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Glycopeptidolipids (GPL) are abundant components
of the cell walls of several species of mycobacteria.
They have been implicated in the pathogenesis of the
opportunistic mycobacteria belonging to the Mycobac-
terium avium complex. This article describes studies
on the biochemistry and genetics of GPLs synthesis in
the saprophyte Mycobacterium smegmatis and oppor-
tunistic pathogen M. avium.

MYCOBACTERIA have characteristic lipid-rich cell enve-
lopes that afford the cells protection from desiccation,
chemical disinfectants and some antibiotics. The myco-
bacterial cell envelope has a multilaminar structure with
the outermost layer comprising an asymmetric lipid bilayer
with mycolic acids on the inner leaflet. The composition
of the outer leaflet varies between species of mycobac-
teria but generally contains a mixture of glycolipids and
phospholipids. Glycopeptidolipids (GPLs) occur among
the lipids of the outer layer of some non-tuberculous
mycobacteria that cause opportunistic infections (Myco-
bacterium avium complex, Mycobacterium peregrinum,
M. chelonae, M. abscessus) and saprophytic mycobac-
teria such as M. smegmatis'*. Most GPLs are the alkali-
stable C-type GPLs however variant forms have been
observed, i.e. the alkali-labile serine-containing GPLs of
M. xenopi®*. The structure of C-type GPLs is comprised
of a lipopeptide core consisting of a mixture of 3-
hydroxy and 3-methoxy C,4_s4 fatty acids amidated with a
tripeptide-amino alchohol (D-Phe-D allo Thr-D-Ala-L
alaninol). GPLs vary in the glycosylation of the allo thr
and/or alaninol. The glycosylation is responsible for the
serotype specificity of GPLs in the M. avium complex.
M. smegmatis has a simple range of GPLs whose allo Thr
residue is glycosylated with 6-deoxy talose (dTal) which
is in turn diacetylated. The alaninol is glycosidically
attached to 3,4 di-O-Me rhamnose (Rha) or 2,3,4 tri-O-
Me Rha. Four major species of GPLs occur in M. smeg-
matis mc*155 when cultivated aerobically on nutritionally
complex media. The species vary in the degree of methy-
lation of the acyl chain (3-hydroxy or 3-methoxy Cis 34
fatty acids) and the Rha (3,4 di-O-Me Rha or 2,3,4 tri-O-
Me Rha). GPL-1 and GPL-2 have 3-methoxy Cys_ 34 fatty
acids but differ in the methylation of Rha. GPL-1 has
2,3,4 tri-O-Me Rha GPL-2 has 3,4 di-O-Me Rha. GPL-1a
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and GPL-2a have tri- and di-Me Rha as above however
these GPLs have 3-hydroxy Cpye_3, fatty acids. Although
these are the major species that can be detected by thin
layer chromatography (TLC) in M. smegmatis, minor inter-
mediates such as a GPL containing 3-O-Me Rha can be
detected with more sensitive methods. Variations in the
GPL composition can occur depending on culture condi-
tions. Under conditions of carbon starvation, M. smeg-
matis mc*155 can add an additional hexose on the dTal’.
M. avium strains contain a more diverse range of GPL
structures. The M. avium GPLs have the same lipopeptide
core as the M. smegmatis GPLs but the alaninol is glyco-
sylated with 3-O-Me Rha or 3,4-di-O-Me-Rha’. An oligo-
saccharide extending from 6-dTal varies in composition
between the different serotypes of M. avium. For example
serotype-2 M. avium has 2,3-di-O-Me-fucosyl-(1,3)-rha-
mnopyranosyl-(1,2)-6-deoxy talose. Belisle and colleagues
identified a locus desiganted ser2 which contains some of
the gense encoding enzymes required synthesis of the hap-
tenic disaccharide of a serotype-2 M. avium (TMC724)".
They showed that the simpler GPLs naturally found in
M. smegmatis could serve as intermediates in the biosyn-
thesis of a ser2-like GPL in recombinant M. smegmatis®.
We initially embarked on a project to find cell wall
mutants by screening an M. smegmatis Tn611 mutant’
library using three criteria. First, susceptibility to a lytic
mycobacteriophage; second, changes in colony morpho-
logy and third, composition of the chloroform : methanol
extractable lipids of the cell wall. The rationale for phage
susceptibility was that if the receptor of the phage was
absent or obscured then a mutant may become phage-
resistant. GPLs have been shown to be the receptor of
mycobacteriophage'® D4. However, in this study we were
not specifically looking for GPL mutants so we used a
lytic mutant of mycobacteriophage L5 called L5cd5 whose
receptor is not known''. Populations of Tn611 mutants
were mixed with L5cd5 and the survivors were recovered
on agar plates. A large proportion of survivors had a
rough colony morphology, the smooth colony forms were
susceptible to lysis by phage. Further investigation of the
rough forms showed that they could absorb phage and
were susceptible to lysis therefore they must have retained
the receptor for the phage'’. Our hypothesis is that the
rough cells, which are very hydrophobic and aggregate in
large clumps, escaped phage challenge by aggregation. In
the second screening we examined the colony morpho-
logy of many Tn611 mutants without mycobacteriophage
challenge. The rationale in this screening was based on
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the well-established principle that changes in the compo-
sition of the cell surface may correlate to altered colony
morphology. The most obvious variant colony form was
rough colony morphology as previously observed during
phage susceptibility screening. Rough colony mutant of
M. smegmatis mc*155 arise spontaneously at a rate of 1
rough mutant/10,976 colonies screened whereas in Tn611
mutagenesis they were recovered at a rate of ~ 3 per 1000
transposon mutants. Analysis of the crude cell wall extract
from these mutants revealed that they all had defects in
GPL synthesis'*.

Another notable mutant isolated on the basis of having
altered colony morphology was the one that had a defect
in synthesis of PIM6 although it retained PIM2 and
accumulated PIM4 (unpublished results). In an effort to
find more PIM mutants we devised a miniature biosyn-
thetic labelling assay whereby mutants were grown in 96-
well plates and were pulsed with +’H-Man then the lipids
were extracted and resolved by HPTLC and autoradio-
graphy. Despite screening over 2000 strains, no further
PIM mutants were isolated. We have since concentrated
on creating PIM mutants by targetted mutagenesis in
specific genes predicted to encode enzymes involved in
PIM synthesis.

Peptide synthetase

Genetic characterization of the GPL mutants was initially
performed by using inverse PCR and/or linker mediated
PCR" and to obtain sequences flanking the sites of
Tn611 insertion in the M. smegmatis chromosome. The
majority of the mutants had Tn611 inserted into a 17.9 kb
open reading frame that resembled a peptide synthetase'”.
This family of proteins are multimodular enzymes that
catalyse the non-ribosomal synthesis of peptides. Each
module in the enzymes determines the incorporation of a
specific amino acid in the nascent peptide. In the case of
the M. smegmatis peptide synthetase, the enzyme had
four modules of which the first three contained racemase
domains. The nature and arrangement of modules was
consistent with the structure of the GPL lipopeptide which
contains D-phe-D allo thr-D ala-L alaninol. The peptide
synthetase gene was named mps and all mps:: Tn611
mutants were devoid of GPLs but contained the normal
complement of PIMs and other cell wall components.
Other mutants with transposon insertions in mps have
been reported by Recht et al.'*. The mutants in that study

had rough colony morphology, lacked sliding motility
and were devoid of GPLs.

Rhamnosyl 3-O-methyltransferase

Another rough Tn611 mutant contained some GPLs
although the profile on HPTLC showed that mature GPLs
were absent. The transposon had inserted into the mizf1
gene that encoded a methyltransferase'”. Compositional
analysis of the mutant revealed that all of the GPLs were
glycosylated with 6dTal and Rha however the majority of
Rha was not methylated. Other cell wall components
were the same as the wildtype controls. We were able to
show that Mtfl was a S-adenosyl methionine-dependent
methyltransferase which appeared to methylate the OH at
C3 of Rha and proposed that it catalysed the initial
methylation of Rha. A novel GPL with 4-O-Me Rha accu-
mulated in minor amounts in the mutant. This GPL species
was never detected in the parent strain of M. smegmatis
therefore we think that it does not represent a normal bio-
synthetic intermediate. Complementation restored mature
GPL synthesis to the mtfl :: Tn611 mutant however the
complemented colonies retained the rough morphology.
The total amount of GPLs in the complemented mutant
only represented about 65% of the cellular GPL content
of wildtype cells possibly due to suboptimal expression
of mtfl encoded by the complementation plasmid. It
appears that an absence or a reduction in GPL content can
result in the rough colony morphology.

GPL biosynthetic locus

The mifl and mps genes are located within a 41.4 kb locus
on the M. smegmatis chromosome. The locus contains 15
genes that are predicted to encode enzymes involved in
GPL biosynthesis (Figure 1). The cluster begins with a
triplet of transmembrane protein genes (tmpt A, B and C)
whose function has yet to be determined. Both TmptB
and TmptC have 12 putative transmembrane domains
whereas the smaller TmptA protein has a single transmem-
brane domain. A transposon mutant of tmptC has been
reported'®. The mutant had rough colony morphology,
lacked sliding motility and was devoid of GPLs. The role
of TmptC in this phenotype has not been determined.
One other transposon mutant generated by these investi-
gators displayed an intermediate sliding phenotype. The
mutant had a disrupted atfl gene (ORF 10) which was
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Glycopeptidolipid biosynthetic gene cluster of M. smegmatis.
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predicted to encode an acetyltransferase'®. The compo-
sition of GPLs from the mutant indicated that the GPLs
was not acetyated, consistent with the expected pheno-
type of an atf1 mutant.

ORFs 4 and 6 are rmlA, encoding a putative glucose-1-
phosphate thymidylyl transferase and rm/B, encoding a
putative dTDP glucose 4,6 dehydrogenase. These enzymes
pontentially involved in the synthesis of the deoxyhexo-
ses, Rha and 6dTal which are subsequently incorporated
into GPLs. There are three putative glycosyltransferases
(ORF5, g1f3; ORF9, gt#f1 and ORF12c, g#f3) although only
a talosysl- and a rhamnosyl-transferase are required for
synthesis of the GPLs described above. The additional
glycosyltransferase may be have a role in moditying GPLs
under specific conditions. Ojha et al.’ showed that if
M. smegmatis is grown in carbon-limited culture then a
novel polar GPL species accumulated in the cell wall in
addition to the usual species. They were able to show that
the novel polar GPL was a hyperglycosylated derivative
of the apolar species’. It is interesting speculate that
expression of one or more of the g#f genes may be regu-
lated by in response to environmental signals.

Other genes in the locus include four methyltrans-
ferases (mif1-4; ORFs 11, 13, 8 and 7 respectively). The
function of Mtfl was discussed above. We have engine-
ered mutants by disrupting each of the three other mif
genes. The mizf2 mutant is unable to methylate the hydroxyl
of fatty acid of the GPL'” whereas mzf3 encodes a rham-
nosyl 4-O-methyltransferase and mtf4 encodes a rhanmosyl
2-O-methyltransferase (manuscript in preparation).

The largest ORF of the locus is mps, encoding peptide
synthetase (described above). The final gene I have inclu-
ded in the locus at this time is tmpA which encodes a
272aa ploypeptide with 6 putative transmembrane domains.
We have a single transposon mutant of fmpA that has
rough colony morphology and accumulates only mature
GPL (i.e. versions with 2,3,4-tri-O-methylated Rha) how-
ever no further investigations have been conducted on
this mutant.

Elucidation of the function of some of the enzymes
involved in GPL biosynthesis in M. smegmatis has allowed
us to propose a biosynthetic pathway. Synthesis of the
lipopeptide from a lipid precursor may proceed by sequ-
ential addition of amino acids by the mps peptide synthe-
tase or the tripeptide-amino alcohol may be synthesized
and added as a single unit to the lipid. The only evidence
to support the latter process is provided by David er al."®
who showed that phenylalanine analogue inhibited GPL
synthesis and radioactively labelled phenylalanine was
incorporated into GPLs. Once the lipopeptide has been
completed then the allo thr and alaninol are glycosylated
with dTal and Rha respectively. Which glycosyltransfera-
ses catalyse these events has yet to be determined. Acety-
lation of dTal by the azf1 gene product then takes place.
After acetylation, two populations of GPLs appear which
differ in the methylation of the hydroxyl of the lipid. It is

CURRENT SCIENCE, VOL. 86, NO. 1, 10 JANUARY 2004

not possible, at this stage, to confidently predict the exact
order of the catalytic events described above because the
simplest GPL intermediates that have been detected pos-
sess both sugars, acetyl groups and some have a methoxy
lipid"*. We are confident of the sequence of methylation
of the Rha proceeds with modification of the hydroxy of
C3, C4 then C2.

M. avium

Studies of the genetics of GPL biosynthesis in M. avium
are more difficult than in M. smegmatis because most
strains of M. avium are difficult to genetically manipu-
late. Earlier studies by Belisle and co-workers showed
that a serotype 2 strain of M. avium, had a large locus
containing a number of genes that were predicted to
encode enzymes for the biosynthesis of the GPL core and
possibly for synthesis of the haptenic oligosaccharide
2,3-di-0-Me-fucosyl-(1 — 3)-rhamnosyl-(1 — 2)-6-d talose
which is characteristic of serotype 2 strains of M. avium’'.
The ser2 locus can be lost from the M. avium chromo-
some through homologous recombination between two
copies of IS1601 which flank the gene cluster'’. Loss of
ser2 results in loss of GPL synthesis and rough colony
morphology. A thamnosyltransferase gene (r#fA) is the only
gene whose function as been determined experimentally.
The rtfA gene was into M. smegmatis and transformants
were able to synthesize a novel GPL that had an addi-
tional Rha attached to dTal thereby showing that the
simpler GPLs, like those of M. smegmatis, can serve as
biosynthetic precursors in the synthesis of serotype-
specific GPLs®. Krzywinska and Schorey®® have made a
careful comparison of the GPL biosynthetic cluster of 3
serotypes of M. avium. These studies show that the 5
region of the gene cluster is highly conserved between all
strains tested however the 3 region has a diverged in
difference strains though deletions and insertions of
sequences including mobile elements such as insertion
sequences. The organization of the M. avium and M. smeg-
matis GPL gene clusters would suggest that the 5 regions
are reasonably conserved. However the functional charac-
terization of the enzymes encoded by these genes will be
required before we can rely upon the predictions based
on sequence alignments.
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