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Abstract

Lipoarabinomannan (LAM) is a lipoglycan found in abundant quantities in the cell envelope of all
mycobacteria. The non-reducing arabinan termini of LAM display species-specific structural
micro-heterogeneity that impacts the biological activity of the entire molecule. Mycobacterium
tuberculosis, for instance, produces mannoside caps made of one to three a-(1—2)-Mang-linked
residues that may be further substituted with an a.-(1—4)-linked methylthio-p-xylose (MTX)
residue. While the biological functions and catalytic steps leading to the formation of the
mannoside caps of M. tuberculosis LAM have been well established, the biosynthetic origin and
biological relevance of the MTX motif remain elusive. We here report on the discovery of a five-
gene cluster dedicated to the biosynthesis of the MTX capping motif of M. tuberculosis LAM, and
on the functional characterization of two glycosyltransferases, MtxS and MtxT, responsible,
respectively, for the production of decaprenyl-phospho-MTX (DP-MTX) and the transfer of MTX
from DP-MTX to the mannoside caps of LAM. Collectively, our NMR spectroscopic and mass
spectrometric analyses of mixSand mixT overexpressors and knock-out mutants support a
biosynthetic model wherein the conversion of 5" -methylthioadenosine, which is an ubiquitous
byproduct of spermidine biosynthesis, into 5"-methylthioribose-1-phosphate precedes the
formation of a 5"-methylthioribose nucleotide sugar, followed by the epimerization at C-3 of the
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ribose residue, and the transfer of MTX from the nucleotide sugar to decaprenyl-phosphate
yielding the substrate for transfer onto LAM. The conservation of the MTX biosynthetic genes in a
number of Actinomycetes suggests that this discrete glycosyl substituent may be more widespread
in prokaryotes than originally thought.

Keywords
Mycobacterium; tuberculosis; lipoarabinomannan; methylthioxylose

INTRODUCTION

The mycobacterial cell envelope is characterized by its high content of mannosylated
molecules. The mannosyl-phosphatidyl-myo-inositol-based glycolipids (PIMs) and
metabolically related lipoglycans comprising lipomannan (LM) and lipoarabinomannan
(LAM), in particular, are found in abundant quantities in the inner and outer membranes of
all mycobacterial species (1-2). The most common forms of LM and LAM share a linear a-
(1—6)-linked mannan backbone made up on average of 20-25 mannopyranose (Manp)
residues occasionally substituted at C-2 by single Manp units (3). The major LAM
glycoforms contain about 110 glycosyl residues (approximately 60 Arafand 50 Manp units)
and consist of a single p-arabinan chain attached to the a-(1—6) p-mannan backbone (4).
The arabinan polymer contains about 60 Arafunits and consists of a linear a-(1—"5)-linked
Arafbackbone punctuated with branched hexaarabinofuranosides (Arag) and linear
tetraarabinofuranosides (Ara,) (5). Succinate or lactate residues may substitute the C-2
position of some of the a-(3—5)-Arafinterior residues of the arabinan (6-7). Importantly,
the non-reducing arabinan termini of LAM display considerable species-specific structural
micro-heterogeneity that is key to the biological activity of the entire molecule (8-11). M.
tuberculosis and other pathogenic slow-growing mycobacteria (M. bovis, M. leprae, M.
avium, M. xenopi, M. marinum and M. kansasii), for instance, produce mannoside caps
made of one to three a-(1—2)-Manp-linked residues giving rise to mannosylated LAM
(referred to as ManLAM). Intriguingly, the mannoside caps of ManLAM of all M.
tuberculosis isolates analyzed to date may be further substituted with an a-(1—4)-linked
methylthio-p-xylose (MTX) residue [Fig. 1] (12-16). The same MTX motif apparently
substitutes the ManLAM of M. avium and M. kansasii although, in the latter species, its
attachment is to the mannan backbone rather than to the non-reducing termini of the
arabinan domain (8,15,17). MTX is a discrete motif that occurs at the level of one molecule
per entire molecule of ManLAM in M. tuberculosis (or one molecule for every five to six
mannose caps) (12,18). It is unusual in that it is one of the few reports of a xy/o-configured
sugar outside the plant kingdom and the first report of a thiosugar in a bacterial
polysaccharide (16). The biosynthetic origin of this motif is unknown although models have
been proposed (12,14,16).

The conservation of the MTX motif of ManLAM in M. tuberculosis and other pathogenic
mycobacteria and its exposure on the cell surface suggest that it may play a beneficial role to
the bacterium in host-pathogen interactions. Accordingly, /n7 vitro studies indicate that
disaccharide mimetics of the MTX capping motif of ManLAM downregulate cytokine
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production by activated human macrophages in culture (15) and that the MTX motif of
purified ManLAM may account for the anti-oxidative properties of the lipoglycan (18-19).
To what extent these properties impact the interactions of intact M. tuberculosis bacilli with
phagocytic cells and the immunopathogenesis of tuberculosis (TB) remains to be
determined.

With the goals of elucidating the biosynthetic pathway leading to the formation of the MTX
motif of ManLAM and of generating isogenic MTX-deficient M. tuberculosis mutants that
subsequently could be used to investigate the biological relevance of this motif in TB
infection, a combination of genetic and (bio)chemical approaches was here used to identify
the enzymes responsible for the synthesis and transfer of the MTX motif to the #Manp
residue of the mannoside caps of ManLAM.

RESULTS AND DISCUSSION

Identification of a gene cluster potentially involved in the biosynthesis of the MTX
substituent of ManLAM in M. tuberculosis

It has been postulated that the MTX motif was likely to be derived biosynthetically from 5" -
methylthioadenosine (MTA), which is a ubiquitous byproduct of spermidine biosynthesis
(12,15-16). MTA is toxic to the cells and is therefore rapidly converted to adenine and 5°-
methylthioribose-1-phosphate, which may be used in the purine and methionine salvage
pathways, respectively. Whereas this conversion is catalyzed by an MTA phosphorylase
(MTAP, E.C 2.4.2.28) in Eukarya, bacteria rely on the coupled action of an MTA
nucleosidase (MTAN, E.C 3.2.2.16) and a kinase. Mycobacterium smegmatis and M.
tuberculosis are unusual in apparently being endowed with both MTAN and MTAP enzymes
(20-21). Intriguingly, Rv0535 (pnp) which was enzymatically established to encode an MTA
phosphorylase in M. tuberculosis (21), lies in the genomes of the MTX-producing species
M. tuberculosis and M. avium in close vicinity to ORFs potentially encoding an NAD-
dependent nucleotide sugar epimerase (Rv0536), two glycosyltransferases (Rv0539 and
Rv0541c) and a protein with structural similarity to a wide range of enzymes that transfer
nucleotides onto phosphosugars (Rv0540) [Fig. 2]. Rv0539 (hereafter referred to as MtxS;
210 amino acid residues) is predicted to be an inverting GT-2 glycosyltransferase and
therefore shares significant sequence similarities with polyprenyl-monophosphosugar
synthases from M. tuberculosis, including the polyprenyl-monophosphomannose synthase
Ppm1 (Rv2051c; 33% identity and 49% similarity on a 214 amino acid overlap) and the
polyprenyl-monophospho-A-acetylgalactosaminyl synthase PpgS (Rv3631; 33% identity
and 47% similarity on a 115 amino acid overlap). Rv0541c (hereafter referred to as MtxT) is
predicted to be a GT-C superfamily glycosyltransferase dependent on decaprenyl-phosphate-
linked sugar donors rather than nucleotide-sugar donors (22). pnp and Rv0536 are likely to
be co-transcribed as would be mtxSand Rv0540. This cluster of genes was not found in M.
leprae, a species known to be devoid of the MTX motif on ManLAM (23). However, the five
genes are conserved in the genomes of M. kansasii, M. smegmatis, many other slow- and
fast-growing Mycobacterium species (M. avium complex species, M. vanbaalenii, M.
marinum, M. ulcerans, etc.), as well as a number of other Actinomycetes, particularly
Rhodococcus and Streptomyces [Fig. 2]. The conservation, syntenic arrangement and
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sequence similarities of these ORFs to genes involved in the detoxification of MTA and the
further processing of sugar residues was suggestive of their participation in the formation of
the MTX capping motif of ManLAM. Based on what is known of the biogenesis of
polysaccharides in mycobacteria in general (3), and that of the mannoside caps of ManLAM
and galactosamine substituent of arabinogalactan in particular (24-26), it is indeed
reasonable to assume that the formation of the MTX motif of ManLAM is topologically split
across the plasma membrane and proceeds through a three-step mechanism as shown in the
proposed biosynthetic model presented in Figure 3. The initial cytoplasmic enzymatic
reactions would lead to the formation of a 5" -methylthioribose (MTR) nucleotide sugar
followed by that of decaprenyl-phosphoryl-MTX (DP-MTX). DP-MTX would then be
translocated from the cytosolic to the periplasmic face of the plasma membrane by a
dedicated translocase, and the MTX motif finally transferred from DP-MTX to the ~Manp
residue of the mannoside caps of ManLAM by a lipid-linked sugar-dependent
glycosytransferase (3,22). Although the epimerization at C-3 of the ribose residue leading to
the xy/o-configured sugar donor may occur at different stages of the pathway, i.e., directly
on MTA as has been reported in the nudibranch mollusk Doris verrucosa (27), at the level of
5 -methylthioribose-1-phosphate or at that of the nucleotide- or decaprenyl-phosphate-linked
sugar donors, the sequence similarity that Rv0536 shares with nucleotide sugar epimerases
suggests that the reactions leading to DP-MTX from MTA follow the sequential order
presented in Fig. 3.

The genetic inactivation of mtxS and mtxT abolishes the synthesis of the MTX motif of
ManLAM in M. tuberculosis

To investigate the putative involvement of the glycosyltransferases MtxS and MtxT in the
formation of the MTX motif of ManLAM, the genes encoding these enzymes were disrupted
by allelic replacement in M. tuberculosis H37Rv [Fig. 4]. The two mutants displayed wild-
type (WT) morphotypes and grew similarly to their M. tuberculosis H37Rv parent strain on
agar plates (data not shown). Genetic complementation was achieved by transforming the
mixT knock-out mutant with pMVVGH1mix T, and the mixS mutant with both
PMVGH1mixSand pMVGH1[mixS-Rv0540 since the operon-like structure of mixS-
Rv0540 raised concerns of a polar effect of the inactivation of m£xS on the expression of
RV0540.

ManLAM was prepared from the WT, mutant and complemented mutant strains and
analyzed for the presence of MTX motif by NMR spectroscopy (12-13). H-1 signals
corresponding to 5" -methylthiopentose at & 5.21 and corresponding oxidation products (5 -
methylsulfoxypentose) at 6 5.25 and & 5.27 were observed in the anomeric region of the 1-
D 1H NMR spectrum of the WT strain. The corresponding complete spin systems were
further identified in the TOCSY spectrum [Fig. 5]. Indicative of the involvement of MtxS
and MtxT in the synthesis of the MTX motif of ManLAM, these correlations were not
observed in the mtxSand mixT knock-out mutants [Fig. 5]. They were, however, restored in
the complemented mix T mutant [Fig. 5]. Perhaps due to the insufficient level of expression
of mitxSand mixS-Rv0540from the pMVGH1 plasmid in M. tuberculosis, attempts to
complement H37RvAmixS with either one of these plasmids have thus far failed to restore
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the synthesis of the MTX motif of ManLAM to detectable levels in this mutant
[Supplementary Figure 1].

Effect of inactivating mtxT on the DP-MTX content of M. tuberculosis cells

To further investigate the reason for the absence of MTX motif on the ManLAM of the M.
tuberculosis mixS and mixT mutants, we next sought to determine whether these two genes
were involved in the synthesis or utilization of DP-MTX, the likely sugar donor used in the
periplasmic transfer of MTX onto the mannoside caps of ManLAM. To this end, an LC/MS
method allowing for the detection of DP-MTX in intact mycobacterial cells was first
developed and applied to the analysis of the M. tuberculosis H37Rv WT, mutant and
complemented mutant strains. Figures 6a—i show the extracted ion chromatograms and mass
spectra for the [M-H]™ ion of various decaprenyl-phosphoryl-sugars. The analysis was
complicated by the fact that DP-MTX and decaprenyl-phosphoryl-mannose (DPM) have
almost the same molecular weight (/m/2939.6307 for DP-MTX and m/z939.6484 for DPM).
Thus, both species appear on the extracted ion chromatographs. DP-MTX and DPM,
however, separate by HPLC [Fig. 6b] and their difference in mass can be seen on the mass
spectra [Fig. 6g and 6h]. The presence of a deprotonated ion typifying DP-MTX could not
be detected in the M. tuberculosis WT parent strain [Fig. 6a], the mixS knock-out mutant or
the mitxS knock-out complemented with mitxS-Rv0540 [Supplementary Figure 2]. In sharp
contrast, the mtx T knock-out mutant showed a clear accumulation of DP-MTX [Fig. 6b] and
an oxidized form of DP-MTX, decaprenyl-phosphoryl-methylsulfoxyxylose (referred to as
DP-MSX), with a deprotonated ion at /7/z955.6256 [Fig. 6e]. The build-up of DP-MTX and
DP-MSX in H37RvAmtxT was partially reverted upon complementation with
PMVGH1mixT [Fig. 6¢ and 6f]. In line with the biosynthetic model proposed in Figure 3,
the results of these analyses thus support the hypothesis that DP-MTX serves as a substrate
for MtxT in the transfer of MTX to ManLAM.

To confirm the structures of DP-MTX and DP-MSX, their corresponding precursor ions at
m/z939.6307 and 1m/z955.6256 were selected and analyzed by LC-MS/MS in the negative
mode with a collision energy of 65 V. Figures 7a and 7b display the mass spectra of
fragment ions obtained for DP-MTX and DP-MSX and, for comparative purposes, Fig. 7c
and 7d display the fragmentation patterns of decaprenyl-phosphoryl-arabinose (DPA) and
DPM, respectively. All decaprenyl-phosphoryl-sugar spectra present characteristic fragment
ions at m/z777.59 and 819.60 (28-29). The fragment ion at m/z 777.59 arises from the
cleavage of the glycosidic bond as shown in Fig. 7a—d. Similarly, the fragment ion at m/z
819.60 corresponds to the cross-ring cleavage of their glycosy| residues between the ring
oxygen and C-1 and between C-2 and C-3 as shown in Fig. 7a—d. The finding of these two
ions in DP-MTX and DP-MSX [Fig. 7a—b] is thus consistent with these products being
decaprenyl-phosphoryl-sugars. The resulting decaprenyl-phosphate ion at /7/z777.59 (DP-
MTX) further fragments and yields a sequential loss of isoprene units with /m/z165.03,
233.10, 301.16. In a similar fashion, two fragment ions separated by 68 mass units
containing isoprene phosphate at /7/z 164.02 and 232.08 were present on the DP-MSX
spectrum. Most importantly, the cleavage between the oxygen of the phosphate group and
the polyisoprene unit (with a hydrogen transfer) shows the molecular weight of the glycosyl
residue, as seen at /7/2258.99 for DP-MTX and at /m/z 274.99 for DP-MSX. Fragments
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containing the glycosyl residue for DP-MTX are further seen at /2 325.05, 325.06, 394.12
and 461.18 [Fig. 7a], and at /m/z341.04 and 342.05 for DP-MSX [Fig. 7b]. Additionally,
ions typifying the loss of the sulfur substituent are seen for both DP-MTX and DP-MSX
(diagnostic ions at m/z279.06) [Fig. 7a—b]. The MS/MS results are therefore consistent with
the proposed structures.

In further support of the identity of DP-MTX and DP-MSX with formula CsgHg30-PS and
CsgHg30gPS, respectively, is the isotopic distribution of the [M-H]™ ion observed in the ESI-
TOF mass spectra. Compounds containing sulfur exhibit a characteristic isotopic distribution
with a greater relative intensity at the M+2 ion than compounds without S, due to the
relatively high natural abundance of 34S (4.2 %) (30). The modeled isotopic distribution for
Cs6Hg207PS ([M-H]") predicts the M+2 ion at m/z941.6353 at a relative intensity of

25.2 %, whereas the modeled isotopic distribution of DPM, with formula CggHgoOgP ([M-
H]™) predicts the relative intensity of the M+2 ion at 20.7 %. The difference of 4.5 % is
explained by the combined number of molecules containing 34S instead of 32S, plus minor
contributions from 180, 2H and 13C,. Similarly, the predicted relative intensity of the M+2
ion for DP-MSX ([M-H]") at m/z957.6302 is 25.5 %. The good fit of the formula
CsgHgp07PS for DP-MTX ([M-H]™) and CsgHgpOgPS for DP-MSX ([M-H]") with expected
and observed isotopic distributions is illustrated with the overlaid modeled and observed
data in the mass spectra [Supplementary Figure 3].

Effect of overexpressing mtxS on the DP-MTX content of M. smegmatis

The absence of detectable amounts of DP-MTX in M. tuberculosis H37TRv WT making a
direct comparison of the DP-MTX content of the WT and mixS knock-out uninformative
[Supplementary Figure 2], we set out to overexpress mixSto gain further insights into the
function of this gene. M. smegmatis rather than M. tuberculosis was used as a model
organism in these experiments because greater levels of expression of mtxS were achieved in
this species [Fig. 8a] and the presence of DP-MTX in WT M. smegmatis cells [Fig. 8b]
indicated that the four genes required for the synthesis of DP-MTX from MTA [Fig. 2 and
Fig. 3] are functional in this species. Overexpression of the M. tuberculosis mitxS gene from
pPMVGH1mexSin M. smegmatis consistently resulted in a 1.4-fold increase in the
production of DP-MTX in the cells [Fig. 8b—c]. This effect was even more pronounced in an
M. smegmatis recombinant strain co-expressing /mtxS and the putative 5 -
methylthioribose-1-phosphate nucleotidyl transferase gene (Rv0540) from pMVGH1[mixS-
Rv0540] indicating that the formation of NDP-MTR may be a rate-limiting step in the
pathway. The amount of DP-MTX and DP-MSX detected in the membranes of this
overexpressor was about 2.1-fold that measured in the membranes of the M. smegmatis
control strain, MsmglpMVGHL1 [Fig. 8b—c]. Collectively, the build-up of DP-MTX in M.
Ssmegmatis strains overexpressing mixsS, the sequence resemblance that MtxS shares with
other polyprenyl-monophosphosugar synthases from M. fuberculosis, and the fact that
disrupting mixS abolishes the formation of the MTX motif of ManLAM strongly support
MtxS as the DP-MTX synthase of the pathway.
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CONCLUSIONS

Altogether, our genetic and biochemical data validate the hypothesis that the MTX motif of
M. tuberculosis ManLAM arises from a byproduct of spermidine biosynthesis and indicate
that the formation and transfer of this motif proceeds through the overall biosynthetic
scheme depicted in Fig. 3. The processes involved in the covalent modification of ManLAM
with this unique thiosugar bear obvious resemblance to that responsible for the formation of
the galactosaminyl substituent of arabinogalactan wherein a polyprenyl-phospho-A-acetyl
galactosamine synthase encoded by PpgS (homologous to MtxS) generates the lipid-linked
sugar donor used by Rv3779 (homologous to MtxT) for transfer onto arabinogalactan on the
periplasmic side of the plasma membrane (26). Despite these significant advances in our
understanding of the origin of the MTX motif, a number of outstanding questions about its
synthesis and transfer to ManLAM remain. Among them is the identity of the translocase
involved in the translocation of DP-MTX from the cytoplasmic to the periplasmic side of the
inner membrane and the precise nature of the nucleotide-MTX donor used by MtxS in the
formation of DP-MTX, whether UDP-MTX, GDP-MTX or otherwise.

The conservation of the core five genes of the pathway (orp, Rv0536, mitxS, Rv0540 and
mitxT) in slow- and fast-growing Mycobacterium species, including M. smegmatis mc2155
in which no MTX motif has yet been reported, as well as a number of other Actinomycetes
suggests that the MTX motif, may be more widespread than previously appreciated.
Whether the MTX motif may substitute other molecules than LM- and LAM-like
polysaccharides, including glycoproteins and secondary metabolites, remains to be
determined. This finding also brings into question the putative biological significance of this
motif. The important impact that discrete glycosyl substituents have on the biological
activities of bacterial lipopolysaccharides and teichoic acids, and the interactions of bacterial
pathogens with their host is well documented (31-33). The restricted distribution of the
MTX motif of ManLAM to pathogenic Mycobacterium species, its conservation in all M.
tuberculosis isolates analyzed to date and exposure on the cell surface all point to an
important role in immunopathogenesis. The MTX-deficient M. tuberculosis mutants
generated in the course of this work open the way to host-pathogen interaction studies aimed
at testing this hypothesis.

METHODS

Bacterial strains and growth conditions

M. tuberculosis H37TRv ATCC 25618 was grown at 37°C in Glycerol-Alanine-Salts (GAS)
medium, Middlebrook 7H9 medium supplemented with 10% oleic acid-albumin-dextrose-
catalase (OADC, BD Sciences) and 0.05% Tween 80, or Middlebrook 7H11 agar
supplemented with 10% OADC. M. smegmatis mc2155 was grown at 37°C in Luria Bertani
(LB) medium (Difco). Kanamycin (Kan) and hygromycin (Hyg) were added to final
concentrations of 25 ug mL~1 and 50 ug mL™1, respectively.
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Generation of M. tuberculosis knock-out and complemented knock-out mutants

The mtxS gene and flanking regions were PCR-amplified from M. tuberculosis H37Rv
genomic DNA using primers Rv0539.1 (5’-gatacttctagatcgctcggegecgttgagec-3’) and
Rv0539.2 (5’-gatacttctagagatccggctgcecatctgetge-3’) and a disrupted allele, mixS::kan, was
obtained by inserting the 77903 kanamycin resistance cassette at the Ncol restriction site of
mixS. mixS..kan was then cloned in the Xbal-cut pPR27-xy/E, yielding pPR27 mtxSKX.
The mixT gene and flanking regions were PCR-amplified using primers Rv0541c.1 (5’-
gatacttctagagcagctggctgttggetgtge-3”) and Rv0541c.2 (5°-
gatacttctagagctggegtgtcgtcgaactcg-3’) and a disrupted allele, mixT:-kan, was obtained by
replacing 924 bp of the mixT ORF flanked between two Blpl restriction sites with the
kanamycin resistance gene from 7n903. mitxT..kanwas then cloned in the Xbal-cut pPR27-
xyIE, yielding pPR27 mtx TKX. The Ts/sacB method was used to achieve allelic replacement
at the Rv0539 (herein renamed mixS) and Rv0541c (herein renamed mixT) loci of M.
tuberculosis H37Rv (34). Allelic replacement at the mixSand mixT chromosomal loci was
verified by PCR using upstream and downstream primers located outside the allelic
exchange substrates.

For complementation studies and expression in M. smegmatis, the entire coding sequences
of mixSand mixTwere PCR-amplified from M. tuberculosis H37Rv genomic DNA and
cloned into the replicative expression plasmid pMVGH1 (35), yielding pMVGH1mixS and
pMVGH1mixT, respectively. pMVGH1[ mixS-Rv0540] was generated by amplifying the
mixS and Rv0540 genes together and cloning the resulting PCR fragment in the same
expression plasmid. These constructs allow for the constitutive expression of C-terminally
hexahistidine-tagged MtxS, MtxT or Rv0540 proteins under control of the Asp60 promoter.
Primer sequences for these constructs are available upon request.

Lipid and lipoglycan extraction

Total lipid and lipoglycan extractions and LAM purification from mycobacterial cells
followed earlier procedures (25).

Analytical procedures

LC-MS analyses were conducted on an Agilent 1200 binary pump liquid chromatograph
(Agilent technologies/ Palo Alto, CA), using a 2.1 inner diameter x 150 mm, 3.5 um
XBridge reverse phase C18 column (Waters) heated to 45 °C as described (36). Decaprenyl
phosphoryl-sugars were detected using an Agilent 6220A time-of-flight (TOF) mass
spectrometer equipped with an electrospray ionization/atmospheric pressure chemical
ionization (ESI/APCI), and a multimode source operated in the negative ion mode. Mass
spectra were acquired at a rate of 1.02 spectra/second from m/z 250 to 3,200 Da and the data
collected analyzed using the Mass Hunter software (Agilent).

Modeled isotopic distributions for DP-MTX and DP-MSX were calculated, overlaid with
observed data, and visualized with the Isotope Distribution Calculator (Agilent MassHunter
Workstation Data Analysis Core Version 4.0.479.0).

ACS Chem Biol. Author manuscript; available in PMC 2018 March 17.
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LC-MS/MS analyses were performed on an Agilent binary pump G4220A LC using a 2.1 x
100 mm, 2.6 um Agilent Poroshell 120 EC-C18 column heated to 40 °C. Five uL of total
lipid extracts were injected with an autosampler and separated at a flow rate of 0.3 mL
min~1 as described (36). Decaprenyl phosphoryl-sugars were detected using an Agilent 6530
QTOF mass spectrometer equipped with electrospray ionization and a Jet Stream source
operated in the negative ion mode. Precursor ions /m/z909.6379 (DPA), m/z939.6307 (DP-
MTX), miz 939.6484 (DPM) and /m/z955.6256 (DP-MSX) were selected and fragmented
using a collision energy setting of 65 V. Mass spectra were acquired at a rate of 1.0
spectrum/second from /m/z 100 to 1,700 Da and the data collected analyzed using the Mass
Hunter software (Agilent).

NMR spectra were recorded at 315 K on a Bruker Avance 600 MHz spectrometer equipped
with a cryogenic probe TCi (Bruker Biospin, Germany). Purified ManLAM samples were
exchanged in D,O (D, 99.97 % from Euriso-top, Saint-Aubin, France), with intermediate
lyophilization, and then dissolved in 0.5 mL DMSO (D, 99.96 % from Euriso-top, Saint-
Aubin, France). Samples were analyzed in a 200 x 5 mm UL-5 NMR tube (Euriso-Top).
Proton chemical shifts are expressed in part per million (ppm) and referenced relative to
internal DMSO at 2.52 ppm. All 2D NMR data sets were recorded without sample
spinning. 1H-1H correlation spectra were acquired in the echo/antiecho-TPPI gradient
selection mode (512 data points) using the “mlevetgp” sequence from the Topspin v2.1
software (Bruker Biospin).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representation of the non-reducing arabinan termini of M. tuberculosis ManLAM
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Figure 2. Representation of the MTX gene cluster in M. tuberculosis and other Actinomycetes
Mitb H37Rv, Mycobacterium tuberculosis strain H37Rv; Mav 104, Mycobacterium avium

strain 104; Msmg, Mycobacterium smegmatis mc2155; Rho RHAL, Rhodococcus sp.
RHAL; Sav, Streptomyces avermitilis MA-4680. Similarly colored genes are orthologs.
White genes are thought to be unrelated to the MTX biosynthetic pathway. Genes are not
drawn to scale. Pnp, MTA phosphorylase; GalE3, putative NAD-dependent 5”-
methylthioribose-nucleotide-3-epimerase; MtxS, decaprenyl-phosphoryl-MTX synthase;
Rv0540 (and orthologs, MAV4604, SMG0996, ro04258, SAV4572), nucleotide-5"-
methylthioribose synthase; MtxT, MTX-transferase. The prip gene of S. avermitilis
(SAV3679) is found in a different region of the genome. Rv0537¢c and MAV4608 display
sequence similarities with the 5"-methylthioribose-1-phosphate isomerase from Bacillus
licheniformis and are likely to be involved in the methionine salvage pathway. Rv0538
encodes a conserved membrane protein; orthologs of this gene are lacking in the MTX
clusters of M. avium, M. smegmatis, S. avermitilis and Rhodococcus RHAL.
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Figure 3. Proposed biosynthetic pathway for the formation of the MTX motif of ManLAM in M.
tuberculosis

The proposed catalytic steps leading to the synthesis of the MTX motif and its transfer onto
the mannoside caps of M. tuberculosis ManLAM are represented. The identity of the
translocase involved in the translocation of DP-MTX from the cytoplasmic to the
periplasmic side of the inner membrane and the precise nature of the nucleotide-MTX donor
used by MtxS in the formation of DP-MTX are not known.
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Figure 4. Allelic replacement at the mtxS and mtxT glycosyltransferase loci of M. tuberculosis
H37Rv

Allelic replacement at the mixSand mixT loci of M. tuberculosis H37Rv was confirmed by
PCR using sets of primers (represented as arrowheads) located outside the allelic exchange
substrates. The WT 2,602 bp mixS fragment is replaced by a 3,852-bp fragment in the mixS
knock-out mutant due to the insertion of a 1.2 kb-kanamycin resistance cassette at the
unique Ncol restriction site of mixS. The WT 3,321 bp mixT fragment is replaced by a
3,647-bp fragment in the mixT knock-out mutant due to a 1.2 kb-kanamycin resistance
cassette replacing 924-bp of the mixT gene flanked between two BIpl restriction sites in
mixT.
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Figure 5. Expanded region of the 2D H-'H TOCSY spectrum in DMSO-d6 at 315 K of
ManLAM purified from M. tuberculosis H37Rv WT, the mtxS and mtxT knock-out mutants and

the complemented mtxT mutant strain

Coupling systems corresponding to 5 -methylsulfoxypentose and 5 -methylthiopentose
(labeled as MSX and MTX, respectively) are presented. Numerals correspond to the proton
number of the 5"-methylthiopentose and the 5"-methylsulfoxypentose units.
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Figure 6. Negative ion LC/MS of decaprenyl-phosphoryl-sugars from total lipids extracts of M.
tuberculosis H37Rv WT, the mtxT knock-out mutant and the complemented mtxT mutant strain

Panels (a—c) are the extracted ion chromatograms (EICs) of m/z939.6307 showing the
presence of DPM (actual [M-H]™ at mass 7/z 939.6484; see text for details) and the
presence or absence of DP-MTX in the different M. fuberculosis strains. The detection of
DP-MSX at m/z955.6256 as [M-H]™ ions are shown in the EICs presented in panels d—f.
The insets in the mass spectra shown in panels (g—i) show the possible structures and the
exact mass of the [M-H]™ ions of the decaprenyl-phosphoryl sugars detected.
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Figure 7. LC-MS/MS analysis of decaprenyl-phosphoryl sugars from total lipids extracts of the

M. tuberculosis H37Rv mtxT knock-out mutant

MS/MS spectra and proposed fragmentation patterns of DP-MTX (a), DP-MSX (b), DPA
(c) and DPM (d). The fragmented precursor [M-H]™ ions are identified with a diamond. The
details of the cleavages are discussed in the text. lons labeled with stars come from the
fragmentation of a contaminant ion with a mass close to the /2 value of 939.6307. For DP-

MTX and DPM, this ion is at /7/2939.4671.
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Figure 8. Effect of overexpressing mtxS and mtxS-Rv0540 on DP-MTX synthesis in M. smegmatis
(a) Immunoblot analysis of MtxS and Rv0540 produced in M. smegmatis. M. smegmatis

protein extracts prepared from mixSand mixS-Rv0540 overexpressing strains and a control
strain carrying an empty pMVGH1 plasmid were separated by SDS-PAGE, blotted onto a
nitrocellulose membrane, and the recombinant proteins (harboring an C-terminal His-tag)
were detected using a monoclonal anti-polyhistidine monoclonal antibody (mouse Ig2a
isotype; Sigma) as the first antibody and an anti-mouse IgG-alkaline phosphatase-conjugated
antibody as the secondary antibody. Immune complexes were detected by monitoring
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alkaline phosphatase activity using NBT/BCIP (Thermo Scientific). The expected size of the
recombinant Rv0540 protein is about 22.9 kDa; that of the recombinant MtxS protein is
about 22.4 kDa; this protein consistently migrates with an apparent higher molecular weight,
possibly due to its association with the membrane. A possible dimer of MtxS is also seen
around 50 kDa.

(b) Negative ion LC/MS of DPM and DP-MTX from total lipids extracts of the M.
smegmatis control strain (Msmg/lpMVGH1) and the mitxSand mixS-Rv0540 overexpressors.
Decaprenyl-phosphoryl sugars were analyzed as described in Fig. 6.

(c) Relative amounts of DP-MTX and its sulfoxide form, DP-MSX, in the membranes of the
M. smegmatis control strain, Msmg/pMVGHL1, the mixS overexpressor and the mixS-
Rv0540 overexpressor. The amounts of DP-MTX and DP-MSX relative to DPM were
determined and the averages and standard deviations of two independent membrane
preparations for each strain are shown. Statistical comparison (Student’s #test) between
control and overexpressing strains: ** p< 0.010; * p< 0.05.
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