) is identical
to the MS? spectrum of the ion at m/z 607 [m/z 2459 — m/z
607 (not shown)] arising from dissociation of the ion at m/z
2459 (in this acquisition, the Q value of the ion trap for the
MS? experiment was set to 0.2 to trap the ion at m/z 607 for
further dissociation using MS*). The spectrum (Figure Sa)
contained the ion at m/z 395, arising from elimination of the
C,sHs, residue by cleavage of the C—C bond next to the
hydroxyl group distal to the carboxylate terminal, together with
the ion at m/z 367 by loss of a C,sH;; CHO residue via cleavage
of the C—C bond flanking the hydroxyl group in the vicinity of
the carboxylate group. The cleavage of this latter bond is
consistent with the observation of the ion at m/z 239,
representing the deprotonated ion of C;sH;;CHO (ie.,
C4,H,),CH=CHO™ ion) (Scheme 2). The spectrum also
contained the ion at m/z 267, arising from cleavage of the C—C
bond bearing the methyl branch most distal to the carboxylate
terminal. This structural information suggests the presence of a
hydroxyl group at C-17. The predominant ions at m/z 605 and
589 arose from losses of H, and H,O, respectively; while the
ion at m/z 561 arose from further loss of CO, from the ion at
m/z 605 and gave rise to the ion at m/z 349 by further
elimination of a C;sHj, residue. This fragmentation process is
further supported by the MS* spectrum of the ions at m/z 605
(Figure Sb) and m/z 561 (data not shown). The ion at m/z
351 (607 — C,sH;, — CO,) may arise from primary loss of a
C,sH;, residue followed by further losses of CO, (Scheme 2).
The assignments of the fragment ions were further supported
by the elemental compositions deduced from high-resolution
mass measurements (data not shown). The results are
consistent with structural assignment of 2,4,6,8,10,12,14,16-

octamethyl-17-hydroxydotriacontanoic acid previously defined
by Goren et al.*

The MS? spectrum of the ion at m/z 649 (also generated via
skimmer CID) and the MS? spectrum of the ion at m/z 649
[m/z 2459 — m/z 649 (Figure Sc)] are identical and contained
ions at m/z 437, 391, and 393, which are 42 Da (C;Hg) heavier
than the analogous ions at m/z 395, 349, and 351, respectively,
seen in Figure Sa, indicating the presence of an additional
isopropyl group along the fatty acyl chain. The spectrum also
contained the ions at m/z 239 and 267, indicating the presence
of the same C sHj, terminal group, together with the ions at
m/z 647 (649 — H,), 631 (649 — H,0), and 603 (647 —CO,)
that are analogous to ions at m/z 605, 589, and 561,
respectively, as seen in Figure Sa. The results indicate that
the ion at m/z 649 represents a deprotonated
2,4,6,8,10,12,14,16,18-nonamethyl-19-hydroxytetratriaconta-
noic acid anion. Similar mass shifts of the analogous ions were
also seen in the MS?® spectra of the ion at m/z 691 (m/z 2543
— m/z 691) and m/z 733 (m/z 2795 — m/z 733) (Scheme 2),
suggesting the presence of the structures of
2,4,6,8,10,12,14,16,18,20-decamethyl-21-hydroxyhexatriaconta-
noic acid and 2,4,6,8,10,12,14,16,18,20,22-undecamethyl-23-
hydroxyoctatriacontanoic acid, respectively. The observation
of the ion series of m/z 397, 439, 481, 523, 565, 607, 649, 691,
73S, and 775 (Table 2) is in agreement with the suggested
structures of “OOC-CH(CH;)-(CH,CHCH,),CH(OH)-
CisH;, (n = 2—11) for hydroxyphthioceranoic acids. The
C,s-hydroxyphthioceranoic acid at m/z 397 (n = 2) and the
Cs,-hydroxyphthioceranoic acid at m/z 775 (n = 11) are
consistent with the observation of these two ions in the earlier
structural assignment for the SL-II species at m/z 2122 (Figure
S2 of the Supporting Information) and m/z 2795 (Figure S3 of
the Supporting Information), respectively.

Again, MS? and MS? of the ion at m/z 635 [m/z 2543 — m/
z 635 (Figure 5d)] yielded ions analogous to those seen in
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Figure Sa—c. The spectrum contained the ions at m/z 395, 351,
and 349, identical to those seen in Figure Sa. However, the ions
at m/z 267 and 295 are 28 Da heavier than the analogous ions
at m/z 239 and 267, respectively (Scheme 2), seen in Figure Sa.
The results indicate the presence of the structure of
2,4,6,8,10,12,14,16-octamethyl-17-hydroxyditriacontanoic acid,
in which a terminal C,;H; rather than a C;Hj;, residue was
attached to the same carbon that possesses the hydroxyl group.
Homologous ions were seen at m/z 425, 467, 509, 551, 593,
635, 677, and 719, representing the ion series possessing the
~“OO0C-CH(CH,)(CH,CHCH;),CH(OH)C,H;; structure, in
which the homologous hydroxyphthioceranoic acids (n = 3—9)
that differed by a repeat C; (isopropyl) unit are present, in
agreement with the previous findings.

B CONCLUSIONS

Using high-resolution LIT MS", we made assignments for the
complex structures of sulfolipids of M. tuberculosis H37Rv and
confirmed that SL-II, not SL-I, predominates in the sulfolipid
family, similar to the recent report by Layre et al. who used a
different approach.21 Thus, care should be taken when referring
to the molecular structures of the major SL families as not to
misassign the structures, if Goren’s original designations of the
SL families are to be followed. We verified that differences in
culture media or extraction methods would not account for
differences in the relative abundance of SL-I and SL-II. Under
all culture conditions tested, SL-II is always more abundant
than SL-I, and extraction with decylamine in hexane was more
efficient for extracting the SL families. We also revealed the
detailed structures of each of the SL-II species, with many
isomers arising not only from the presence of the stearoyl or
palmitoyl at position 2 but also from the various combinations
of different chain lengths of the hydroxyphthioceranoic acid
substituents located at positions 6 and 6’ of the trehalose
backbone. Thus, hundreds of structures are present in the
entire SL-II family. This immense structural diversity has not
been reported previously and has been seen in other important
lipid families such as mycolic acids, phosphatidylinositol

mannosides, and trehalose dimycolates in our recent stud-
. 2224
ies.
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