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T uberculosis (TB) affects approxi-
mately one-third of the world’s popu-
lation and kills approximately two

million people a year (1). In order to be an ef-
fective pathogen, Mycobacterium tuberculo-
sis, the causative agent of TB, must not
only survive the initial onslaught of the host
immune response but also carefully modu-
late adaptive immunity to allow for bacterial
persistence. Sulfated metabolites have
been shown to serve as signaling molecules
between both symbiotic and pathogenic
bacteria and their hosts (2−4), and the sul-
fate modification is also key to a number of
mammalian extracellular signaling events
(5). A number of sulfated metabolites have
been isolated from the mycobacterial family
(6−9), many of which are found in the cell
wall (10, 11). While the best-characterized
of these molecules is the M. tuberculosis-
specific metabolite sulfolipid-1 (SL-1) (9,
12), another sulfated metabolite identified
in M. tuberculosis lipid extracts has also
been localized to the outer envelope of the
cell (8, 10). This previously uncharacterized
metabolite was termed S881 based on its
measured mass. Isotopic labeling of S881
with 34SO4

2� indicated that it contains only
one sulfate moiety (8, 10). Despite the
identification of this novel metabolite in
M. tuberculosis lipid extracts, further struc-
tural characterization was hindered by
the relatively low abundance of the mol-
ecule in M. tuberculosis total lipid
extracts.

Although the exact chemical structure of
S881 remained elusive, attempts were
made to discover the enzymes responsible
for the sulfation of the molecule. The M. tu-
berculosis genome encodes four putative
sulfotransferases, named Stf0�3 (13, 14).
Stf0 is responsible for the synthesis of SL-1
(14), so it was reasoned that one of the re-
maining three sulfotransferases would be
required for S881 synthesis. M. tuberculo-
sis mutants lacking stf3 (�stf3) did not pro-
duce S881, while complementation with
stf3 restored the ability of the �stf3 mutant
strain to produce S881, indicating that Stf3
is necessary for its biosynthesis (10). The
S881-deficient �stf3 mutant was then ex-
amined for virulence in the mouse model of
TB infection. Interestingly, the �stf3 mutant
shows a hypervirulent phenotype in the
mouse model of infection compared with
wild-type M. tuberculosis bacteria. From
these results, we concluded that S881 is a
negative regulator of virulence in the mouse
(10).

Enrichment of S881 from M.
tuberculosis Lipids. Given the hypervirulent
phenotype of the S881-deficient �stf3 mu-
tant and the presence of a sulfate group in
the molecule, we resolved to structurally
characterize S881. We first partially puri-
fied S881 by extracting the total lipids from
irradiated H37Rv M. tuberculosis cells, and
separating these lipids over an anion-
exchange resin. The intensity of S881 in
the electrospray ionization Fourier transform
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ABSTRACT Mycobacterium tuberculosis, the
causative agent of tuberculosis, produces unique
sulfated metabolites associated with virulence.
One such metabolite from M. tuberculosis lipid
extracts, S881, has been shown to negatively
regulate the virulence of M. tuberculosis in mouse
infection studies, and its cell-surface localization
suggests a role in modulating host�pathogen in-
teractions. However, a detailed structural analy-
sis of S881 has remained elusive. Here we use
high-resolution, high-mass-accuracy, and tandem
mass spectrometry to characterize the structure
of S881. Exact mass measurements showed that
S881 is highly unsaturated, tandem mass spec-
trometry indicated a polyisoprene-derived struc-
ture, and characterization of synthetic structural
analogs confirmed that S881 is a previously un-
described sulfated derivative of dihydromen-
aquinone-9, the primary quinol electron carrier in
M. tuberculosis. To our knowledge, this is the first
example of a sulfated menaquinone produced in
any prokaryote. Together with previous studies,
these findings suggest that this redox cofactor
may play a role in mycobacterial pathogenesis.
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ion cyclotron resonance (ESI-FT-ICR) mass
spectrum of its purest fraction was enriched
approximately 200-fold compared with its
intensity in crude lipid extracts (Supplemen-
tary Figure S1). This fraction was also free
of the contaminating isobar present in M. tu-
berculosis total lipid extracts (Supplemen-
tary Figure S1B, inset).

Exact Mass and Elemental Composition
Analysis. We used the accurate mass capa-
bilities of the FT-ICR MS to measure the ex-
act mass of S881 at 881.5755 Da. The mass
spectrum was calibrated internally, and all
internal calibrants were measured to �0.7
ppm. The molecular formula generation al-
gorithm from the DataAnalysis software was
used to generate putative elemental compo-
sitions for the measured mass of S881
(Supplementary Table S1). Only elemental
compositions containing 49 or more carbon
atoms were considered based on the inten-
sity of the “M � 1” isotope. Only elemental
compositions with one sulfur atom were
considered in our analysis (10). Elemental
compositions with an odd number of nitro-
gen atoms were not considered, in accor-
dance with the “nitrogen rule” (15). Finally,
compositions with sulfur and phosphate at-
oms but without enough oxygen atoms to
support both sulfate and phosphate moi-

eties were not considered to be possible el-
emental compositions of S881 because
phosphines have not been reported in
M. tuberculosis (Supplementary Table S1,
line 2).

Only one such elemental composition
that satisfied the above requirements,
C56H81O6S1

�, was found to be within
0.7 ppm of the measured mass of S881
(Supplementary Table S1). This elemental
composition contains 18 degrees of unsat-
uration, including the two on the sulfate, in-
dicating that S881 is highly unsaturated.

Tandem Mass Spectrometry (MSn) of
S881. To perform a detailed structural char-
acterization, we analyzed S881 via FT-ICR
MSn (Figure 1, panel a). The resulting MS2

spectrum of S881 revealed ions at m/z �

801.59, corresponding to [S881 � SO3]�,
and m/z � 96.96, corresponding to HSO4

�

(Figure 1, panel a). Using the accurate mass
capabilities of the FT-ICR MS, we were able
to determine the elemental compositions of
the dissociation ions (Supplementary Table
S2). We performed MSn on a 34S-labeled
sample of S881 (10) to confirm the elemen-
tal compositions of the sulfate-containing
dissociation ions (Figure 1, panel b). This
analysis indicated that the dissociation ions
at m/z � 96.96, 163.01, 231.07, 299.13,

and 695.48 are in-
deed sulfated
(Figure 1, panel b).
This confirms that
the dissociation
ion at m/z � 96.96
is not H2PO4

�, an
ion commonly seen
in MSn spectra of
phosphorylated
molecules. Inter-
estingly, we found
that many of the
sulfate-containing
dissociation ions
differed in mass by
68 mass units, cor-
responding to a dif-

ference of five carbon and eight hydrogen
atoms (Supplementary Table S2, Figure 1).

In order to obtain more structural informa-
tion, we performed MSn of S881 on an LTQ
ion trap MS. The resulting MS2 spectrum
contained many more dissociation ions
compared with those obtained on the FT-
ICR MS (Figure 2, panel a). MS3 of the ion
at m/z � 801 yielded MS3 dissociation
ions without the sulfate residue, and we
compared this MS3 spectrum to the MS2

spectrum of S881 to identify ions that con-
tained the sulfate modification. This com-
parison yielded a series of sulfate-
containing ions differing by 68 mass units
at m/z � 299, 367, 435, 503, and 571
(Figure 2, panel a). MS3 of the sulfate-
containing MS2 dissociation ions yielded
[M � 68n]� dissociation ions. Taken to-
gether with the elemental compositions of
the MS2 ions obtained on the FT-ICR MS
(Supplementary Table S2), these data indi-
cate that the sulfate-containing dissociation
ions of S881 derive from a structure of a sul-
fate residue attached to a chain of hydrocar-
bons with a repeating unit of C5H8.

This type of dissociation is consistent
with that of a polyisoprenoid chain, which
typically dissociates via random allylic
cleavage between the individual isoprene
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Figure 1. MS2 FT-ICR mass spectra of S881. Ions marked with an “x” were not ejected from the ICR cell prior to activation
of the parent ion, and are therefore not dissociation ions of S881. Ions in red are sulfate-containing dissociation ions
(Supplementary Table S2). a) The MS2 FT-ICR mass spectrum of S881. Ions separated by 68 mass units are denoted by an
asterisk. b) The MS2 FT-ICR mass spectrum of a 34S-labeled S881. The sulfate-containing dissociation ions are shifted by
two mass units compared with the dissociation ions of the 32S-S881.
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units in the chain (16). While mycobacteria
contain many polyisoprenoid-derived mol-
ecules (17, 18), a key mycobacterial
polyisoprene-derived compound with a
high degree of unsaturation is dihydro-
menaquinone-9 (MK-9(H2)) (19). MK-9(H2)
consists of a 2-methyl-1,4-napthoquinone
moiety �-linked to a chain of nine polyiso-
prene units; however the second isoprene
unit from the napthoquinone is saturated.
MK-9(H2) is the most abundant quinone in
mycobacteria (19). Interestingly, there is no
evidence that mycobacteria produce ubiqui-
none (19) indicating that menaquinone is

the sole quinol electron carrier in the myco-
bacterial respiratory chain.

MSn of S881 Structural Analogs. Given
the high degree of unsaturation of S881
and its MSn dissociation pattern suggesting
a polyisoprenoid structure, we sought to de-
termine whether S881 is a sulfated deriva-
tive of MK-9(H2) (Figure 2, panel b). FT-ICR
MSn was performed on the menaquinone vi-
tamin K1 (Figure 3, panel a) using negative
ion mode detection for comparison with
the MS2 spectrum of S881. The MS2 spec-
trum of vitamin K1 revealed ions at m/z �

185 and 223 (Figure 3, panel b), which are

consistent with the
characteristic dis-
sociation ions at
m/z � 187 and
225 observed in
the positive mode
MS2 spectra of
polyisoprenoid
menaquinones
(19). The vitamin
K1 dissociation
ions at m/z � 172,
185, 196, 223, and
238 in the MS2

spectrum obtained
in the negative ion
mode correspond
to dissociation of
the isoprene unit
�-linked to the
napthoquinone
moiety (Figure 3,
panels a and b).
These ions are also
present in the MS2

spectrum of S881
(Figure 3, panel c),
clearly supporting
a structure contain-
ing a napthoqui-
none moiety.

To confirm the
proposed position
of the sulfate resi-

due on S881 (Figure 2, panel b), we synthe-
sized a geranyl sulfate derivative to com-
pare its dissociation pattern with that of
S881 (Figure 4, panel a). The MS2 spectrum
of geranyl sulfate yields the expected disso-
ciation ion at m/z � 97 corresponding to
HSO4

�, as well as an ion at m/z � 231 also
present in the MS2 spectrum of S881
(Figure 4, panel b). Conspicuously absent
from this spectrum was the expected disso-
ciation ion at m/z � 163 observed in the
MS2 spectrum of S881 (Figure 1, panel a).
We reasoned that during the MS2 experi-
ment, dissociation is preferred at the ester
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Figure 2. The LTQ ion trap MS2 spectrum of S881 indicates that it is a polyisoprenoid-derived molecule. Values in red de-
note sulfate-containing dissociation ions. a) A zoom of the m/z � 280�790 region (inset) reveals a number of dissociation
ions not obtained via FT-ICR MSn (Figure 1). Two series of dissociation ions separated by 68 mass units are observed; one
containing sulfate and denoted by �, and another denoted by Œ. b) The proposed chemical structure of S881, with ob-
served dissociation ions.
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bond rather than at the carbon�carbon
bond between the two isoprene units
(Figure 4, panel a). Consistent with this rea-
soning, MS3 of the m/z � 231 dissociation
ion from geranyl sulfate yielded an ion at
m/z � 164 (Figure 4, panel c), which is also
present in the MS3 spectrum of the m/z �

299 dissociation ion of S881 (Figure 4,
panel d). Taken together, these data show
that S881 is a sulfated derivative of MK-
9(H2) (Figure 2, panel b).

To our knowledge, our proposed struc-
ture of S881 is unique to M. tuberculosis
and represents a novel modification to the
common quinone scaffolds. Also, this struc-
ture is distinct from previously character-
ized mycobacterial sulfated metabolites, in-
cluding the carbohydrate-based SL-1 and its
biosynthetic precursors (8, 12, 20, 21) and
the sulfated glycopeptidolipids from
M. avium and M. fortuitum (6, 7). Sulfur-
containing menaquinones have been re-
ported in the thermophilic bacteria Hydro-
genobacter thermophilus (22) and

Caldariella acidophila (19); however these
quinones contain reduced sulfur in the
napthoquinone moiety, as opposed to a sul-
fate modification on the terminal end of the
polyisoprenoid chain.

Our elucidation of the chemical structure
of S881 will allow us to further probe its bio-
synthesis. We postulate that S881 is synthe-
sized from MK-9(H2); however this biosyn-
thesis requires at least two steps: oxidation
at the terminal position of the polyisopre-
noid chain and sulfation of the resulting hy-
droxyl moiety. Previously, we provided evi-
dence that the putative sulfotransferase Stf3
is necessary for the production of S881
(10). Interestingly, a putative cytochrome
P450 monooxygenase, cyp128, has been
annotated in the M. tuberculosis genome di-
rectly upstream of stf3 (23). Given the
genomic position of this gene in the same
putative operon as stf3, we hypothesize that
Cyp128 is the enzyme responsible for the
terminal oxidation of the polyisoprenoid
chain of MK-9(H2), thereby allowing sulfa-

tion of the resulting hydroxyl
moiety by Stf3. Characteriza-
tion of Cyp128 in vitro and
analysis of the metabolomic
profile of a cyp128 mutant will
be key to understanding its
role in S881 biosynthesis.

The structure of S881,
coupled with its localization to
the outer cell wall of the bacte-
rium and its role as a negative
regulator of virulence, poses
many questions regarding a
molecular function for the me-
tabolite. The location of S881
in the outer leaflet of M. tuber-
culosis allows it to interact
with host immune cells and
modulate the immune re-
sponse. Disrupting S881 bio-
synthesis could disrupt the
balance M. tuberculosis has
with host immune cells, result-
ing in a lessened immune re-

sponse. Alternatively, the presence of an al-
lylic sulfate group in S881 suggests that the
compound could be an activated intermedi-
ate on a pathway to a yet unknown com-
pound, since the sulfate moiety could eas-
ily function as a leaving group. Finally,
another putative function of S881 is to
change the redox balance or availability of
menaquinone in the cell. While many recent
studies have shed light on the mycobacte-
rial respiratory chain (24, 25), little is known
about the regulation of quinone availability
in M. tuberculosis. S881 could be an inter-
mediate in a mechanism of nontranscrip-
tional regulation of quinone availability. The
conversion of MK-9(H2) to S881 and its sub-
sequent secretion could disrupt the redox
balance of the respiratory chain, possibly
slowing the respiratory capacity of the cell.

In conclusion, we have successfully char-
acterized the structure of the M. tuberculo-
sis metabolite S881 as a sulfated derivative
of MK-9(H2). The structure of S881 repre-
sents a novel class of metabolites and
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broadens our general understanding of pro-
karyotic sulfated molecules. Further insight
into its mechanism of action will aid our un-
derstanding of its contribution to the viru-
lence and life cycle of M. tuberculosis.

METHODS
S881 Extraction From M. tuberculosis Cells. Ap-

proximately 5 g of M. tuberculosis H37Rv cells
(Colorado State University) were extracted in
100 mL of CHCl3/MeOH (1:1, v/v) at RT for 2 h.
The organic layer was filtered 3 times by vacuum
filtration. The filtrate was concentrated to dryness
and resuspended in 50 mL of CHCl3. The CHCl3
suspension was extracted with water (2 � 25 mL),
and the aqueous layer was extracted with 50 mL
of CHCl3. The CHCl3 layers were combined and con-
centrated, and the lipid residue was weighed.
Forty milligrams of lipid residue was resuspended

in CHCl3/MeOH (4:1, v/v) and passed over an
anion-exchange resin (AG4-X4, 100�200 mesh,
biotechnology grade, free-base form, Bio-RAD) that
had been precharged with CHCl3/MeOH/AcOH
(400:100:0.6, v/v). The void volume was collected,
the column was washed with CHCl3/MeOH (4:1,
v/v), and the wash was collected. The column was
eluted by a gradient of 2�5 mM triethylamine in
CHCl3/MeOH (4:1, v/v). Fractions were concen-
trated and stored at �20 °C until MS analysis.

Synthesis of Geranyl Sulfate Analog. The synthe-
sis and characterization data for all synthetic ana-
logs is provided in the Supporting Information.

Sample Preparation for MS Analysis. The S881
fractions were dried and resuspended in 1 mL of
CHCl3/MeOH (2:1, v/v) for MS analysis. Vitamin K1
was purchased from Fisher Scientific and was di-
luted with CHCl3/MeOH (2:1, v/v) to a final concen-
tration of 5 �M for MS analysis. Dry geranyl sul-
fate solid (Supplementary Scheme S1, IV) was
diluted to a final concentration of 20 �M in CHCl3/
MeOH (2:1, v/v).

ESI-FT-ICR MS. Mass spectra were obtained on
an Apex II FT-ICR MS (Bruker Daltonics) equipped
with a 7 T actively shielded superconducting mag-
net. Samples were introduced into the ion source
via direct injection at a rate of 2 �L/min. Ions were
generated with an Apollo pneumatically assisted
electrospray ionization source (Bruker Daltonics)
operating in the negative ion mode and were accu-
mulated in an rf-only external hexapole for 0.5�2
s before being transferred to the ICR cell for mass
analysis.

For MSn, ions were isolated by a correlated har-
monic excitation field isolation sweep, and
cleanup shots were used to eject ions not ejected
from the initial sweep. Isolated ions were collision-
ally activated via sustained off-resonance irradia-
tion collision-induced dissociation (SORI-CID) at
1.2�1.5 kHz above the cyclotron frequency of the
ion of interest, using argon as the collision gas.
Dissociation ions were excited for detection after
a delay of 2�3 s to allow the residual argon to
pump away.

Mass spectra consist of 256 000 to 1 million
data points and are an average of 24�32 scans.
The spectra were acquired using XMASS version
6.0.0 or 7.0.8 (Bruker Daltonics). For accurate
mass measurements, spectra were internally cali-
brated with 4�12 known compounds. DataAnaly-
sis 3.4 (Bruker Daltonics) was used to determine
elemental compositions.

ESI Linear Ion Trap MS. Mass spectra were ob-
tained on an LTQ ion trap mass spectrometer
(ThermoFinnigan) operating in the negative ion
mode. Ions were introduced into the ion source
via direct injection at a rate of 5 �L/min. For MSn

experiments, the precursor ions were isolated with
an isolation width of 1�3 Da, the ions were acti-
vated with a 25% normalized collision energy for
100 ms, and the qz value was maintained at 0.250.
Spectra are an average of 40�100 scans, ac-
quired using Xcalibur, version 1.4 (ThermoFinni-
gan).
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