San Diego on 01 September 2012

Published on 10 May 2012 on http://pubs.rsc.org | doi:10.1039/C20B25630D

Downloaded by University of California-

View Online / Journal Homepage / Table of Contentsfor thisissue

Organic &
Biomolecular
Chemistry

This article is part of the

OBC 10t anniversary
themed issue

All articles in this issue will be gathered together
online at

www.rsc.org/OBC10



http://dx.doi.org/10.1039/c2ob25630d
http://pubs.rsc.org/en/journals/journal/OB
http://pubs.rsc.org/en/journals/journal/OB?issueid=OB010030

Downloaded by University of California- San Diego on 01 September 2012
Published on 10 May 2012 on http://pubs.rsc.org | doi:10.1039/C20B25630D

Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem., 2012, 10, 5698

WWW.rsc.org/obc

Dynamic Article Links °

View Online

PERSPECTIVE

Methylthioxylose — a jewel in the mycobacterial crown?+
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Ten years ago an unusual sugar was discovered in a cell wall polysaccharide of Mycobacterium
tuberculosis. Structural elucidation revealed the presence of the first thiosugar in a bacterial
polysaccharide. Synthetic studies have helped to define its relative and absolute configuration as
o-p-methylthioxylofuranosyl. While its biosynthetic origins remain the subject of speculation, work has

begun to define its possible biological roles.

Introduction

Mycobacterium tuberculosis (Mtb) is the pathogen responsible
for tuberculosis (TB), a lung disease that affected around
9 million people and led to 1.5 million deaths in 2010." Once
inhaled, the bacterium enters alveolar macrophage cells, whose
purpose is to identify and destroy invading pathogens. However,
Mtb can survive the challenging environment within macrophage
cells on account of the bacterium having a very robust cell wall
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formed of complex glycolipids.>™* The mycolylarabinogalactan
complex provides Mtb with a waxy and impermeable layer that
restricts small molecules from entering the bacterium.” The
lipoarabinomannan (LAM) glycolipid facilitates the bacterium’s
entry into macrophage cells, by binding to the macrophage
mannose receptor,’ and then down-regulates the immune
response by affecting cytokine production in the macrophage.’
Considering the biological importance of the cell wall polysac-
charides, it is not surprising that most front-line anti-tuberculosis
drugs target enzymes in cell wall biosynthesis.®* ' As multi-drug
resistant strains of Mtb have appeared over recent decades,
research into cell wall structure and biosynthesis has intensified.
Ten years ago one such study led to the unexpected discovery of
a novel thiosugar attached to LAM."" This Perspective article
will focus on the discovery and structural elucidation of this
unusual monosaccharide, and outline the current thinking on its
biosynthesis and biological role.
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Lipoarabinomannan (LAM)

Lipoarabinomannan is a phosphatidylinositol-anchored glyco-
lipid that is believed to be imbedded in both the bacterium’s
inner and outer membranes.”'*'? Attached to the inositol ring is
an extended o(1—6)-linked mannosyl core, that is substituted at
the 2-position with single o-mannosyl residues (Fig. 1). Emanat-
ing from the mannose core are one or more o(l—5)/o(1—3)
dendritic chains of arabinofuranose residues. These arabinan
chains are exposed on the surface of the bacterium where they
are thought to have a role in the immunopathogenesis of
tuberculosis. "

LAM is not unique to M. tuberculosis, as it is also found in
other mycobacterial species.'"* LAM is also found in other acti-
nomycetes, but the structure can be quite distinct from mycobac-
terial LAM.'>'® The structure of LAM also differs between
different mycobacteria; three different classes of LAM have been
found to date, which are defined by the capping structures
present at the ends of branches of the arabinan chains (Fig. 2).
ManLLAM has capping motifs of manno-oligosaccharide units
and is commonly found in slow growing mycobacteria, includ-
ing Mtb. ManLAM has also been found in M. bovis, M. avium
and M. leprae."”'® The main differences between the LAM in
these mycobacteria is the amount of mannose capping, which
can also vary between different strains of the mycobacterium
species in question.'* M. leprae averages only one mannose cap
motif per molecule of LAM, while M. avium can have up to
10 motifs per molecule; some strains have nearly equal numbers
of monomannosyl and dimannosyl caps, while in others, only
single mannosyl residues are found.'® Mtb ManLAM is capped
with on average seven to nine mannose capping motifs per LAM
molecule, the most abundant being dimannosyl caps.'® No corre-
lation has been found between the amount of capping and the
virulence of the strains of mycobacteria, however differences
observed in the amount of capping could arise from how the
cells were grown i.e. in vivo or in vitro."*

The second and third types of LAM are known as PILAM and
AraLAM. In PILAM the arabinan chains are capped with
phospho-myo-inositol. Two types of mycobacteria are so far
known to this type of capping motif, M. smegmatis and M.
fortuitum,'*° both being fast growing mycobacteria. The LAM
in these mycobacteria typically have only one phosphoinositide
cap per molecule of LAM. AraLAM is devoid of any capping
motifs on its terminal arabinose residues.

Discovery of methylthiopentose in LAM

Structural studies on mycobacterial polysaccharides are very
challenging. Slow growing mycobacteria such as Mtb may take
weeks to propagate sufficient cells for the experiments.'® The
lipopolysaccharides must then be extracted from the cells in a
multi-step procedure, and then subjected to reversed phase and/
or gel filtration chromatography which provides the purified
material in limited quantities.'"'"® Unlike bacterial proteins
which would be homogeneous in structure, polysaccharides still
display microheterogeneity in which each molecule will have
different numbers of each type of monosaccharide. While NMR
spectroscopy studies are frequently performed on the intact lipo-
polysaccharides, partial degradation of the polysaccharide with
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Fig. 1 Representative structure for lipoarabinomannan (LAM) based
on the typical carbohydrate composition of Mtb ManLAM.

specific glycosidases is often used to prepare smaller fragments
that are amenable to mass spectrometry. These further manipula-
tions provide valuable structural information, but also lead to
even smaller quantities of material which may be contaminated
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with the glycosidase enzymes used
procedures.

In order to enhance the sensitivity of 'H-'">C-HSQC (hetero-
nuclear single-quantum coherence) NMR experiments, Treu-
mann et al. chose to prepare samples of Mtb LAM that were
enriched in '*C, by culturing the bacteria in the presence of '>C-
enriched glucose.!! This strategy also allowed the researchers to
employ more sophisticated NMR experiments that are more com-
monly used in protein NMR studies such as HCCH-TOCSY
(total correlation spectroscopy in which the magnetisation is
transferred through the carbon backbone from one proton to
another).?!

in the degradation

AraLAM R =0OH
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Using these techniques, Treumann et al. were able to assign
most of the anomeric 'H-"3C signals to the known mannosyl and
arabinosyl components of LAM." However, there were
additional signals present around 5.40-5.45 ppm that could not
be attributed to either mannose or arabinose sugars (Fig. 3).
HCCH-TOCSY experiments revealed that these peaks were part
of three coupling systems that had features similar to pentofura-
nose systems; however, the C-5 and H-5 signals were shifted sig-
nificantly up-field indicating that C-5 was bonded to an element
other than oxygen.

The "*C-enriched LAM was digested with an endo-arabina-
nase enzyme that can cleave o(1—5)-linkages within the arabi-
nan chains to produce disaccharide fragments. Separation of the
resulting fragments, and analysis by NMR spectroscopy revealed
that the novel substituents were situated somewhere in the outer
arabinan chains of LAM, but not present in its mannan core. The
same digestion process was used on unlabelled LAM for mass
spectrometry (MS) analysis. Fragmentation of molecular ions at
m/z 1049 (M + H) and 1071 (M + Na) indicated that the novel
sugar had a mass of 196 Da and could lose a 64 Da fragment
that is indicative of methylsulfinyl substituent. High resolution
FTICR-MS confirmed the presence of sulfur in the novel sugar.
It was proposed that the ions corresponded to a 5-deoxy-5-
methylsulfinyl-pentofuranose (MSP) attached to a Man,Ara,
fragment of LAM (Fig. 4). As the sulfoxide could exist as a pair
of diastereoisomers, such a structure is consistent with the NMR
spectra for the substituents with anomeric protons at 5.44 and
5.45 ppm. The other sugar (H-1 = 5.40 ppm) could thus be the
analogous methylthiopentose (MTP). As the MSP-Man,Ara,
oligosaccharide proved to be resistant to digestion by Jack Bean
o-mannosidase, the location of MSP/MTP was confirmed as
being on the terminal mannosyl residue. Treumann et al. thus
concluded that MTP/MSP was a novel capping structure in Mtb
LAM, typically appearing on only one mannosyl cap per LAM

Fig. 2 Capping motifs found in AraLAM, ManLAM and PILAM. molecule. While MTP/MSP were initially identified in the
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Fig. 3 HCCH-TOCSY and 'H-"3C-HSQC spectra for Mtb ManLAM showing the position of the MTP and MSP resonances.
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M. tuberculosis H37Ra strain, it has subsequently been identified
in several other laboratory strains and clinical isolates, e.g.,
H37Rv, CSU20 and MT103.!"?> MTP/MSP was also identified
in opportunistic pathogen M. kansasii, but in this case Guérardel
et al., concluded that the MTP/MSP residue was attached to

the mannose core of both LAM and lipomannan.

Synthetic approaches for the structural elucidation of MTP-Man

While the NMR and MS experiments were effective in identify-
ing the presence of the MTP/MSP substituents, they were unable
to determine either the configuration of the sugar, or the position
of its linkage to the underlying mannose residue. Pyranose rings
often have very distinctive patterns of coupling constants,

however, the more flexible furanose rings are much more
26

difficult to distinguish by coupling constants alone.>*
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There are four distinct aldopentose sugars (arabinose, lyxose,
ribose and xylose), each of which can exist as either p- or
L-entantiomers. In the furanose ring form, an additional stereo-
centre is created at the anomeric carbon which can be either o-
or B-configured. Each sugar could then be attached at one of four

OH

( 'OH
\(

Fig. 4 MSP-Man,Ara, fragment detected by mass spectrometry.

positions on the terminal mannose residue, giving rise to 64
possible stereoisomers. In situations where NMR spectroscopic
analysis alone is unable to resolve different structures easily,
it can be useful to synthesise candidate compounds for compari-
son with the NMR data.?’

In an attempt to simplify this problem, Turnbull et al., chose
to synthesise the eight possible p-configured MTP isomers as
methyl glycosides.”® The HSQC spectrum of each MTP sugar
was compared with that for the naturally occurring LAM poly-
saccharide. Of these, only the o-xylo-configured compound 1
was a good match to the original LAM data (Fig. 5). Oxidation
of the o-xyloside 1 to form a 1:1 mixture of the sulfoxides 2
gave HSQC signals that similarly matched those for MSP. There-
fore, MTP and MSP were henceforth renamed methylthioxylose
(MTX) and methylsulfinylxylose (MSX).

A similar strategy was adopted by Joe et al., to determine
absolute configuration of MTX and its linkage position to the
underlying mannosyl residue.?® They were able to infer from the
HMBC data published by Treumann et al., that the MTX residue
was more likely to be attached to a secondary position on
the mannose residue. Therefore they elected to synthesise the six
possible b/L-MTX-p-Man disaccharides (Fig. 6). Their synthetic
strategy involved enantiomeric xylofuranosyl thioglycoside
donors bearing a tosyl group at C-5 3-p/3-L. which would allow
the methylthio group to be introduced late in the synthesis. They
were thus able to make each of the target disaccharides 4-6 for
comparison with the published NMR data. Only the p-confi-
gured MTX attached to C-4 of the mannose residue 6-p matched
the 'H and '*C NMR data for the natural polysaccharide.
This result was further confirmed by excellent correlation of
the MSX-o(1,4)Man-aOMe 7-p NMR data with those for
MSX-LAM.

While the synthetic strategy of Joe et al. was effective in
accessing all of their target disaccharides, the use of tosylated
glycosyl donor 3-p necessitated introduction of the methylthio
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Fig. 5 HCCH-TOCSY spectrum for Mtb ManLAM and 'H-'>C-HSQC spectra for xylo-configured MTP and MSP.
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Scheme 1 Bicyclic thioglycoside donor.

group as an additional step for each disaccharide produced.?’ An
alternative approach would be to include the methylthio group in
the glycosyl donor. However, we have found that a wide range
of glycosyl donors bearing the methylthio group are quite ineffi-
cient as glycosyl donors.’® A third strategy would be to intro-
duce the methylthio group during the glycosylation reaction. To
this end Stalford et al., synthesised a bicyclic thioglycoside
donor 8 in which the anomeric sulfur atom was also attached to
C-5 (Scheme 1).*' Upon methylation of the sulfur atom, the gly-
cosyl donor would be activated for reaction with an alcohol,
such that the leaving group would become the methylthio group
in the product. It was anticipated that the bicyclic sulfonium ion
intermediate 9 would also act as a participating group to direct
the incoming alcohol to the a-face of the sugar. While such strat-
egies have proved effective for pyranose sugars,>> > in this case
the bicyclic donor was found to be no more stereoselective than
the donor prepared by Joe et al.*® Although the bicyclic sulfo-
nium ion was observed as a relatively stable reaction intermedi-
ate, it appeared that the reaction proceeded through either an
oxacarbenium ion, or more likely, a glycosyl triflate intermediate.
Nevertheless, the bicyclic donors were found to offer an alterna-
tive concise route for the synthesis of MTX oligosaccharides.*’

MeO z

13 14

Fig. 7 Natural products incorporating a xylofuranosyl residue.

Xylofuranose — an unexpected configuration and its possible
biosynthetic origins

Sugars in their furanose ring form are typically less stable than
in the pyranose form; nevertheless, there are many examples of
furanosides throughout nature.’” Mycobacteria, for example, can
make galactofuranose-containing polysaccharides and employ a
specific mutase enzyme to transform UDP-galactopyranose into
UDP-galactofuranose which may then be incorporated into poly-
saccharides.*®*® Of course, in the case of MTX, the pyranose
ring form is not possible as C-5 has a thioether substituent.

While the discovery of the first methylthio sugar in a polysac-
charide was in itself surprising, to find that it had a xylofuranose
structure was perhaps even more remarkable. While xylose is a
major component of plant cell walls, there are relatively few
examples of naturally occurring xylo-configured sugars outside
the plant kingdom, in particular in the furanose ring form.
Nevertheless, their structures are quite varied (Fig. 7). The
starfish Astropecten scoparius and Certonardoa semiregularis
produce saponins 11 bearing xylofuranosyl residues.***' An
aminoglycoside antibiotic 12 with a xylofuranose ring is pro-
duced by Baccillus sp.** Streptomyces platensis produces an
insecticide substance 13 that has a xylofuranose residue locked
in a nine-membered ring.* Citrobacter freundii produces a
rhamnosyl polysaccharide 14 with pendant xylofuranosyl
residues.**

Most intriguing, however, are several reports of xylofuranosyl
compounds with sulfur substituents attached to C-5 (Fig. 8). The
Mediterranean nudibranch mollusc Doris verrucosa makes a
xylo-configured analogue 16 of the ubiquitous metabolite
methylthioadenosine (MTA 15)*° which is produced during
polyamine biosynthesis. S-Adenosylmethionine is first decar-
boxylated before its aminopropyl group is transferred onto
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putrescine to form spermidine, leaving MTA as a byproduct.
MTA is toxic to the cells and it is converted to adenine and
5-methylthio-ribose-1-phosphate 17 by the enzyme methylthio-
adenosine phosphorylase. The phosphate and adenine can then
be recycled to form methionine and ATP respectively, which
may be used in this metabolic pathway again.

Cimino et al. first discovered the xylo-configured analogue of
MTA (xylo-MTA 16) in Doris verrucosa,”> which was sub-
sequently shown to be present at concentrations two orders of
magnitude higher than MTA.*® It was initially thought that xylo-
MTA could provide some chemical defence mechanism for the
sea slug, but was found to be inactive against fungi, bacteria and
viruses.*” So why does D. verrucosa accumulate this metabolite?
One possible reason could be that its formation is an alternative
pathway for avoiding the toxic effects of MTA. While MTA is
known to inhibit aminopropyl transferase enzymes, e.g., spermi-
dine and spermine synthetases, xylo-MTA has no inhibitory
effects.*® Porcelli et al., also demonstrated that xylo-MTX was
neither a substrate nor an inhibitor of MTA phosphorylase.*®
This observation accounts for its accumulation in D. verrucosa
as it is untouched by the enzyme that would usually degrade
MTA. These authors also demonstrated that MTA was the biosyn-
thetic precursor of xylo-MTA, and a subsequent study employing
MTA tritiated at the 3'-position provided compelling evidence
that the epimerisation at C-3 occurs through oxidation and sub-
sequent reduction at that carbon.*” More recently, Peng ef al.,

N N
Nr N—NH, N//_— N—NH;
O (0]
N_ N N_ N
MeS/\<_7’ e MeS =
HO' OH HO OH
15 MTA 16 xylo-MTA

e
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17 18

20 Decaprenylphosphoryl-MTX

Fig. 8 Xylo-methylthioadenosine 16 and related compounds.

have reported the discovery of a disulfide analogue of xylo-MTA
18 in the marine sponge Trachycladus laevispirulifer.® The
authors speculated that this compound could be derived from
xylo-MTA by demethylation and thiol oxidation. Although they
were unable to find evidence to support this biosynthetic route,
its occurrence again indicates a pathway involving epimerisation
of an adenosyl nucleotide.

So could a similar pathway be active in Mtb for the biosyn-
thesis of MTX? Most oligosaccharides are prepared from nucleo-
tide sugar donors; however, in the case of mycobacterial LAM,
polyprenolphosphoryl sugars are also involved.?’!** Therefore,
the biosynthesis of MTX-LAM presumably requires the pro-
duction of either an MTX-nucleotide sugar, e.g., UDP-MTX 19,
or a lipid-liked donor, e.g., decaprenylphosphoryl MTX 20. The
precursor for either glycosyl donor would typically be a sugar
phosphorylated at the anomeric centre, and such a species could
be formed from xylo-MTA by a phosphorylase enzyme.
However, in D. verrucosa, xylo-MTA is not a substrate for the
native MTA-phosphorylase.*® Therefore, a biosynthetic route via
xylo-MTA would require either the Mtb phosphorylase to be
more promiscuous than the one in D. verrucosa, or an additional
enzyme specifically for this purpose.

An alternative route could involve conversion of MTA into
methylthio-ribose-1-phosphate 17, with subsequent epimerisa-
tion and glycosyl donor synthesis. When one considers that there
are many examples of epimerases that operate on nucleotide
sugars,” it may be more likely that epimerisation of C-3 to give
the xylo-configured sugar donor would be the final step before
glycosylation of ManLAM. Indeed, the arabinofuranosyl donor
decaprenylphosphoryl arabinofuranose is prepared from the cor-
responding ribo-configured phospholipid by epimerisation at
C-2;°" therefore epimerisation within a lipid-linked donor also
has precedent.

One further possibility would be a route based on the biosyn-
thesis of decaprenylphosphoryl ribofuranose and decaprenylpho-
sphoryl arabinofuranose that are already known to occur in
mycobacteria.’'>? In this case the methylthio group would need
to be introduced late in the synthesis, perhaps in a manner analo-
gous to methionine biosynthesis which uses cysteine as the
sulfur source. Although such a route is also feasible, we consider
a route starting from MTA 15 to be most likely.

While these biosynthetic hypotheses await testing, some
authors have speculated about putative genes that could be
involved in the biosynthetic pathway,>* and comparative
genomic methods may present other likely candidates.>® Identifi-
cation of the MTX biosynthetic enzymes will help complete the
story of its existence, but may also help to shed light on its bio-
logical role.

Potential biological functions of MTX-LAM: inhibition of
cytokine production and anti-oxidative properties

When one considers that Mtb must invest significant biosynthetic
effort to prepare and attach MTX to its surface, it is reasonable
to expect that this substituent is in some way beneficial for the
bacterium. In most instances, cell surface carbohydrates exert
their biological function through interactions with proteins, and
this observation is especially valid for sugar residues located at

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 Oxidation of MTX-LAM by hydrogen peroxide and stereoselective enzymatic reduction my Mtb methionine sulfoxide reductase (MsrA).

the non-reducing termini of glycans. Therefore, MTX/MSX is
in the ideal location to contribute to the biological properties
of LAM.

Lipoarabinomannan has been shown to have a range of bio-
logical functions. The mannose caps of Mtb LAM are thought to
mediate binding to the macrophage mannose receptor which
leads to entry into the macrophage.® However, recent studies
have suggested that capsular polysaccharides may be responsible
for cell entry.” Once inside the macrophage cells, LAM can
modulate the immune response by inhibiting phagosome matu-
ration, the production of pro-inflammatory cytokines, and Mtb-
induced apoptosis.”'*

Joe et al., evaluated MTX-Man and MSX-Man disaccharides
for their ability to induce or suppress the formation of cytokines
TNF-o. or IL-12p70.%° They found that while neither disacchar-
ide induced cytokine production, MTX-Man 6-p had a similar
inhibitory potency on a molar basis to ManLLAM. This inhibition
was reduced upon oxidation to the sulfoxide 7-p. The effect on
IL-12p70 inhibition was substantially lower.

It has also been reported that LAM is able to scavenge oxygen
based free radicals in vitro.>® Experiments employing ESR spec-
troscopy and colorimetric assays showed that the polysaccharide
could scavenge superoxide radicals effectively. Hydroxyl radical
concentration was also reduced, but it was not clear if this was a
direct result of scavenging hydroxyl radicals or the superoxide
precursor. This evidence suggests that LAM may protect the bac-
terium from oxidative cytocidal mechanisms that would other-
wise result in apoptosis.”® It was not clear from these studies
which part of the oligosaccharide would act to sequester the reac-
tive oxygen species. In our own studies we have failed to detect
any superoxide sequestering by the monosaccharide components
of which LAM is constituted. However, we have observed

sequestering of hydroxyl radicals by methyl glycosides of
mannose, arabinose, MTX and MSX. Curiously, MSX was
found to be the most effective scavenger.*”

Hydrogen peroxide is a reactive oxygen species that is pro-
duced during a respiratory burst in macrophage cells,”’ but this
species was not evaluated in the original study by Chan et al.
Peroxide is known to be the cause of protein oxidation in vivo,
in particular for the oxidation of methionine residues. When one
considers that MTX has the same methylthio functional group as
methionine, it is reasonable to presume that peroxide should also
lead to production of MSX.

All organisms have a system to repair methionine oxidation
that comprises a pair of methionine sulfoxide reductase enzymes
(named MsrA and MsrB) that can each reduce one of the sulfox-
ide diasteroisomers.’®” It has been proposed by Levine that a
redox cycle of methionine oxidation followed by enzymatic
reduction of methionine sulfoxide could provide anti-oxidative
protection for cells by sequestering reactive oxygen species.
Work by Friguet and co-workers has shown that over expression
of a methionine sulfoxide reductase enzyme can indirectly
reduce irreversible protein oxidation, e.g., carbonyl formation.®!
Furthermore, MsrA has been shown to be important for survival
of mycobacteria in macrophage cells.®>

Stalford et al., demonstrated that when LAM from the Mtb
clinical isolate CSU20 was exposed to hydrogen peroxide, MTX
became oxidised to MSX (Fig. 9).% Two MSX anomeric signals
were observed, corresponding to the R- and S-stereoisomers of
the sulfoxide group. No other changes appeared in the LAM
NMR spectrum indicating that only MTX can be responsible for
any anti-oxidative protection attributed to peroxide reacting with
LAM. They then showed that the MsrA enzyme from
M. tuberculosis was able to reduce the S-configured sulfoxide
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isomer to reform MTX. When one considers that MsrA is
present in the cell wall of Mtb,®* this result supports the hypoth-
esis that MTX could potentially provide anti-oxidative protection
for the bacterium through a redox cycle of chemical oxidation
and enzymatic reduction. By repeating this experiment on syn-
thetic samples of p- and L-configured MSX, Stalford et al., were
also able to prove that the naturally occurring stereoisomer of
MTX has the p-configuration. This result provided independent
confirmation for the conclusions of Joe et al., on the structure of
MTX-LAM.*

Conclusions and future perspectives

The story of MTX is intriguing but as yet incomplete. An
unusual substituent that had presumably been overlooked in
earlier studies has received significant attention over the past ten
years. While we are now confident about its structure and
location in the LAM polysaccharide, there is still much to be
learned about its origins and purpose. Of course, it may transpire
that this apparent jewel in the mycobacterial crown is nothing
more than a decoration — bacterial bling. If so, then its occur-
rence will become even more intriguing. Substantial effort must
be invested by the bacterium to express the enzymes for the
MTX biosynthetic pathway, which presumably requires at least a
glycosyl transferase, epimerase and either a nucleotide sugar or
polyprenylphosphoryl sugar synthase. Efforts to identify the
putative enzymes and test their substrate specificities are now
required. Identification of the biosynthetic genes will enable the
preparation of knockout strains that are necessary to test the
hypotheses for its biological role. Such studies would also be
facilitated by the development of specific antibodies for MTX
and MSX which would simplify quantitation of these substitu-
ents without having to resort to the lengthy isolation and purifi-
cation of LAM from the bacteria. As oligosaccharide-bound
MTX appears to be the exclusive preserve of mycobacteria, anti-
bodies against this structure could even have applications in the
diagnosis of tuberculosis and related diseases. In each of these
endeavours, the preparation of synthetic, chemically homo-
geneous compounds will play a vital role for future progress.
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