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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 interactions. However,
a detailed structural analysis 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 spectrometry indicated a
polyisoprene—derived structure, and characterization of synthetic structural analogs confirmed that
S881 is a previously—undescribed sulfated derivative of dihydromenaquinone-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.

Tuberculosis (TB) affects approximately one third of the world’s population and kills
approximately two million people a year (1). In order to be an effective pathogen,
Mycobacterium tuberculosis, the causative agent of TB, must not only survive the initial
onslaught of the host immune response, but also carefully modulate 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 sulfate
modification is also key to anumber 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 345042~ indicated that it contains only one
sulfate moiety (8,10). Despite the identification of this novel metabolite in M. tuberculosis
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lipid extracts, further structural characterization was hindered by the relatively low abundance
of the molecule 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. tuberculosis 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 remaining three sulfotransferases
would be required for S881 synthesis. M. tuberculosis mutants lacking stf3 (Astf3) did not
produce S881, while complementation with stf3 restored the ability of the Astf3 mutant strain
to produce S881, indicating that Stf3 is necessary for its biosynthesis (10). The S881—deficient
Astf3 mutant was then examined for virulence in a mouse model of TB infection. Interestingly,
the Astf3 mutant shows a hypervirulent phenotype in the mouse model of infection compared
to 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 Astf3 mutant and the presence of a
sulfate group in the molecule, we resolved to structurally characterize S881. We first partially
purified 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
lonization Fourier Transform lon Cyclotron Resonance (ESI-FT-ICR) mass spectrum of its
purest fraction was enriched approximately 200—fold compared to its intensity in crude lipid
extracts (Figure S1). This fraction was also free of the contaminating isobar present in M.
tuberculosis total lipid extracts (Figure S1B, inset).

Exact Mass and Elemental Composition Analysis

We used the accurate mass capabilities of the FT-ICR MS to measure the exact 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 algorithm from the DataAnalysis
software was used to generate putative elemental compositions for the measured mass of S881
(Table S1). Only elemental compositions containing 49 or more carbon atoms were considered
based on the intensity 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 nitrogen
atoms were not considered, in accordance with the “Nitrogen Rule” (15). Finally, compositions
with sulfur and phosphate atoms, but without enough oxygen atoms to support both sulfate and
phosphate moieties, were not considered to be possible elemental compositions of S881
because phosphines have not been reported in M. tuberculosis (Table S1, line 2).

Only one such elemental composition that satisfied the above requirements, C5gHg10gS1™, was
found to be within 0.7 ppm of the measured mass of S881 (Table S1). This elemental
composition contains eighteen degrees of unsaturation, including the two on the sulfate,
indicating that S881 is highly unsaturated.

Tandem Mass Spectrometry (MS") of S881

To perform a detailed structural characterization, we analyzed S881 via FT-ICR MS" (Figure
1A). The resulting MS? spectrum of S881 revealed ions at m/z = 801.59, corresponding to
[S881 — SO3]", and m/z = 96.96, corresponding to HSO4~ (Figure 1A). Using the accurate
mass capabilities of the FT-ICR MS, we were able to determine the elemental compositions
of the dissociation ions (Table S2). We performed MS" on a 34S-labeled sample of S881
(10) to confirm the elemental compositions of the sulfate—containing dissociation ions (Figure
1B). This analysis indicated that the dissociation ions at m/z = 96.96, 163.01, 231.07, 299.13,
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and 695.48 are indeed sulfated (Figure 1B). This confirms that the dissociation ion at m/z =
96.96 is not H,PO4 ™, an ion commonly seen in MS" spectra of phosphorylated molecules.
Interestingly, we found that many of the sulfate—containing dissociation ions differed in mass
by 68 mass units, corresponding to a difference of five carbon and eight hydrogen atoms (Table
S2, Figure 1).

In order to obtain more structural information, we performed MS" of S881 onan LTQ ion trap
MS. The resulting MS? spectrum contained many more dissociation ions compared to those
obtained on the FT-ICR MS (Figure 2A). MS? of the ion at m/z = 801 yielded MS? dissociation
ions without the sulfate residue, and we compared this MS3 spectrum to the MS? spectrum of
S881 to identify ions that contained the sulfate modification. This comparison yielded a series
of sulfate—containing ions differing by 68 mass units at m/z = 299, 367, 435, 503, and 571
(Figure 2A). MS3 of the sulfate—containing MS? dissociation ions yielded [M—68n]~
dissociation ions. Taken together with the elemental compositions of the MS? ions obtained
on the FT-ICR MS (Table S2), these data indicate that the sulfate—containing dissociation ions
of S881 derive from a structure of a sulfate residue attached to a chain of hydrocarbons with
a repeating unit of CsHg.

This type of dissociation is consistent with that of a polyisoprenoid chain, which typically
dissociates via random allylic cleavage between the individual isoprene units in the chain
(16). While mycobacteria contain many polyisoprenoid—derived molecules (17,18), a key
mycobacterial polyisoprene—derived compound with a high degree of unsaturation is
dihydromenaquinone-9 (MK-9(H,)) (19). MK-9(H,) consists of a 2-methyl-1,4—
napthoquinone moiety alpha-linked to a chain of nine polyisoprene units, however the second
isoprene unit from the napthoquinone is saturated. MK—9(H,) is the most abundant quinone
in mycobacteria (19). Interestingly, there is no evidence that mycobacteria produce ubiquinone
(19) indicating that menaquinone is the sole quinol electron carrier in the mycobacterial
respiratory chain.

MSn" of S881 Structural Analogs

Given the high degree of unsaturation of S881 and its MS" dissociation pattern suggesting a
polyisoprenoid structure, we sought to determine if S881 is a sulfated derivative of MK-9
(Hy) (Figure 2B). FT-ICR MS" was performed on the menaquinone vitamin K1 (Figure 3A)
using negative ion mode detection for comparison with the MS?2 spectrum of S881. The MS?2
spectrum of vitamin K1 revealed ions at m/z = 185 and 223 (Figure 3B), which are consistent
with the characteristic dissociation ions at m/z = 187 and 225 observed in the positive mode
MS?2 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 alpha—linked to the napthoquinone moiety (Figure 3, panel
A and B). These ions are also present in the MS? spectrum of S881 (Figure 3C), clearly
supporting a structure containing a napthoquinone moiety.

To confirm the proposed position of the sulfate residue on S881 (Figure 2B), we synthesized
a geranyl sulfate derivative to compare its dissociation pattern with that of S881 (Figure 4A).
The MS2 spectrum of geranyl sulfate yields the expected dissociation ion at m/z = 97
corresponding to HSO,4~, as well as an ion at m/z = 231 also present in the MS? spectrum of
S881 (Figure 4B). Conspicuously absent from this spectrum was the expected dissociation ion
at m/z = 163 observed in the MS? spectrum of S881 (Figure 1A). We reasoned that during the
MS? experiment, dissociation is preferred at the ester bond rather than at the carbon—carbon
bond between the two isoprene units (Figure 4A). Consistent with this reasoning, MS3 of the
m/z = 231 dissociation ion from gerany| sulfate yielded an ion at m/z = 164 (Figure 4C), which
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is also present in the MS3 spectrum of the m/z = 299 dissociation ion of S881 (Figure 4D).
Taken together, these data show that S881 is a sulfated derivative of MK-9(H,) (Figure 2B).

To our knowledge, our proposed structure of S881 is unique to M. tuberculosis and represents
a novel modification to the common quinone scaffolds. Also, this structure is distinct from
previously characterized mycobacterial sulfated metabolites, including 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 reported
in the thermophilic bacteria Hydrogenobacter thermophilus (22) and Caldariella acidophila
(19), however these quinones contain reduced sulfur in the napthoquinone moiety, as opposed
to a sulfate modification on the terminal end of the polyisoprenoid chain.

Our elucidation of the chemical structure of S881 will allow us to further probe its biosynthesis.
We postulate that S881 is synthesized from MK-9(H,), however this biosynthesis requires at
least two steps: oxidation at the terminal position of the polyisoprenoid chain, and sulfation of
the resulting hydroxyl moiety. Previously, we provided evidence 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
directly 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(H,), thereby allowing sulfation of the resulting hydroxyl
moiety by Stf3. Characterization 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 bacterium and
its role as a negative regulator of virulence, poses many questions regarding a molecular
function for the metabolite. The location of S881 in the outer leaflet of M. tuberculosis allows
it to interact with host immune cells and modulate the immune response. Disrupting S881
biosynthesis could disrupt the balance M. tuberculosis has with host immune cells, resulting
in a lessened immune response. Alternatively, the presence of an allylic sulfate group in S881
suggests that the compound could be an activated intermediate on a pathway to a yet unknown
compound, since the sulfate moiety could easily 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 mycobacterial respiratory chain (24,
25), little is known about the regulation of quinone availability in M. tuberculosis. S881 could
be an intermediate in a mechanism of non-transcriptional regulation of quinone availability.
The conversion of MK-9(H>) to S881 and its subsequent secretion could disrupt the redox
balance of the respiratory chain, possibly slowing the respiratory capacity of the cell.

In conclusion, we have successfully characterized the structure of the M. tuberculosis
metabolite S881 as a sulfated derivative of MK—9(H>). The structure of S881 represents a novel
class of metabolites, and broadens our general understanding of prokaryotic sulfated molecules.
Further insight into its mechanism of action will aid our understanding of its contribution to
the virulence and life cycle of M. tuberculosis.

S881 Extraction From M. tuberculosis Cells

Approximately five grams of M. tuberculosis H37Rv cells (Colorado State University) were
extracted in 100 ml CHCl3: MeOH (1:1, v/v) at room temperature for 2 hours. The organic
layer was filtered 3 times by vacuum filtration. The filtrate was concentrated to dryness and
resuspended in 50 ml CHCI3. The CHCI3 was extracted with water (2 x 25 ml), and the water
layer was extracted with 50 ml CHCI3. The CHCl3 layers were combined, concentrated, and
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the lipid residue was weighed. 40 mg 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 pre—charged with CHCI3: 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 CHCI3: MeOH (4:1, v/v). Fractions were concentrated and stored at —20 °C
until MS analysis.

Synthesis of Geranyl Sulfate Analogue

The synthesis and characterization data for all synthetic analogs is provided in the supporting
information section.

Sample Preparation for MS Analysis

The S881 fractions were dried and resuspended in 1 ml of CHCI3: MeOH (2:1) for MS analysis.
Vitamin K1 was purchased from Fisher Scientific and was diluted with CHCI3: MeOH (2:1,

v/v) to a final concentration of 5 uM for MS analysis. Dry geranyl sulfate solid (Scheme S1,
IV) was diluted to a final concentration of 20 uM in CHCl3: MeOH (2:1, v/v).

ESI-FTICR MS

Mass spectra were obtained on an Apex Il FT-ICR MS (Bruker Daltonics) equipped with a 7
T actively—shielded superconducting magnet. Samples were introduced into the ion source via
directinjection atarate of 2 pul/min. lons were generated with an Apollo pneumatically—assisted
electrospray ionization source (Bruker Daltonics) operating in the negative ion mode, and were
accumulated in an rf-only external hexapole for 0.5-2 s before being transferred to the ICR
cell for mass analysis.

For MS", ions were isolated by a correlated harmonic excitation field isolation sweep, and
cleanup shots were used to eject ions not ejected from the initial sweep. Isolated ions were
collisionally activated via sustained off-resonance irradiation collision—induced dissociation
(SORI-CID) at 1.2 to 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 256k to 1M 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 calibrated with four to 12 known compounds.
DataAnalysis 3.4 (Bruker Daltonics) was used to determine elemental compositions.

ESI Linear—lon Trap MS

Mass spectra were obtained onan LTQ ion trap mass spectrometer (ThermoFinnigan) operating
in the negative ion mode. lons were introduced into the ion source via direct injection at a rate
of 5 pl/min. For MS" experiments, the precursor ions were isolated with an isolation width of
1-3 Da, the ions were activated with a 25% normalized collision energy for 100 ms, and the
g, value was maintained at 0.250. Spectra are an average of 40-100 scans, acquired using
Xcalibur, version 1.4 (ThermoFinnigan).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MS2 FT-ICR mass spectra of S881

lons 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. lons in red are sulfate—containing
dissociation ions (Table S2). A) The MS2 FT-ICR mass spectrum of S881. lons 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 to the
dissociation ions of the 325-S881.
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Figure 2. The LTQ ion-trap MS?2 spectrum of S881 indicates that it is a polyisoprenoid—derived
molecule

Values in red denote 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 MS" (Figure 1).
Two series of dissociation ions separated by 68 mass units are observed; one containing sulfate
and denoted by *, and another denoted by °. B) The proposed chemical structure of S881, with
observed dissociation ions.
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Figure 3. S881 contains a napthoquinone moiety

A) The chemical structure of Vitamin K1, and the m/z = 170-240 region of the FT-ICR
MS?2 spectrum of B) vitamin K1, and C) S881. Dissociation ions at m/z = 172, 185, 196, 223,
and 238 are consistent with dissociation of the isoprene unit alpha—linked to the napthoquinone
moiety, and are present in both spectra.
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Figure 4. S881 contains an allylic sulfoester

A) The chemical structure of the synthesized geranyl sulfate, B) The MS2 spectrum of geranyl
sulfate, C) the MS?2 spectrum of the m/z = 231 dissociation ion from geranyl sulfate, and D)
the MS? spectrum of the m/z = 299 dissociation ion from S881. The MS?2 spectra from both
molecules yield identical dissociation ions at m/z = 97, 164, and 231, corresponding to loss of
sulfate and the dissociation of the polyisoprenoid chain.
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