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Abstract. One of the most important opportunistic
pathogens associated with acquired immunodeficiency
syndrome (AIDS) is the M. avium complex. M. avium in-
fections are found in up to 70% of individuals in ad-
vanced stages of AIDS. It is apparent that M. avium can
replicate in host macrophages and persist for long peri-
ods. This group of mycobacteria are distinguished by the
presence of unique, highly antigenic, surface-located
lipids known as the glycopeptidolipids (GPLs). The GPLs
are the chemical basis of the 31 distinct serovars of the M.
avium complex, and have also been identified in some
other species. The M. avium lipids are immunosuppres-
sive and can induce a variety of cytokines that affect gen-
eral host responses. Despite extensive chemical charac-
terization of the structures of these GPLs, much work is
needed to elucidate the molecular mechanism involved in
this complex glycosylation pathway and its genetic basis.

Key words. Glycopeptidolipid (GPL); Mycobacterium
charides; neoglycoproteins.

Introduction

Mycobacteria (members of the Mycobacterium genus), in
the diseases they cause, remain serious problems. With an
estimated worldwide incidence of 2.9 million deaths and
8 million new cases per year [1], tuberculosis is the lead-
ing cause of death from a single infectious agent. In
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The challenges for the future lie in explaining the roles of
these copious products in the intracellular life and infec-
tivity of mycobacteria. The intention of our review is to
offer a concise account of the structures of the M. avium
lipids, their putative roles in the host responses, bacterial
physiology and pathogenesis, particularly in immuno-
compromised patients such as those infected with human
immunodeficiency virus (HIV). Advances in chemical
synthesis of the various haptenic oligosaccharides are
also given to demonstrate how these have helped to de-
fine the immunogenic determinants. We believe that fu-
ture research should involve the creation of conditional
mutants defective in these lipids for both functional and
biosynthesis studies which will complement biological
assays using chemically defined or modified neoglyco-
conjugates.

avium complex (MAC); mycobacteria; haptenic oligosac-

Africa and the Indian subcontinent, the absolute number
of tuberculosis cases has increased steadily over the
years. The situation is rapidly worsening in many sub-Sa-
haran African countries because of the increased preva-
lence of HIV infection, which is the highest risk factor
thus far identified for the progression of latent tuberculo-
sis infection to active disease. In addition, coinfection
with opportunistic pathogens such as Mycobacterium
avium, Mycobacterium intracellulare, Mycobacterium
scrofulaceum complex (MAC) has been a hallmark for
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HIV-mediated decline in immunocompetency responsi-
ble for AIDS [2—4].

Human exposure to MAC is common because the organ-
isms are ubiquitous in the environment. They are readily
isolated from water, soil and house dust [5—8], quite re-
sistant to the temperatures at which hot water tanks are
maintained and can colonize human respiratory and uri-
nary tracts without causing disease [9]. Although the
mode of transmission has yet to be established, likely
routes include fine particle aerosol or aspiration [10].
Prior to the AIDS epidemic, most human cases of MAC
infections presented as pulmonary diseases. Evidence
suggests that prevalence of pulmonary MAC infection
(PMAC) has been steadily growing in the United States
over the latter half of the 20th century [11]. To some ex-
tent, this increased incidence reflects an improved labo-
ratory capacity to distinguish MAC from M. tuberculosis,
as well as a growing awareness on the part of clinicians of
the pathogenic potential of MAC. Today in the United
States, disseminated MAC (DMAC) infection is recog-
nized as the most common bacterial infection occurring
in patients with AIDS, affecting up to 43% of HIV-
seropositive persons [12, 13]. M. avium is the etiologic
agent in greater that 90 % of these patients [14].

Mycobacterial cell wall

In order to reach some understanding of both the patho-
genesis and the often intrinsic drug-resistant nature of
MAQC, it is necessary to first develop an appreciation for
the mycobacterial cell wall. Whereas great strides have
been made in elucidating the structural and biological
characteristics of the mycobacterial cell wall in general,
much remains to be determined, especially in the context
of MAC. Our current understanding of the architecture of
the mycobacterial cell envelope is based on electron mi-
croscopy studies which have demonstrated alternating
zones of electron density and transparency, pointing to
the existence of a substantial lipid layer surrounding the
cell [15]. A chemical model was proposed by Minnikin
[16], and later studies by Brennan and Nikaido [17] of-
fered biochemical support for his theory. According to
this model, the outer half of this lipid layer contains an as-
sortment of extracellular polysaccharides and glycol-
ipids, many of which are species specific. MAC, for ex-
ample, produces type-specific glycopeptidolipids (GPLs)
[18]. The nonspecific lipids are the phthiocerol dimyco-
cerosates, triacylglycerols and a group of acylated tre-
haloses. Many different versions of the wall model have
since been proposed to conceptualize the intermolecular
relationship between these surface glycolipids and
the underlying mycolylarabinogalactan-peptidoglycan
(mAGP) complex that forms the core framework of the
mycobacterial cell wall. A simplistic representation is

Review Article 2019

given here (fig. 1) which reflects our own understanding
and preference.

Early identification of GPL and other type-specific
glycolipids

The glycopepetidolipids or C-mycosides are among the
most unique and widely studied of all mycobacterial gly-
colipids (for extensive reviews and more historical de-
tails, see [19, 20]). The early discovery of this class of
lipids can be credited to three lines of studies. Smith et al.
were the first [18, 21, 22] to identify the GPLs by infrared
spectroscopy analysis of chromatographically fraction-
ated ethanol/diethyl ether extracts and named them as the
J substances and, later, C-mycosides. An additional com-
ponent was termed Jab and shown [21] to contain amino
acids identical to other J substances but devoid of most of
the glycosyl residues. The Jab could be the first notation
of the modern-day ‘apolar GPLs’ or ‘nonspecific’ GPLs
(ns GPLs). In the later part of 1960s, W. B. Schaefer iden-
tified antigens which could be used to serotype isolates of
the M. avium complex [23]. In separate studies Marks et
al. described [24—26] a number of lipids which gave dis-
tinct patterns on thin-layer chromatography and could be
used to group isolates of the M. avium complex.
Structurally, we owe our present-day concept of the lipo-
tetrapeptide core of GPLs and the respective attachment
sites for the two monosaccharide residues (fig. 2, and
later section for more details) to the early work of several
French workers during the 1960s [27, 28]. Among the re-
markable accomplishments, the three amino acids were
established as of the D series, linked by the N-terminal
group to 3-hydroxy-C28 fatty acid, and by the C-terminal
group to an amino alcohol, alaninol. It was also estab-
lished that a diacetylated 6-deoxy-L-talose was glycosidi-
cally linked to the hydroxyl group of the D-allo-threonine,
and 2,3,4-tri-O-methyl-L-rhamnose to that of alaninol. In
the rhamnosyl residue, a 3-O-methyl or a 3,4-di-O-
methyl can replace the 2,3,4-tri-O-methyl group. How-
ever, it was not until 1979 that Brennan and Goren [29]
conclusively demonstrated that the Schaefer antigens and
Marks-Jenkins lipids were structurally alike and formally
renamed these first as peptidoglycolipids and later, more
accurately, as GPLs. It was shown that the molecular ba-
sis of serological differences between MAC strains ob-
served by Schaefer [23] was due to the unique variable
oligosaccharide sequences [30] elaborated on the 6-dTal.
Only these polar variable GPLs were able to confer
serospecificity.

The origins of the trehalose-containing lipooligosaccha-
ride antigens (LOSs) of other mycobacterial species also
lay in the seminal observations of Schaefer that the prod-
ucts responsible for the specific antigenicity of other atyp-
ical mycobacteria were susceptible to alkali treatment, and
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Figure 1. Schematic representation of the mycobacterial cell wall (4). The cell wall of M. tuberculosis is largely devoid of surface glycol-
ipids, whereas other nontuberculosis mycobacteria express one of the three classes of sero-specific glycolipids, namely the glycopepti-
dolipid (GPL), lipooligosaccharides (LOS), and phenolic glycolipids (PGL). The three major glyco-constituents of the M. avium cell wall
are further illustrated in (B). mAGP, mycolyl-arabinogalactan-peptidoglycan complex; LAM, lipoarabinomannan. Lipomannan (LM) is re-
lated to LAM but lacks the arabinan, whereas the phosphatidylinositol anchor of LAM/LM also exists as phosphatidylinositol mannosides

(PIM), e.g. PIM, which carries two Man residues on the inositol ring.

thus must differ from the GPLs [31]. Hunter et al. [32]
were then able to show that the alkali-labile, highly im-
munoreactive glycolipids of Mycobacterium kansasii are
trehalose-containing linear oligosaccharides in which the
acyl functions a invariably asymmetrically located on the
trehalose unit at one end of the molecule, and specific
antigenicity in a combination of unique sugars at the
nonreducing end. The first lipoologosaccharides to be de-
scribed [33, 34] were from Mycobacterium smegmatis
when the presence of acyltrehaloses bearing O-pyruvated
glycosyl substituents were recognized. The phenolic gly-
colipids (PGLs) were likewise first observed by Smith et
al., then referred to as the G substances [35]. Specifically,
Ga and Gb were later identified to be mycoside A [22]
from Mycobacterium kansasii and mycoside B from M)y-
cobacterium bovis [36], respectively. The discovery of the
PGL I of Mycobacterium leprae and the ensuing body of

e} 3,4—di-0—Me-rx—L—Rha—C|)
Fatty acyIJ NH-D-Phe D—aIIaTIhr D-Ala-L-alaninyl
H<|D O—6-deoxy-o-L-Tal -| a-L-Rha [{Haptenic oligosaccharide

Glycopeptidolipid Apolar Polar

Figure 2. A composite GPL structure from MAC. The apolar GPL
lacks further haptenic oligosaccharide extension from the 6-deoxy-
Tal (dTal), which could, however, be O-methylated. The first
residue attached to the dTal is always a-L-Rha in polar GPLs from
all 14 serovars that have been structurally characterized.

extensive work [37, 38] which demonstrated its role in the
immunoreactivity and pathogenesis of leprosy [39] raised
the level of general interest in these mycosides.

In a broader sense, the discovery of the polar, multigly-
cosylated GPLs was the first step in the recognition of a
general phenomenon, namely that most mycobacteria are
endowed with large quantities of glycolipids which con-
tain small oligosaccharides of sufficient antigenicity to
evoke antibodies of such exquisite specificity as to allow
unequivocal identification of species or subspecies. With
the current morbidity inflicted by DMAC associated with
AIDS, research interest in GPLs has undergone a renais-
sance. The holy grail now resides not in structural deter-
mination for serotyping purpose, but to correlate struc-
tural variation with virulence, colony morphotypes, drug
resistance and pathogenesis. This review attempts to re-
flect this progress by charting the course from structural
studies and chemical synthesis which form the basis of
our recognition of GPLs to more recent dabbling into
their genetics and functional correlation.

General approaches in structural determination

Dedicated structural investigation over the last 2 decades
has laid the strong foundation on which we stand today in
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our quest for the biology of GPLs. Although approaches
to the elucidation of glycolipid structures are no different
in principle from those used for other groups of complex
carbohydrates, several unique features characteristic of
GPLs warrant specific attention, and these aspects are
discussed below. In general, complete structural elucida-
tion requires acquisition of knowledge on the following
features: glycosyl composition, including the anomeric
and enantiomeric configurations of glycosyl residues; the
sites of linkage between the glycosyl residues; the se-
quences in which the residues are linked; and the identi-
fication and location of short- and long-chain O- and N-
acyl and other noncarbohydrate substituents. Whereas in-
formation on these various features has been acquired
mainly from analytical chemical manipulations, increas-
ing emphasis is now placed on nuclear magnetic reso-
nance and mass spectroscopic (NMR and MS) data ob-
tained from the examination of the intact molecules and
their derivatives.

Glycosyl composition

Compositional analysis of glycolipids isolated from my-
cobacteria remains the most necessary first step, in light
of the widespread occurrence of endogenously methy-
lated glycosyl residues. Acid hydrolysis of the glycol-
ipids, followed by identification of the derived alditol ac-
etates by gas-chromatographic mass spectrometry (GC-
MS) using capillary columns, is most appropriate since
this method allows for determination of the location of
the methyl ether substituents when these are present. To
further confirm the identity of the parent sugar, de-O-
methylation of the unknown sugar may be performed, as
with boron tribromide [40]. The absolute enantiomeric
configurations of glycosyl residues are determined
through the formation, for GC analysis, of equilibrium
mixtures of volatile derivatives of glycosides prepared
from optically pure 2-butyl or 2-octyl alcohols [41, 42].
Bearing in mind that different derivatives of both enan-
tiomers, such as D- and L-rhamnose in the GPLs from M.
avium serovars 14 and 20 may be present in the same
oligosaccharide chain [43]. In such cases, less direct ap-
proaches are required. For example, formation of chiral
glycosides of L-thamnose from the original hapten, but of
both D- and L-rhamnose after de-O-methylation, showed
that the 2-O-methylrhamnose was the D enantiomer.

It is also noteworthy that no glycosyl constituents can be
liberated without decomposition during conventional hy-
drolysis with 2 M trifluoroacetic acid [44, 45]. In addi-
tion, since uronic acids are rather resistant to hydrolysis,
they will be incompletely released, as will the glycosyl
units to which they are attached. Thus, for uronic acids,
various methods of carboxyl reduction are used in order
to generate 6,6-dideuteriohexosyl residues before forma-
tion of alditol acetates [44]. The liberation of sugars with
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branched chains and/or acylamino substituents at C-4,
which are decomposed during conventional hydrolysis,
may be achieved by modified procedures, including treat-
ment with anhydrous hydrogen fluoride, as was done for
the amino sugars in GPLs from M. avium serovars 25 [44,
46] and 14 [43], or after base-catalyzed degradation of
the terminal uronic acid residue [47] in the GPL from
M. avium serovar 19 [45]. In the last example, the pen-
ultimate 6-deoxy-3-C-methyl-2,4-di-O-methylmannose
residue with a tertiary hydroxyl substituent would be sus-
ceptible to degradation during the acid hydrolysis re-
quired to cleave the glycosiduronic acid linkage of the
terminal unit, and was not detected. Removal of the
uronic acid residue from the peralkylated oligosaccharide
by base-catalyzed degradation afforded the attenuated
triglycosylalditol, from which the branched-chain sugar
was liberated without decomposition on controlled hy-
drolysis [45].

Methylation-linkage analysis

Linkage analysis based on the identification of partially
methylated alditol acetates by GC-MS [48] is routinely
performed for glycolipids containing endogenous methyl
ether using alkylation with trideuteriomethyl iodide. Un-
der the strongly basic conditions used in the Hakomori
[49] and Ciucanu and Kerek [50] procedures, base-cat-
alyzed degradation of uronic acid residues by p-elimina-
tion [44], which is a potential difficulty, has not been re-
ported. However, base-catalyzed degradation has been
carried out on previously permethylated oligosaccharides
[44]. Methylation under nonbasic conditions using
methyl trifluromethane sulfonate and 2,6-di-tert-bu-
tylpyridine [51] has also been used to locate of base-la-
bile O-acyl substituents. Methylation under nonbasic
conditions was followed successively by O-deacylation,
ethylation of the exposed hydroxyl groups and GC-MS
analysis of the derived partially alkylated alditol acetates
[47] in which the location of ethyl groups denote the sites
of previous O-acylation.

Sequencing of glycosyl residues and detection of
noncarbohydrate substituents by mass spectrometry
Traditional GC-MS in the electron-impact (EI) and
chemical ionization modes is still widely used for mono-,
di- and triglycosyl derivatives, and many examples are
to be found in cited references. EI-MS is also routinely
used for identification of all partially alkylated alditol
acetates during sugar and linkage analyses. The tech-
niques are, however, rarely adequate for sequencing of
higher oligosaccharides or for glycolipids. For these com-
pounds, information on sugar sequences has been derived
mostly from fast-atom bombardment mass spectrometry
(FAB-MS) [52] and plasma-desorption mass spectrome-
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try (PD-MS) with calfornium-252 [53], especially in the
positive-ion mode. Although applicable to analysis of na-
tive samples, positive-ion FAB-MS analysis is usually
more effectively performed on the permethyl and/or per-
acetyl derivatives of intact GPLs and the released oligo-
glycosylalditols carrying several methyl ether sub-
stituents. Sequence information is readily derived from
the characteristic mass increments in the series of glyco-
syloxonium ions formed on fragmentation, provided that
the increments are different, either naturally or by virtue
of substituents introduced during derivatization. Unusual
mass increments point to the presence of sugars having
substituents such as those in the acetamidodideoxy-O-
methylhexose in M. avium serovar 25 [44] and the
dideoxy-C-methyl-O-methylhexose in M. avium serovar
19 [45], which had not been detected on standard hydrol-
ysis. PD-MS has also been applied successfully to the de-
tection of readily removable fatty acyl substituents in in-
tact glycolipids and their acylated derivatives.

With current advances in MS, it is anticipated that the
newer ionization techniques, namely electrospray ioniza-
tion (ESI) and matrix assisted desorption ionization
(MALDI)-MS, will be equally effective and even more
sensitive in affording the similar kind of molecular mass
information provided in the past by FAB-MS and PD-MS.
It should be noted that ESI- and MALDI-MS are consid-
ered much softer ionization techniques then FAB-MS, and
hence most sequence informative fragment ions can only
be produced after collision-induced dissociation (CID)
during implementation of various forms of tandem MS. In
contrast, FAB-MS analysis of permethyl derivatives of
GPLs has afforded very useful fragment ions resulting
from cleavage across the tetrapeptide bonds (fig. 3, [54,
55]). Thus, molecular weight information, confirmation
of the tetrapeptide sequence, as well as the respective site
of attachment of the saccharide appendage could be rou-
tinely obtained in one single FAB-MS analysis. This is un-
likely to be derived from ESI and MALDI-MS without
CID-MS/MS. Fragmentation pathways using these tech-
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Figure 3. Schematic representation of characteristic cleavages
which yield fragment ions in FAB-MS analysis of perdeutero-
methylated GPL. Natural O-methyl would be retained, if present,
giving mass difference of three units. R, haptenic oligosaccharide
chain in polar GPL.
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niques await investigation, and new schemes may have to
be drawn. On the other hand, the ability to perform MS®
using an ion-trap analyzer offers potential advances in the
precise determination of various substituents.

NMR and the determination of anomeric

and ring configuration of glycosyl residues

Nuclear magnetic resonance spectroscopy (‘H and '*C) is
the primary tool for determining anomeric configura-
tions. Chemical shifts and J,, coupling constants in the
'H spectra for the anomeric protons of glycopyranosyl
residues of the more common configurations are readily
recognized to be of three main types: a-gluco and a-
galacto, B-gluco and B-galacto, and manno. In the last in-
stance, chemical shifts serve to distinguish between o and
B anomers. A useful parameter here, and in other cases of
ambiguity, is the one-bond heteronuclear C-H coupling
constant from C-1 of the individual glycosyl residue [56].
A well-resolved one-dimensional (1D) NMR spectrum
may additionally reveal unsuspected structural features,
such as noncarbohydrate substituents, whereas two-di-
mensional (2D) NMR, both homonuclear and heteronu-
clear correlation spectroscopy (COSY), have been suc-
cessfully employed to define the complete ring configu-
ration of unusual glycosyl residues. For example, the
'H-NMR spectrum of the oligoglycosylalditol from M.
avium serovar 25 showed characteristic anomeric pro-
tons, including the B-gluco configuration of the penulti-
mate glucosyluronic residue [44]. The coupling constants
measured in the 1D spectrum for all ring protons of the
terminal acetamido sugar indicated that this residue is in
the galacto configuration. Location of the nitrogen-car-
rying carbon was established by homo- and heteronuclear
(3C-"H) COSY where the CH-NH signal at 6 56.0 was
found to correlate with the proton resonance at  4.25 in
the heteronuclear ('3C—"H) spectrum. Other ingenious use
of NMR analysis includes two-dimensional '"H-NMR
rotating-frame nuclear Overhauser enhancement spec-
troscopy (ROESY) to detect n.O.e. contacts within the
serine-containing GPLs from Mycobacterium xenopi
[57]. From these experiments it was possible to establish
the sequence of the tetrapeptide core, to localize the sites
of glycosylation, and to define the locations of different
O-acyl substituents.

In short, although MS and chemical analysis are suffi-
cient and more suited for high-sensitivity detection of a
particular GPL, de novo and complete characterization of
novel GPLs could not be completed without resorting to
NMR analysis in one form or the other. The most severe
limitation to employing NMR as the sole analytical tool
often resides in the fact that significantly larger amounts
of sample materials are required and signal assignment
can sometimes be difficult without complementary input
from MS sequencing.
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Structural variations in GPLs

The archetypal GPL structure is one that is formulated
based on those characterized for MAC serovars, which, as
described above, are synonymous with the historical term
‘C-mycosides’. Structurally, the GPLs of MAC can be di-
vided into two general classes: the apolar GPLs, expan-
sively synthesized by all serovariants of MAC, and the
polar GPLs, which differ between serovars. All GPLs
have in common an N-acylated lipopeptide core that
bears a thamnosylated alaninyl C terminus (fig. 2). The
chemical difference between the apolar and the polar
GPLs lies in the structure of the oligosaccharide attached
to the allo-threonine residue. In apolar GPLs, this carbo-
hydrate is a 6-deoxytalose (hereafter referred to as dTal)
residue, whereas in polar GPLs, this dTal residue is fur-
ther glycosylated with a haptenic oligosaccharide. Thus,
the distinctive features of the MAC polar GPLs are
oligosaccharide chains in which the inner disaccharide
unit, a-L-Rhap-(1 —2)-a-L-dTalp, is common to GPL
antigens of all serovars examined to date. For serovar 1,
this inner core disaccharide unit is not further extended
but known to be additionally O-acylated, and the O-acyl
function constitutes part of the serovar-specific epitope
[unpublished results]. Several other polar GPLs also
carry additional O-acyl functions at undefined location,
but apart from serovar 1, serovar 9 is the only other in-
stance in which the O-acetyl substituent has been identi-
fied as an antigenic determinant.

C-mycoside GPLs from MAC

Apolar GPLs

Unlike the polar GPLs which could be defined by serore-
activities and hence immunoassayed and identified, apo-
lar GPLs are generally considered nonantigenic and have
received less attention. Pioneering studies by the French
[27, 28], followed by the seminal work by Brennan and
Goren [29] led to the accepted model for the apolar GPLs
in which heterogeneity in O-methylation is conspicuous.
Thus, the L-Rhap attached to alaninol could be either 3,4-
di-O-methylated or only 3-O-methylated; the L-dTalp at-
tached to the alloThr could be either 3-O-methylated or
not O-methylated at all. All permutations for the two
monosaccharides have been identified, and the hetero-
geneity pattern could be readily resolved on high-perfor-
mance thin-layer chromatography (HPTLC). It should be
noted, however that, like the polar GPLs, a further level of
heterogeneity is commonly imposed by O-acylation
which is often abrogated during analysis. In addition, ap-
plication of modern analytical instruments may reveal
other novel non-glycosyl substituents not previously ap-
preciated. There is also a lack of detailed comparative
analysis among different MAC serovars to ascertain
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whether a systematic and differential expression pattern
exists, as shown recently by a detailed structural investi-
gation into drug resistant isolates [58].

Structurally defined polar GPLs

To date, 14 serovar-specific polar GPLs from MAC, in-
cluding that of serovar 1, have been structurally character-
ized [19, 43—-46, 59—-63], some of which were further con-
firmed by chemical synthesis. Partially O-methylated sug-
ars, especially of 6-deoxyhexoses, are characteristic of all
GPLs, but more esoteric glycosyl and non-glycosyl sub-
stituents also abound, including uronic acids [44, 45], ac-
etalically linked pyruvic acid moieties, [19] acylamino-
dideoxyhexoses [60] and branched-chain sugars [45]. No
single basis for classification of all the known examples is
obvious, but structural similarities between otherwise un-
related GPLs are readily recognized and suggestive of par-
allel biosynthetic pathways. Assuming that biosynthesis of
the oligosaccharide chain is by stepwise transfer from gly-
cosyl esters of nucleoside pyrophosphates to the common
a-L-Rhap-(1 — 2)-a-L-dTalp inner unit, the chemical iden-
tity of the third glycosyl residue added therefore consti-
tutes a divergent biosynthetic point and offers a provisional
basis for structural classification. Under this scenario,
three groups can be distinguished (see table 1).

Group 1 GPLs carry haptenic oligosaccharides which em-
anate via a 2-O-Me (or 2,3-di-O-Me)-a-L-Fucp residue.
Serovar 4 is the most frequently encountered M. avium
serovar in AIDS patients with disseminated mycobac-
terioses. Two additional subgroups can be discerned.
Serovars 14 and 20 both contain an unusual 2-O-Me-D-
Rhap which is further extended by an N-formylkan-
sosamine in the former. Serovars 3, 9, 25 and 26 are related
by sharing an a-L-Fucp-B-D-GlcpA-a-L-Fucp configura-
tional sequence for the outer trisaccharide units. However,
the galacto configuration of the 4-acetamido-4,6-dideoxy-
2-O-methylhexose (FucNAc) from serovar 25 was subse-
quently shown by chemical synthesis to be a-D and not a-
L as expected [46]. This cautions against presumption of
structure based on homology in cases where hard data may
be difficult to obtain. Group 2 comprises GPLs from
serovars 12, 17 and 19 with chains emanating via a further
3-linked a-L-Rhap residue. Each carries an unusual sub-
stituent, i.e. N-acylated amino sugar in serovars 12 and 17
and branched chain Rha in serovar 19, the absolute config-
urations of which remain to be established. Group 3 com-
prises GPLs from serovars 8 and 21, both of which carry a
pyruvate acetal on a -D-Glcp and differ only in the pres-
ence or absence of a 3-O-Me substituent.

GPLs from other MAC serovars
The dominant serovar-specific GPLs from each of
serovars 5, 7, 10, 11, 13, 15, 16, 18, 22—24 and 28 have
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Table 1. Structurally defined polar GPLs from M. avium complex serovars

Serovar Haptenic oligosaccharide extending from a-L-Rhap-(1 — 2)-L-dTal! Ref.
1 Non-extended core; a-L-Rhap-(1 —2)-L-dTal
Group 1 : R = a-L-Fucp-(1 = 3)-core

2 4-0-Ac-2,3-di-O-Me-a-L-Fucp-(1 — 3)-core [57]

4 4-O-Me-a-L-Rhap-(1 — 4)-2-O-Me-a-L-Fucp-(1 — 3)-core [59]

14 4-formamido-4,6-dideoxy-2-O-Me-3-C-Me-a-L-Manp-(1 — 3)-2-O-Me-a-D-Rhap-(1 — 3)-core [39]
2-0O-Me-a-L-Fucp-(1 — 3)-core

20 2-0O-Me-a-D-Rhap-(1 — 3)-2-O-Me-a-L-Fucp-(1 — 3)-core [54]

3 2,3-di-O-Me-a-L-Fucp-(1 — 4)-B-D-GlepA-(1 — 4)-2,3-di-O-Me-a-L-Fucp-(1 — 3)-core [58]

9 4-0-Ac-2,3-di-O-Me-a-L-Fucp-(1 — 4)--D-GlepA-(1 — 4)-2,3-di-O-Me-a-L-Fucp-(1 — 3)-core [40]

25 2-O-Me-a-D-FucpNAc-(1 — 4)-B-D-GlecpA-(1 — 4)-2-O-Me-a-L-Fucp-(1 — 3)-core [40]

26 2,4-di-O-Me-a-L-Fucp-(1 — 4)-B-D-GlepA-(1 — 4)-2-O-Me-a-L-Fucp-(1 — 3)-core [42]
Group 2 : R = -a-L-Rhap-(1 — 3)-core

12 4-(2-OH)propanamido-4,6-dideoxy-3-O-Me-B-D-Glcp-(1 — 3)-4-O-Me-a-L-Rhap-(1 — 3)-a-L-Rhap-(1 — 3)-core [55]

17 3-(3-OH-2-O-Me)butanamido-3,6-dideoxy-pB-D-Glcp-(1 — 3)-4-O-Me-a-L-Rhap-(1 — 3)-a-L-Rhap-(1 — 3)-core [58]

19 3,4-di-O-Me-f-D-GlcpA-(1—-3)-3-C-Me-2,4-di-O-Me-a-L-Rhap-(1 — 3)-a-LL-Rhap-(1 — 3)-core [41]
Group 3 : R = -a-p-Glcp-(1 = 3)-core

8 4,6-0-(1-carboxyethylidene)-3-O-Me-f-D-Glcp-(1 — 3)-core [56]

21 4,6-0-(1-carboxyethylidene)-f-pD-Glep-(1 — 3)-core [58]

! The haptenic oligosaccharides were mostly characterized as released oligoglycosyl alditol; hence, the reducing terminal dTal was con-
verted to dTalitol, which precluded definition of its anomeric and ring configurations.

been purified and the sugar composition studied [62]. In
most cases, the oligoglycosylalditol was not liberated and
sequenced. However, based on compositional analysis, it
appears that all haptenic oligosaccharides are likewise
attached to the N-acylpeptide via the — 3-a-L-Rhap-
(1—>2)-a-L-dTalp inner unit, with the exception of
serovars 5, 10 and 11, which are distinguished by the
—4)-3-0O-Me-a-L-Rhap-(1 — 2)-dTal component. More-
over, it was established that the GPLs of serovars 10 and
11 were identical, as were 23 and 24, supporting other ev-
idence that the organisms themselves were identical. The
oligosaccharide chain of the GPL from serovar 5 was also
distinguished by the presence of glucose and galactose;
those of serovars 7, 13, 16 and 28 by new, incompletely
characterized amino sugars; that from serovar 15 by 4,
6-dideoxy-4-dodecanamido-3-O-methylglucopyranose;
that from serovar 11 by glucose and 2,3-di-O-methyl-
galactose; that from serovar 18 by 6-O-methylglucose
and that from serovar 22 by arabinose. Together with
those GPLs which were rigorously characterized (table
1), the data therefore support the general idea that MACs
distinguish among themselves by structural variations on
a common theme, in a manner similar to the serospecific
O-antigens of LPS from Gram-negative bacteria.

GPLs from other Mycobacteria

C-mycoside and C-mycoside-like GPLs

In addition to those of the M. avium serocomplex, C-my-
coside GPLs are also found among other mycobacterial
species (table 2). Two subclasses could be distinguished.

The first group maintains the basic architecture of the
GPLs from MAC, namely oligosaccharides are attached
to alloThr of the tetrapeptide core with a rhamnosylated
alaninyl C terminus (fig. 2). A GPL identical to that of
MAC serovar 2 had been isolated previously from strains
presumed to be of Mycobacterium paratuberculosis [61],
although it now appears that these were actually strains of
M. avium serovar 2. Mycobacterium simiae is known to
consist of a two-member serocomplex, based on hereto-
fore undefined GPLs. Seroagglutination has indicated
that serotype I of M. simiae did not differ significantly
from the Mycobacterium habana strains, originally iso-
lated in Havana from patients with lung disease [64]. Re-
cently, GPLs from M. habana strain TMC 5135, which
has been used successfully to vaccinate mice against tu-
berculosis [65] and leprosy [66—68], have been isolated
and structurally characterized. Similar to those of M.
avium, the apolar GPLs contain a 3-O-Me-dTal attached
to the alloThr and either a 3-O-Me-Rha or a 3,4-di-O-
Me-Rha attached to the alaninol. Three distinct polar
GPLs were identified [54]. The oligoglycosyl alditol
from the least polar GPL was a pentasaccharide, the ter-
minal Fuc residue of which is further 3-O-methylated and
4-O-substituted with either an additional 2,4-di-O-Me-D-
GIcA or a 4-O-Me-D-GIcA in the more polar ones. In the
same studies, the polar GPLs from M. simiae serotype |
strain 26110 were shown to be similar but distinct from
those of M. habana. In particular, composition analysis of
the released oligoglycosyl alditols revealed the presence
of 3-linked 4-O-Me-Rha, 4-linked 2-O-Me-Rha, 4-linked
2-0-Me-Fuc, 3-linked 6-O-Me-Glc, 2-linked dTal and a
terminal 3,4-di-O-Me-GIcA. It was further shown that the
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Table 2. Structurally defined polar GPLs from mycobacteria other than M. avium complex
Species/Strain  GPL Oligosaccharides/Monosaccharide Ref.
1. C-mycoside GPLs: Fattyacyl-NH-D-Phe-D-(R;-O-) alloThr-p-Ala-L-alaninol-O-R,
R, R,
M. habana  pGPL-I a-L-Fucp-(1 = 3)-6-O-Me-a-D-Glep-(1 — 3)-  3,4-di-O-Me-  [49]
TMC5135 4-O-Me-a-L-Rhap-(1 — 3)-a-L-Rhap-(1 — 2)-3-O-Me-a-L-dTalp  a-L-Rhap
pGPL-1I? 2,4-di-O-Me-B-D-GlcpA-(1 — 4)-3-O-Me-a-L-Fucp-(1 — 3)-6-O-Me-f-D-  3,4-di-O-Me-
Glep-(1 - 3)-4-O-Me-a-L-Rhap-(1 — 3)-a-L-Rhap-(1 — 2)-3-O-Me-a-L-dTalp  a-L-Rhap
pGPL-III 4-O-Me-p-D-GlepA-(1 — 4)-3-O-Me-a-L-Fucp-(1 — 3)-6-O-Me-f-D-Glcp-  3,4-di-O-Me-
(1 - 3)-4-O-Me-a-L-Rhap-(1 — 3)-a-L-Rhap-(1 — 2)-3-O-Me-a-L-dTalp  a-L-Rhap
2. C-mycoside-like GPLs: Fattyacyl-NH-D-Phe-D-(R,-O-) alloThr-D-Ala-L-alaninol-O-R,
R, R,
M. fortuitum® GPL 1 3-O-Me-a-L-Rhap 3,4-di-O-Me-a-L-Rhap-(1 — 2)-3,4-di-O-Me-a-L-Rhap ~ [68—71]
biovar GPLII 3-O-Me-a-L-Rhap 3-O-Me-a-L-Rhap-(1 — 2)-3,4-di-O-Me-a-L-Rhap
peregrinum  GPL 111 3-O-Me-a-L-Rhap a-L-Rhap-(1 — 2)-3,4-di-O-Me-a-L-Rhap
GPL IV 3-O-Me-a-L-Rhap 2-0O-sulfate-3,4-di-O-Me-a-L-Rhap
3. Non C-mycoside GPLs: Fattyacyl-NH-(R,-O-)-L-Ser-(+ O-Me)L-Ser- L-Phe-(R,-O-)-D-alloThr-O-Me
R, R,
M. xenopi GPL-I 3-O-Me-a-L-dTalp a-L-Rhap-(1 — 3)-2-O-lauryl-a-L-Rhap  [73]
ATCC 19250 GPL-II 2-0-Ac-3-O-Me-a-L-dTalp a-L-Rhap-(1 — 3)-2-O-lauryl-a-L-Rhap
GPL-IIT 3-O-Me-a-L-dTalp 4-0-octanoyl/decanoyl-a-L-Rhap-(1 — 3)-2-O-lauryl-a-L-Rhap
GPL-IV 2-0-Ac-3-O-Me-a-L-dTalp 4-0-octanoyl/decanoyl-a-L-Rhap-(1 — 3)-2-O-lauryl-a-L-Rhap
NCTC10042¢ GPL-X-Iib¢ 3-O-Me-a-L-dTalp a-L-Rhap-(1 — 3)-2-O-lauryl-a-L-Rhap  [74]
CIPT GPL X-I 3-O-Me-a-L-dTalp 2,3,4-tri-O-Me-a-L-dRhap-(1 — 3)-2-O-lauryl-a-L-dRhap-(1 — 3)-  [72]
14035004 a-L-dRhap-(1 — 3)-2,4-di-O-acetyl/lauryl-6-deoxy-a-L-Glcp

2 Polar GPLs from M. simiae serotype I was shown to be related to pGPL-II but with a terminal 3,4-di-O-Me-GIcA.

b M. senegalense 397 and M263, M. porcinum ATCC 33776, M. peregrinum ATCC 14467 and M. fortuitum ATCC 6841 share a similar set
of GPLs with unusual distribution of the disaccharides on the alaninol end. Acetylated forms of the GPLs were also present.

¢ Another GPL from this strain, GPL X-Ila, was implicated to be similar to GPL X Iib but with additional acyl function on the di-rhamnoside.
4 The structure of this GPL is essentially the same as GPL-I from strain ATCC 19250.

different positions of O-Me substitution on the terminal
GIcA is sufficient to allow serodifferentiation of M. ha-
bana from M. simiae serotype 1.

In addition to those from M. habana described above, ap-
olar GPLs similar to those of MAC have also been re-
cently reinvestigated and characterized in M. smegmatis
mc?155 [69], and Mycobacterium butyricum [55]. Both
species are not known to express polar GPLs whereas
their apolar GPLs appear to be virtually identical in their
heterogeneity pattern. The L-dTalp attached to alloThr is
not O-methylated, whereas the L-Rhap attached to alani-
nol can be either 3,4-di-O-methylated or 2,3,4-tri-O-
methylated. This is in slight contrast to those of M. ha-
bana and MAC in which the dTalp is mostly 3-O-methy-
lated, whereas the Rhap is either 3-O- or 3,4-di-
O-methylated. Further, heterogeneity resides in the fatty
acyl chain lengths as well as the presence on the native
peracetylated GPL of either an OH or O-Me group, a
characteristic feature not reported for M. habana [54] or
MAC [58]. Otherwise, fatty acyl chain lengths in all four
Mycobacteria species average at about 30 carbons with
variable degree of unsaturation.

The second group of ‘C-mycoside-like” GPLs have been
isolated from the Mycobacterium fortuitum complex. Ini-
tially, those from Mycobacterium chelonae subsp. che-
lonae and subsp. abcessus were identified with an
oligosaccharide unit of the apparent structure (incom-
plete) (3,4-di-O-methyl-rhamnose) — (thamnose) — (6-
deoxytalose), whereas those from M. fortuitum biovar
peregrinum were noted to be also of the conventional C-
mycoside class [70]. However, later studies by Lopez
Marin et al. have provided more definitive structural data.
Five different GPLs were isolated from M. chelonae and
Mycobacterium abscessus [71]. The single L-dTal at-
tached to alloThr was shown to contain 2, 1 or no O-Ac
groups on positions 2 and 3, whereas the L-Rhap on the
alaninol is mostly 3,4-di-O-methylated or 2,3,4-tri-O-
methylated. In essence, these would conform to the typi-
cal apolar C-mycoside GPLs. However, one GPL was
characterized to carry a disaccharide a-L-Rhap-(1— 2)-
3,4-di-O-Me-a-L-Rhap on the alaninol, which places it
among the ‘C-mycoside variants’. In their earlier studies
of GPLs from M. peregrinum, Lopez Marin et al. [72]
were the first to demonstrate the presence of a di-rham-



2026 D. Chatterjee and K.-H. Khoo

noside, with variable degree of O-methylation, linked to
the alaninol, whereas a single sugar, 3-O-Me-a-L-Rhap,
is attached to the threonine (table 2). Interestingly, an-
other GPL with a single 2-O-sulfated-3,4-di-O-Me-Rhap
attached to the alaninol and a single 3-O-methyl-a-L-
Rhap attached to the threonine was also identified [73].
Similar structural variations were subsequently identified
for GPLs from Mycobacterium senegalense and My-
cobacterium porcinum [74, 75]. Collectively, these works
have advanced a common GPL structural model distinct
from that of the C-mycoside originally formulated for
MAC, although the same tetrapeptide sequence was
maintained. It further demonstrated that GPLs are useful
markers for studying the taxonomical relationships
among mycobacteria. Just as the GPLs of MAC are
closely related among one another and to those of M. ha-
bana, the GPLs from M. peregrinum, M. senegalense
and M. porcinum are so similar as to suggest a very close
link among the three species which could be further dis-
tinguished from M. fortuitum and M. farcinogenes, or
M. chelonae and M. abcessus, of the same family. Like-
wise, M. butyricum and M. smegmatis may be considered
as close relatives in sharing the same profile of apolar
GPLs, as well as identical pyruvylated acyltrehalose-
based LOS [55]. The serotyping specificity and useful-
ness of GPLs are thus amply documented here and extend
equally to the M. xenopi serocomplex.

Non-C-mycoside based GPLs from M. xenopi

Riviere and Puzo [57, 76] were the first to report on a
novel GPL apparently confined to M. xenopi isolates
which differs markedly from those of the MAC and
therefore is classified as a non-C-mycoside GPL. As
in the case of the conventional GPLs, alloThr and Phe
were present, but serine was also present to give the nov-
el tetrapeptide sequence -L-Ser-L-Ser-L-Phe-D-alloThr-
COOMe, whereby the haptenic oligosaccharide chain is
O-glycosidically attached to the carboxy-terminal,
methyl-esterified alloThr residue. The major structural
features of the oligosaccharide, including the sites of at-
tachment of O-acyl substituents, were established largely
from a combination of pyrolysis EI-MS to give sequence
information, and nondegradative NMR spectroscopy, in-
cluding 'H-'H COSY experiments performed on the na-
tive peracetylated GPL for linkage and configurational
assignments. The N-C,, fatty acyl (dodecanoyl) sub-
stituent in the lipopeptide core contrasts with the C;,—C;;
acyl substituents in the M. avium GPLs, and O-acyl
(acetyl and dodecanoyl) substituents were also noted on
the oligoglycosyl chain of unusual glycosyl constituents.
In addition, a single 3-O-Me-a-L-dTal substituent was at-
tached to the N-terminal serine residue. Subsequently,
Besra et al. [77] completed an independent study of the
GPLs from another strain of M. xenopi and reported four

Structure and biology of GPLs

novel GPL structures based on a similar lipotetrapeptide
core, one of which was also identified by Riviere et al. in
yet another M. xenopi strain [78] (table 2). Like the ear-
lier characterized GPLs, the N-terminal Ser was glycosy-
lated by a single + (2-0O-Ac)-3-O-Me-a-L-dTalp residue,
but the C-terminal allothreonine methyl ester was glyco-
sylated by a diglycosyl group, 4-O-(octanoyl or de-
canoyl)-a-L-Rhap-(1 — 3)-2-O-dodecanoyl-a-L-Rhap.
Interestingly, the second Ser in the sequence was found to
be O-methylated. It was concluded that M. xenopi, like M.
avium and M. simiae, is a serocomplex based on serine-
containing GPLs rather than the polar C-mycosides. It
should be noted that although most polar GPLs were
known to carry additional acyl functions, rarely have the
actual acyl functions been as rigorously defined as in
those of M. xenopi. Interested readers are referred to the
references cited for the extra efforts taken to preserve the
labile acyl function during isolation and subsequent
structural studies.

More structures and no functions?

In all likelihood, there could be many more new GPLs
among other mycobacterial strains, some of which may
be based on C-mycosides and others not. However, the
emphasis has now switched not so much to discovery of
novel GPLs but to their relevance in drug resistance and
pathogenicity and survival. In passing, readers should be
reminded that the non-tuberculosis mycobacteria, includ-
ing MAC, are not normally pathogenic unless the human
host is immunocompromized. On the other hand, My-
cobacterium tuberculosis is not known to synthesize anti-
genic GPLs. Could it be that a normally functioning im-
munodefense system is sufficient to encounter the on-
slaught of these environmental mycobacteria based on
recognition of their GPLs, but ineffective in surveying the
‘invisible’ M. tuberculosis? It is, of course, a moot ques-
tion why MAC should invest in the synthesis of these
GPLs in the first place. Could they play an important role
in bacterial survival? Could they further modulate our
immune response if and when they invade immunocom-
promised individuals? Do they convey drug resistance
and additional virulence? These are pressing questions
awaiting answers, and we now have an armamentarium of
reagents, both in the form of antigens and antibodies, to
test out various ideas.

Synthesis and antigenicity of the haptenic
oligosaccharides of GPLs

The synthesis of oligosaccharide haptens related to the
glycolipids of different classes was first undertaken in the
early 1990s. The aims then were to prepare structurally
defined immunoreactive substances in order to delineate
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the requisite antigenic determinants interacting with anti-
bodies specific to the particular bacterial species or
serotype [79]. The reactivity of the synthetic product
against murine monoclonal or rabbit polyclonal antibod-
ies has proved to be a test of structural authenticity and
has also demonstrated that the haptenic portion of neo-
glycoconjugates are located in the distal sugars [79]. The
approach, which was evaluated and developed most ex-
tensively in relation to the phenolic glycolipid antigen
(PGL I) from M. leprae, was to synthesize sequentially
oligoglycosyl units from the terminal, and presumably
the most exposed, region of the glycolipid and to use
these in immunoassays to define the minimum size for
the epitope. Reducing oligosaccharides were examined
first as competitive inhibitors of the interaction between
native PGLs and homologous antibodies [80]. Attention
was then turned to haptens as glycosides of the correct
anomeric configuration and with linker arms attached for
conjugation to protein or any other macromolecular car-
rier to give neoglycoproteins (NGPs).

NGPs based on serovar-specific outer regions

As described, GPLs from serovars of MAC differ from
one another in the distinctive outer regions of the
oligosaccharide chains external to the (1 — 3)-a-L-Rhap-
(1—>2)-a-L-dTalp core unit (table 1). Aspinall et al. have
emphasized the construction of these outer regions for in-
corporation into NGPs carrying the minimum number of
these sugar residues necessary for specific interaction
with homologous antibodies. Using the procedure of
Bernstein and Hall [81], formylmethyl glycosides gener-
ated from ozonolysis of allyl glycosides such as allyl-4-
0-Ac-2,3-di-O-Me-a-L-Fucp (table 3, method 1b) have
been successfully conjugated to lysine residues via re-
ductive amination at pH 7.8 with retention of the base-
sensitive O-acyl substituent [79, 82].

Serovars 4, 8, 20

Monoglycosyl NGPs generated from allyl glycosides
were first used to probe the structural determinants of
mycobacterial glycolipids by specific interactions [19]
between the neoantigens carrying either a 2,3-di-O-Me-
a-L-Fucp or a 4-0-Ac-2,3-di-O-Me-a-L-Fucp residue
and monoclonal antibodies to M. avium serovars 2 and 9,
respectively. For most cases, monoglycosyl conjugates
failed to interact with homologous antibodies, but all gly-
cobiosyl conjugates examined have proven to be effec-
tive. The observation that NGPs bearing the glycobiosyl
4-O-Me-a-L-Rhap-(1 —4)-2-O-Me-a-L-Fucp epitope of
serovar 4 GPL with N-glycosyloxyethyllysine (table 3,
method 1b) or N-glycosyloxynonanoyllysine (table 3,
method 2a) spacers interacted indistinguishably with
monoclonal antibody CS-21 raised against whole cells of
M. avium serovar 4 indicated that epitope recognition was
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independent of the linker arm [82]. Since the same sugar
residue may be found in both terminal and nonterminal
positions in GPLs, allyl glycosides have the added advan-
tages of being simple to prepare and suitable for conver-
sion into glycosyl donors as well as acceptors. NGP syn-
thesis from reducing termini of the epitope with allyl,
8-methoxycarbonyloctyl or other glycosides ensures def-
inition of the anomeric configuration of the proximal
residue. Improved methods for glycosylation in block
synthesis are now available, so that complete oligoglyco-
syl units may be transferred to the linker arm with high
stereoselectivity from donors such as thioglycosides [83].
Synthesis of a monoglycosyl neoantigen related to M.
avium serovar 8 which involves temporary protection of
the allyl glycosidic substituent has been described [84].
Protection was required during the synthesis of a stereo-
chemically defined pyruvate acetal [84], in a reaction in-
volving oxidation [85] by ruthenium tetraoxide of a 3,4-
dimethoxyphenylethylidene acetal [86] derivative. For
the synthesis of oligosaccharide units containing residues
of known 6-deoxyhexoses, standard protecting-group
methodology has been employed for the introduction of
methyl ether substituents and in the preparation of suit-
ably protected glycosyl acceptors. Syntheses of allyl gly-
cosides of the distal glycobiosyl units of the GPLs from
serovars 4 [82] and 20 [59] utilized complementary reac-
tions for regioselective substitutions of the vicinal cis-
3.4-diol of allyl 2-O-Me-a-L-Fucp in preparations of gly-
cosyl acceptors. For the 2-O-Me-a-L-Fucp unit of the
serovar 20 GPL, regioselective acylation of the axial 4-
hydroxyl group was achieved through acid-catalyzed
opening of the cyclic orthobenzoate as reviewed in [20].
For the assembly of NGPs related to GPLs containing un-
usual or hard-to-obtain individual glycosyl or oligoglyco-
syl units, synthesis can be best achieved through struc-
tural modification of more readily available sugars.

Serovar 14

Bajza and Liptak [87] adopted a route of a thioglycoside
donor for the terminal N-formyl-a-L-kansosamine
residue of assumed a-L configuration in the synthesis of
the hapten of the serovar 14 GPL. In a different approach,
Aspinall et al. [59] took advantage of the elegant stereo-
selective syntheses by Giuliano and Kasperowicz [88]
of derivatives of the related branched-chain sugars
sibirosamine, vinelose and kansosamine. For the conver-
sion of the fully substituted trisaccharide derivative into
the allyl glycoside of the distal segment of the serotype 14
GPL, removal of protecting groups, delayed reduction of
the azido substituent and subsequent N-formylation were
the final stages of the synthesis [59]. The interaction of
the derived NGPs with antibodies to whole cells of
serovar 14 provided effective confirmation of the as-
sumption concerning the absolute configuration of the N-
formyl-a-L-kansosamine residue in the GPL.
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Table 3. Methods used for conjugation of glycosyl units to protein.

Structure and biology of GPLs

1. Reductive amination to g-amino groups
of lysine residues in proteins
(a) N-glycitol-I-yl derivatives from reducing
groups (hemiacetals)

0-CH,-CH=0

(b) N-glycosyloxyethyl derivatives from
formylmethyl glycosides

(c) from glycosides of 8-hydroxy-3,
6-dioxaoctanal (protected as dioxolane
acetal)

7

2. Linker-arm acylation of g-amino groups
of lysine residues in protein
(a) glycosyloxynonanoyl derivatives from
alkoxycarbonyloctyl glycosides

(b) 3-(4-glycosyloxy)phenylpropanoyl
derivatives from 4-(2-methoxycarbonylethyl)
phenyl glycosides

3. Copolymerization of allyl glycosides
and acrylamide

CH,=CH--CONH,

4. Formation of thiourea linkages from
isothiocyanates and e-amino groups of
lysine residues in proteins
(a) from 4-aminophenyl glycosides via
4-glycosyloxyphenyl isothiocyanates

(b) from w-aminoalky! glycosides via
w-glycosyloxyalkylisothiocyanates
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Serovars 9, 25, 26

Of the four GPLs with glycobiosyluronic acid units as
distal disaccharide segments, that from serovar 9 is the
only case for which an NGP bearing only the terminal
sugar residue interacts with antibodies against whole
cells of the serovar [79]. Differential substitutions of 3-D-
GlcpA residues were first prepared for glycosylation at
0-4, with a selectively removable protecting group at O-
6 for subsequent oxidation to the glycosyluronic acid. For
the synthesis of the neoantigen related to serovar 26
bearing a glycobiosyluronic acid unit, allyl 2,3-di-O-
benzoyl-6-O-(4-methoxybenzyl)-B-D-Glcp was prepared
by regioselective hydride opening of the corresponding
4,6-O-alkylidene acetal with acidified sodium
cyanoborohydride [89], and glycosylation was effected
with 3-O-Ac-2,4-di-O-Me-a-L-Fucp chloride in the pres-
ence of silver triflate. Selective deprotection at O-6 fol-
lowed by oxidation of the resulting disaccharide with
Jones’s reagent (CrO, in acetic acid), which took place
without effect on the allyl glycoside substituent; removal

of the remaining protecting groups gave the desired allyl
glycoside of the glycobiosyluronic acid for conversion
into the NGP.

In the absence of evidence for the absolute configuration
of the terminal 4-acetamido-4-deoxy-2-O-methyl-a-
Fucp residue, synthesis of the glycobiosyluronic acid unit
of the serovar 25 GPL was undertaken first with the
amino sugar as the L enantiomer in light of the apparent
stereohomology of the oligosaccharide haptens of the
three acidic serovars in which other fucose derivatives
were of the L configuration. At the outset there was also
uncertainty as to the relative configuration of the amino
sugar residue in the tetraglycosylalditol, which showed a
coupling constant, J,,=3.6 Hz, indicative of an a-
galacto or a-gluco configuration. The uncertainty was
resolved later from NMR data and by synthesis [46].
Oxidative removal of the 4-methoxyphenyl group in
compound (4-2 in fig. 4), followed by oxidation and
deprotection, gave the allyl glycoside of the glycobio-
syluronic acid for conversion into neoantigen (4-4) bear-
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ing the 4-acetamido-4-deoxy-2-O-Me-a-L-Fucp-(1 —
4)-B-p-GlepA epitope. Unexpectedly, this NGP failed to
interact with the antibodies to serovar 25. In a parallel
synthetic sequence, the allyl glycoside (4-8) of the di-
astereomeric glycobiosyluronic acid was prepared using
an anomeric mixture of thioglycosides (4-5, 4-6) formed
from the D enantiomer (4-7) as glycosyl donor for reac-
tion with the same acceptor (4-1). The NGP bearing the
4-acetamido-4-deoxy-2-O-Me-a-D-Fucp-(1 — 4)-B-D-
GlcpA epitope (4-9) showed a positive interaction with
antibodies to serovar 25. These observations provided a
striking illustration of immunochemical stereoselectivity
for an assignment of absolute configuration that could
not be achieved by other means.

Immunoreactivities of NGPs

Table 4 shows the structures of the outer regions of the
hapten moieties of the M. avium serocomplex, followed
by the structures of the glycosyl units in the synthetic
NGPs, and the reactivity or lack thereof with the relevant

specific antibodies. Antibodies were of two types, poly-
clonal rabbit antisera and murine monoclonal antibodies
(MAbs), raised in most cases against whole cells of the
particular serovar, whole lipids or intact (non-deacylated)
GPLs. All polyclonal Abs were consistently serovar spe-
cific [79, 82] in interacting with the terminal sugar
residue in the homologous monoglycosyl and/or glyco-
biosyl NGCs (table 4). The minimum requirements were
for the constitutionally defined terminal sugar inclusive
of methyl ether and O-acetyl substituents to be of the cor-
rect enantiomeric, and presumably also anomeric, con-
figuration. The synthetic NGPs have played a dual role in
defining the structural requirements for antigen-antibody
interactions. On the one hand, the interactions, or lack
thereof, provided supportive or even definitive evidence
in confirmation of molecular structure. Additionally, they
also define the specificities of antibodies, especially
MADs, where several may be directed to different regions
of complex structures. Table 4 summarizes the observed
interactions of Abs that relate to the dual role of NGPs.
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Table 4. Immunoreactivities of chemically synthesized haptenic oligosaccharides *.

Serovar Structures of synthesized haptenic oligosaccharides in comparison with those on the Reaction with
GPLs of the respective serovars homologous
antibodies
2 4-0-Ac-2,3-di-O-Me-a-L-Fucp-(1 — 3)-core +ve
neo 2-1 2,3-di-O-Me-a-L-Fucp- +ve
neo 2-2 2,3-di-O-Me-a-L-Fucp-(1 — 3)- a-L-Rhap- —ve
neo 9-1 4-0-Ac-2,3-di-O-Me-a-L-Fucp-
4 4-O-Me-a-L-Rhap-(1 — 4)-2-O-Me-a-L-Fucp-(1 — 3)-core
neo 4-1 4-O-Me-a-L-Rhap- —ve
neo 4-2 4-O-Me-a-L-Rhap-(1 — 4)-2-O-Me-a-L-Fucp- +ve
neo 4-2 4-O-Me-a-L-Rhap-(1 — 3)-2-O-Me-a-L-Fucp- —ve
9 4-0-Ac-2,3-di-O-Me-a-L-Fucp-(1 — 4)-f-pD-GlepA-(1 — 4)-2,3-di-O-Me-a-L-Fucp-(1 — 3)-core
neo 9-1 4-0-Ac-2,3-di-O-Me-a-L-Fucp- +ve
neo 2-1 2,3-di-O-Me-a-L-Fucp- —ve
25 2-O-Me-a-D-FucpNAc-(1 — 4)-B-D-GlecpA-(1 — 4)-2-O-Me-a-L-Fucp-(1 — 3)-core
neo 25-1  2-O-Me-a-L-FucpNAc- —ve
neo 25-2  2-O-Me-a-L-FucpNAc-(1 — 4)- B-D-GlcpA- —-ve
neo 25-2  2-O-Me-a-D-FucpNAc-(1 — 4)-B-D-GlcpA- +ve
26 2,4-di-O-Me-a-L-Fucp-(1 — 4)-B-D-GlepA-(1 — 4)-2-O-Me-a-L-Fucp-(1 — 3)-core
neo 26-1  2,4-di-O-Me-a-L-Fucp- +ve
neo 26-1  3-0-Ac-2,4-di-O-methyl-a-L-Fucp- —ve
neo 26-2  2,4-di-O-Me-a-L-Fucp-(1 — 4)-B-D-GlcpA- +ve
8 4,6-0-(1-carboxyethylidene)-3-O-Me-B-D-Glep-(1 — 3)-core
neo 8-1 4,6-0-(1-carboxyethylidene)-3-O-Me-B-D-Glcp- +ve
14 4-formamido-4,6-dideoxy-2-O-Me-3-C-Me-a-L-Manp-(1 — 3)-2-O-Me-a-D-Rhap-(1 — 3)-
2-0O-Me-a-L-Fucp-(1 — 3)-core
neo 14-2  4-formamido-4,6-dideoxy-2-O-Me-3-C-Me-a-L-Manp-(1 — 3)-2-O-Me-a-p-Rhap- +ve
neo 14-3  4-formamido-4,6-dideoxy-2-O-Me-3-C-Me-a-L-Manp-(1 — 3)-2-O-Me-a-D-Rhap- +ve
2-0O-Me-a-L-Fucp-
20 2-0-Me-a-D-Rhap-(1 — 3)-2-O-Me-a-L-Fucp-(1 — 3)-core
neo 20-1  2-O-Me-a-p-Rhap- —ve
neo 20-2  2-O-Me-a-D-Rhap-(1 — 3)-2-O-Me-a-L-Fucp- +ve

* Only those whose reactivities with existing antibodies have been tested are listed.

The absence of cross-reactions between GPLs of serovars
2 and 9 could be explained when monoglycosyl NGPs with
a 2,3-di-O-Me-a-L-Fucp residue (neo 2-1) and a 4-O-Ac-
2,3-di-O-Me-a-L-Fucp residue (neo 9-1) were made avail-
able. Specific interactions with the homologous polyclonal
Abs gave confirmatory evidence [79] for the presence of
the latter residue as the terminal unit in the GPL from
serovar 9. Conversely, the reactivity of monoglycosyl NGP
(neo 26-1) toward homologous anti-serovar 26 rabbit anti-
sera is eliminated on introduction of the 3-O-acetyl group.
The unpredictable specificity of monoclonal as opposed to
polyclonal Abs is illustrated by the interaction of both
monoglycosyl neo 2-1 and glycobiosyl neo 2-2 with poly-
clonal Abs, but of the former only with MAb [82]. A re-
lated observation concerning the more precise require-
ments of Mabs was shown by the recognition of both
monoglycosyl NGP 4-1 and glycobiosyl NGP 4-2 by anti-
serovar 4 antiserum, but only of the glycobiosyl NGP by
anti-GPL 4 MAbs [79, 82]. Two of three MAbs recogniz-
ing the GPL of serovar 8 showed an absolute specificity to
the 3-O-methyl substituent of the terminal 4,6-O-(1-car-
boxyethylidene)-3-O-Me-pB-D-Glcp residue. For one of

these MAbs, the monoglycosyl NGP 8-1 provided defini-
tive evidence for the structural identity of the epitope [82].
A third MAD also interacts with the GPL of serovar 21,
later examination of which showed the presence of the re-
lated nonmethylated, pyruvated terminal sugar.

Synthesis of complete oligosaccharide haptens

Syntheses have been reported of four complete oligogly-
cosyl haptens from GPLs with attached linker arms bear-
ing functionality for prospective use in conjugation to
protein [90]. However, no reports have thus far been pub-
lished of conjugation to protein of these more complete
oligosaccharides or of their immunoreactivity. In addition
to the previously outlined strategic considerations, these
syntheses have taken advantage of developments in gly-
cosylation methods.

The first synthesis of the complete M. avium serovar 4
tetraglycosyl hapten as its methyl glycoside was reported
by Gurjar and Viswanadham [91], who used the 2 + 2
block approach in conjugation with high degree of a-se-
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lectivity with glycosyl acetates in the presence of boron
trifluoride etherate [92]. Using the four key synthons 5-1,
5-2, 5-3, and 5-4, Zuurmond et al. [93] synthesized the
same oligosaccharide with a linker arm (5-6 in fig. 5).
The L-Rha thioglycoside 5-2 provided an excellent exam-
ple of a synthon having the potential to serve as glycosyl
acceptor in reaction with 5-1 as well as glycosyl donor
with an iodonium di-sym-collidine perchlorate-assisted
reaction to give the disaccharide derivative 5-5. The di-
saccharide 5-5 with the same functionality, but using N-
iodosuccinimide and triflic acid as a catalyst, was able to
serve as a glycosyl donor in reaction with 5-3 as synthon
for the 6-deoxy-L-talose terminus bearing the linker arm.
The final assembly of the complete tetrasaccharide 5-6
was achieved with selective removal of the chloroacetyl
substituent from the 2-O-methyl-L-fucose residue and
glycosylation with the 4-O-Me-L-Rha synthon 5-4, fol-
lowed by removal of protecting groups.

Liptak et al. [94] applied thioglycoside methodology
[95] as the principal approach in the synthesis of the com-
plete tetraglycosyl hapten for the M. avium serovar 20
GPL.

Synthons 6-1 — 6-4 in figure 6 were prepared for each of
the glycosyl residues to serve directly, or after minor
modification, as donors or acceptors. In the overall strat-
egy, partial block approaches were used to assemble the
inner trisaccharide segment. Removal of the O-acetyl
group at O-3" followed sequentially by glycosylation
with 6-1, simultaneous debenzylation and reduction of
the nitro group; trifluoroacetylation led to the complete
N-protected tetraglycosyl hapten with spacer arm 6-5 for
potential conjugation to protein. The availability of the
D-rhamnose synthon (6-1) in a form suitable for selec-
tive deprotection at O-3, as shown independently in the
syntheses of neo 14-2 and neo 14-3 [59], and of a thio-
glycoside donor aided in the assembly of the kansos-
amine unit [87].

Ziegler [96] has reported a highly efficient synthesis of
the very similar M. avium serovar 21 trisaccharide hapten
with attached linker arm (7-7). The synthetic scheme fea-
tured two key operations: (i) the kinetically controlled di-
astereoselective preparation from D-glucose of the pyru-
vated glycosyl donor [97] as the trichloroacetimidate 7-1
in figure 7 and (ii) the preparation of L-rhamnose (7-2)
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and 6-deoxy-L-talose (7-3) synthons from a common pre-
cursor 7-4. The outer glycobiosyl unit 7-5 was assembled
from 7-1 and 7-2 and then converted into the correspond-
ing glycobiosyl donor 7-6 for condensation with 7-3 to
give fully protected trisaccharide hapten (7-7) which, af-
ter deprotection, gave a water-soluble NGP on reductive
cross-linking with protein in the presence of glutar-
dialdehyde. Subsequently, Ziegler [98] reported a similar
synthesis of the M. avium serovar § trisaccharide hapten
with an attached linker arm. The synthesis of the unique
pentasaccharide of serovar 14 containing the terminal
N-formylkansosamine unit has also been reported in a
recent elegant work [99].

The subsequently discovered different GPL core structures
in M. xenopi [76, 77] and M. fortuitum [72] have attracted
attention as feasible synthetic targets [100—102]. Gurjar
and Saha [101] have reported the assembly of an N-acetyl-
tetrapeptide (fig. 8) bearing the 3-O-methyl-6-deoxy-a-L-
talopyranosyl substituent at the outer serine residue but
lacking the O-fatty acylated tetrasaccharide moiety that
adorns the threonine residue in the natural GPL.

Biological features of the GPLs

M. tuberculosis, M. leprae and M. avium are intracellular
parasites able to proliferate inside macrophages, in spite
of the antimicrobial activity of the phagocytic cell [103].
Fibrillar, capsule-like structures (the electron-transparent
zone, ETZ), often observed in electron micrographs and
long considered to be glycolipid in nature, have been im-
plicated in the intracellular survival and persistence of
mycobacteria. Draper [104] and later Barrow and Bren-
nan [105] clearly demonstrated that the fibrillar filamen-
tous material mostly comprises GPLs. Application of
freeze-fracture electron microscopy to M. avium growing
within mouse liver macrophages demonstrated progres-
sive accumulation of GPLs around intramacrophagic
bacteria, especially in long-term infections [106]. It has
been shown further [107], that 103—10'" organisms can
produce ~0.18—18 mg of GPL in vitro. Thus, the ability
of GPLs to accumulate in host macrophages has been
substantiated by several investigators.
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Immunomodulatory activities

Control of intracellular pathogens such as M. avium by
the host depends upon a functional-immune response me-
diated primarily by two important CD4+ lymphocyte
populations of the Thl phenotype [108]. An important
host mechanism that allows CD4+ T cells to mediate an-
timycobacterial activity is the production of cytokines
[109]. Cytokines characteristic for protective Thl-type
responses include primarily interleukin (IL)-2 and inter-

feron (IFN)-y, whereas those characteristic for Th2-type
nonprotective responses include 1L-4, IL-5 and IL-10
[110]. It has been reported that immunity to M. avium is
dependent upon the induction of protective CD4+ T cells,
the primary products of which are IFN-y and tumor
necrosis factor-a (TNF-ar) [108, 111, 112]. More impor-
tant, the early phase of the host response is CD4+ T cell
independent and only shows a CD4+ T-cell-dependent
phase of immunity when high bacterial loads are
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achieved [113]. Thus, by using CD4+ T-cell-deficient
mice, or CD4+ T-cell-depleted mice [113, 114], it was
demonstrated that the dependency for CD4+ T cells does
not become apparent until 2—3 months following infec-
tion, when M. avium loads approach 103—10'°. In other
words, in mice depleted of CD4+ T cells, M. avium in-
fection apparently does not compromise a host until late
in the disease when high levels of the organism are man-
ifested. This is somewhat similar to what occurs in HI'V-
infected individuals as the disease progresses through the
various stages of CD4+ T cell loss [115]. Although the
specific reasons for this dysfunction have not yet been de-
fined, one attractive possibility is that accumulating M.
avium lipids play an important role in the exacerbation of
disease by their ability to induce immunomodulatory
components. This could result in an imbalance of the cy-
tokine network and therefore contribute to the overall out-
come of the disease process.

Experiments with human peripheral blood monocytes
(PBMCs) have established that total extractable lipid and
GPLs from M. avium can induce TNF-a, IL-6 and IL-1,
cytokines secreted primarily by monocytes. Recent inves-
tigations revealed that M. avium total lipids have the abil-
ity to significantly suppress [116, 117] the secretion of
IL-2 and IFN-y cytokines that are responsible for Thl-
type responses. Thus, it has been suggested that as MAC
lipids accumulate in chronic infections [118], they inter-

act with the host macrophages initially, and then begin to
disperse and affect adjacent cells as the infection pro-
gresses. In an immunocompromised individual such as
one infected with HIV, this disruption of the cytokine net-
work could be important. Vergne et al. [119] demon-
strated the ability of mycobacterial GPLs to become in-
serted into phospholipid monolayers. From these repre-
sentative studies, it is possible to formulate a plausible
explanation for the ability of M. avium lipids to alter host
responsiveness by interaction with cell membranes.

Specific serotypes such as 1, 4 and 8 can be isolated fre-
quently in humans infected with HIV. The prognosis after
infection differs depending on the serotype. Serotype 4
shows unfavorable prognosis, whereas serotype 16 yields
rapid recovery. No information has been available to date
dealing on the virulence factor of MAC that is directly re-
lated with intracellular bactericidal activity. In an effort to
test the effect of various GPLs purified from MAC on the
phagocytic processes of human PBMCs, GPL-coated
heat-killed staphylococcal cells were phagocytosed by
PBMCs and the phagosome-lysosome fusion (P-L fu-
sion) was estimated. Strong promotion of phagocytosis
and marked inhibition of P-L fusion [120] by serotype 4
GPLs were observed, whereas neither promotion of
phagocytosis nor inhibition of P-L fusion in phagocytic
cells were shown by serotype 16 GPL. Serotype 8 GPL
showed concomitant stimulation of both phagocytosis
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and P-L fusion. These effects were interpreted to be due
to some unknown interaction between specific carbohy-
drate chain and organelle membranes. Thus, it appears
that GPL components have a variety of biological activi-
ties that could influence host responses.

A group of ‘polar GPLs’ from M. chelonae have also been
shown to possess biological activity. Although not struc-
turally characterized, these ‘polar glycopeptidolipids’
were extracted in a manner similar to that used for M.
avium GPL [121]. In a series of publications, Pilet et al.
reported that ‘polar glycopeptidolipids’ from M. chelonae
(i) have adjuvant activity with regard to protective effects
of an inactivated influenza vaccine [121], (ii) can be used
as a hematopoietic growth factor [122—124] and (iii) can
increase the resistance of mice against lethal infection
with Candida albicans, apparently mediated by the abil-
ity of GPLs to induce hyperleukocytosis [125].
Postphagocytic events in chronic stages of the disease can
only be hypothesized now. Because of their ability to in-
teract with membranes, it is very likely that the GPL and
related lipids would eventually interact with immunolog-
ically important cells in the vicinity of the macrophage
that initially engulfed them. As the lipids begin to accu-
mulate, they might be eliminated from the macrophage
by normal processes or released as the result of cell death.
Following elimination from host macrophages, the lipids
would then most likely interact with other host cells. Fur-
ther studies will be required to define these parameters in
human infection.

Colony morphology, drug resistance

and GPL expression profile

It was recognized early on that M. avium forms smooth
and rough colonies when grown on solid media [126].
Three distinct colony morphologies for MAC have been
described: smooth transparent (SmT), smooth opaque
(SmO, also referred to as smooth domed) and rough (Rg)
[126, 127]. For any given strain of M. avium, the colony
morphotypes are typically not stable, that is there is a sig-
nificant rate of conversion of one morphotype to another
[128]. Woodley and David showed that the frequency of
transition from SmT to SmO is rather high (1 in 5 x 10*
cells), whereas the transition of SmO to SmT is low (1 in
1 x 10°¢ cells) [129]. The smooth morphotypes also show
transition to the rough morphotype, although the reverse
transition does not occur [105].

Although the molecular basis of the SmO and SmT phe-
notype switch is not known, the SmT variants have gen-
erally been considered the more virulent form, in that
fresh clinical isolates from AIDS patients with dissemi-
nated M. avium disease are predominantly of the SmT
morphotype [130, 131]. There is also a distinct difference
in the types of cytokines produced by monocytes infected
with isogenic morphotypes of M. avium [132—134].
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Thorel et al. [135] showed that SmT and SmO variants
differ in the expression of cell surface antigens, but no de-
tails were provided as to the nature of these antigens.
Variation in colony morphology has also been associated
with differences in virulence and drug resistance. The
SmT variants are more resistant to antibiotics. Since the
GPL composition of both the SmO and SmT variants
seems to be identical, it is unlikely that their surface anti-
gens are implicated in the greater propensity of the SmT
form to survive in vivo and cause disease. However, it has
clearly been demonstrated that the M. avium surface com-
ponents, i.e. GPLs or similar lipids, accumulate in
macrophages [136] and survive within the intraphagoso-
mal environment where they are resistant to degradation
by lysosomal enzymes [137], lending further support for
arole in intracellular survival [106].

In contrast, the Rg mutants of M. avium have been shown
to be lacking in expression of GPLs [138]. The sapro-
phytic species, M. smegmatis, and also M. avium are
known to be able to translocate on solid surfaces by a fla-
gellum-independent spreading mechanism known as slid-
ing [139], which appears to require the presence of GPLs
on the cell surface. Interestingly, rough strains of both
species, which lack GPLs, do not exhibit this property of
translocation [140]. It was further inferred that motility is
likely to play a significant role in the ability of mycobac-
terium to colonize surfaces in the environment or inside
the host [140, 141].

In a recent significant study [58], critical examination of
two clinical isolates revealed that their GPL expression
profiles differed significantly in that the apolar GPLs
were overexpressed in the clinically resistant isolate at the
expense of the polar serotype 1 GPL. This polar GPL was
the predominant lipid in the susceptible strain (fig. 9).

- - - -
n— -
o BB
V- - — =
- - s W .- -y
Vi— - -
Vil - -
= ﬂ.n — — A = -
clinical  §417 #a17 #357
isolales Lo Emb 20 pg/ml  no Emb

arown

Emb  Emb susceptible

l—y—' Collected from AIDS patient,

Emb Resistant pre-treatment, serotype |

Collected from the same patient with recurrent infection,
post-treatment with clarithromycin and Emb

Figure 9. Expression profile of GPLs from drug-resistant (#417)
and susceptible (#397) clinical isolates from a patient with AMAC
infection. Bands [-VII are numbered based on their mobility on a
TLC plate. The solvent system used was CHCl;: CH;OH:H,O
(30:8:1), and the chromatogram was visualized after spraying and
charring with a-naphthol/H,SO,.
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Table 5 GPLs from M. avium clinical isolates #397 and #417.

GPL-Band Fattyacyl-NH-p-Phe-D-(R,-O-)
alloThr-p-Ala-L-alaninol-O-R,
R, R,

1 3-0O-Me-a-L-dTalp 3,4-di-O-Me-a-L-Rhap

11 a-L-dTalp 3,4-di-O-Me-a-L-Rhap

I 3-O-Me-a-L-dTalp 3-O-Me-a-L-Rhap

v a-L-dTalp 3-O-Me-a-L-Rhap

A a-L-Rhap-(1 — 2)- 3,4-di-O-Me-a-L-Rhap
L-dTalp

VI? a-L-Rhap-(1 — 2)- 3-O-Me-a-L-Rhap
L-dTalp

VII 4-O-sulfate-a-L-dTalp  3-O-Me-a-L-Rhap

! GPL found in band V is essentially the characteristic GPL of
serovar 1.

2 Band VI also contains a sulfated GPL related to that found in band
VII but carrying an additional O-Me group.

Thus, instead of additional rhamnosylation on the dTal
appendage to give the serotype-1 specific disaccharide
hapten, there was an accumulation of highly O-methy-
lated dTal and an unusual 4-O-sulfated dTal (table 5).
Identification of a sulfate substituent on the dTal made it
anovel GPL not previously described. The only other sul-
fated GPLs found are those from M. fortuitum biovar
peregrinum, characterized by Lopez [73], with sulfated
Rha on the alaninol. It should, however, be cautioned that
sulfation may be more common than previously appreci-
ated, albeit at a low level. The overexpression of the apo-
lar GPL in this instance has actually facilitated the ‘dis-
covery’ of an otherwise obscure modification refractory
to conventional analysis.

It is not clear whether and how the altered expression of
GPLs contributed to the drug resistance of this particular
isolate. It also remains to be established whether the phe-
nomenon is relevant to all other MAC serovars whereby
their polar GPLs maybe similarly targeted, structurally al-
tered and quantitatively downregulated as a consequence
of drug resistance. In all probability, the normally regu-
lated biosynthesis pathways of GPLs may have been per-
turbed as an indirect consequence of a cellular switch to
neutralize the applied drug. It could also be intricately as-
sociated with the manifested colony morphotypes and
their implicated correlation with drug resistance. In our
view, investigation into these moot points at the molecu-
lar level should drive the agenda in current and future re-
search of GPL.

Genetics, biosynthesis and mycobacteria genome

In an extensive study, Belisle et al. [142, 143] determined
the molecular basis of GPL deficiency among the rough
variants. Two types of spontaneous (Rg) mutants were
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shown to exist in nature. One class (such as Rg-3 and Rg-
4) is completely devoid of any semblance of the GPL
structure [105]. However, the other (for instance Rg-0 and
Rg-1) contained two novel lipopeptides, both devoid of
any of the characteristic sugars of the GPLs [142]. The
application of GC, FAB-MS, and 'H-NMR demonstrated
the structure of one of these as C;,.,-f-hydroxyfatty acyl-
D-Phe-D-alloThr-D-Ala-L-alaninol, whereas the other
was a minor variation on this structure: Cs,.,-f-hydroxy-
fatty acyl-D-Phe-D-alloThr-D-Ala-L-alaninol [136]. Thus,
the rough mutants of M. avium differ genetically from the
smooth forms due to major deletions of portions of the
genes responsible for GPL synthesis [143]. Specifically,
the defect in the Rg-0 and Rg-1 mutants, namely those
devoid of sugars but retaining the lipopeptide portion,
was attributed to the deletion of 21 kb mediated by re-
combination between repetitive sequences that flank both
sides of the 21-kb excised region [144].

Little is known about the biosynthesis of the GPLs. The
recognition of two nonglycosylated lipopeptides, obvi-
ous core or elemental forms of the GPL antigens, was the
culmination of a search begun several years earlier for
mutants defective in features of the GPL molecule, par-
ticularly glycosyl appendages. Based on the lipopolysac-
charide paradigm, it had been suggested that formation
of a lipopeptide core was the first phase in the biosyn-
thesis of the GPLs [142]. Two separate means exist in
prokaryotes for nonribosomal peptide biosynthesis, the
principles of either of which may apply to the short
tripeptide-amino alcohol core of the GPLs. The first pos-
sibility involves a form of direct synthesis in which the
amino acids are added directly to an acceptor through the
intervention of adenosine triphosphate (ATP). The mu-
ramyl-tetrapeptide unit of the peptidoglycan is synthe-
sized in this way [145]. In the case of the peptide antibi-
otics, the amino acids are attached through thiol groups
to a polyenzyme complex, and the peptide bond is sub-
sequently formed through successive pantetheine-aided
transpeptidation-transthiolation steps [146]. If this latter
mechanism were to apply to GPL biosynthesis, it is
likely that the final step in lipopeptide synthesis would
involve transfer of the full peptide unit to the fatty acyl
function. David et al. [147, 148] demonstrated that the
addition of m-fluorophenylalanine to cultures of M.
avium inhibited GPL biosynthesis and, specifically, the
incorporation of radiolabeled amino acids into lipid.
They also showed that D-cycloserine inhibited L-Ala
racemization to D-Ala, resulting in a 20% inhibition of
Ala incorporation into lipid without affecting the incor-
poration of allothreonine of Phe.

In one recent study, compositional analysis of lipids iso-
lated from five rough colony mutants of M. smegmatis
has clearly indicated that a defect in GPL synthesis oc-
curred in the assembly of the lipopeptide core. These mu-
tants had transposon insertions in a gene encoding an en-
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zyme belonging to the peptide synthetase family. Gene
disruption in the wild-type strain yielded a phenotype
similar to the transposon mutants. This important study
[149] indicated that the conserved lipopeptide core of
GPL is synthesized by a peptide synthetase. The involve-
ment of this peptide synthetase in M. smegmatis suggests
that the lipopeptide backbone of GPLs is assembled by
the latter mechanism. Additionally, in this crucial study,
the peptide synthetase locus was shown to possess four
modules, each encoding an amino acid recognition and
adenylation domain. The first three modules also had
racemase domains and perhaps could convert the first
three amino acids (Phe, Thr, Ala) to the D-isomers con-
sistent with the D-amino acids of the GPL core. The
fourth module was devoid of a racemase domain, ar-
guably supporting the fact that the final incorporation
was of L-alaninol, which does not require a racemase.
Even though these results do favor the direct synthesis
route, additional lipopeptide intermediates of this path-
way need to be isolated for definitive proof.

From the earlier work of Belisle et al. [150], who actually
cloned the genes responsible for the biosynthesis of the
oligosaccharide segment of the M. avium serovar 2-spe-
cific GPL and expressed them in M. smegmatis (which
naturally contains only the apolar GPLs), it was obvious
that the singly glycosylated GPLs are intermediates of the
multiglycosylated serovar-specific GPLs. Subsequently,
another gene, termed r#f4, which encodes for the rham-
nosyltransferase essential for the synthesis of serovar-
specific oligosaccharides was identified. The r#f4 gene
product demonstrated limited homology to a rhamnosyl-
transferase (RhIB) involved in thamnolipid formation in
Pseudomas aeruginosa [151], and no homology to other
bacterial glycosyltransferases [152—154]. Interestingly,
homology was observed between RtfA and putative
rhamnosyltransferases of M. leprae and M. tuberculosis,
which do not produce GPLs but instead synthesize gly-
colipids containing rhamnose. The observation that only
rtfA was required in producing recombinant GPLs in M.
smegmatis supports the hypothesis that the sugars are
added singly and sequentially to the lipopeptide core de-
scribed above. However, further work is required to de-
termine whether the oligosaccharide hapten of the anti-
genic GPLs is formed on a lipid carrier and then trans-
ferred to the simpler GPL. For instance, is the GPL of
serovar 1 (the simplest and shortest among all other
serovars) indeed a surrogate intermediate for other
serovars like serovar 2 upwards?

More recently, a methyltransferase was identified for one
M. smegmatis transposon mutant. The mutant was unable
to synthesize GPLs and displayed rough colony morphol-
ogy. The disrupted gene, mitf1, shared high homology
with several S-adenosylmethionine-dependent methyl-
transferases. It was found that the enzyme encoded by
mtf] was required to methylate a single rhamnose residue
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that forms a part of the conserved core GPL structure in
M. smegmatis. Complementation of the mutant with the
wild-type copy of the m#f1 restored high levels of resyn-
thesis of GPLs containing di- or trimethylated rhamnose.
It was further established that disruption of m#f1 specifi-
cally inhibited the addition of O-methyl groups to the 3 or
2 position of the rhamnose, ultimately downregulating
the overall synthesis of GPLs [69].

The M. avium strain 104 is currently being sequenced at
the Institute for Genomic Research and funded by the Na-
tional Institute of Allergy and Infectious Diseases. The
size of the genome is predicted to be 4.7 Mb. Much im-
portant information will be obtained from the sequence
information. We envisage that annotating the M. avium
genome will provide some information on some of the
unique glycosyltransferases and other enzymes impli-
cated, but classical biochemical approaches will still be
required to support the biosynthesis of these GPLs.
Clearly, isolation and characterization of a variety of deep
rough mutants of M. avium represent a major develop-
ment in the goal of elucidating the biosynthetic pathway
of the GPLs. These mutants also provide the means to ex-
amine the role of GPLs in the disease processes induced
by M. avium, specifically in eliciting an immunosuppres-
sive response [155].

A chapter can now be closed on the discovery, chemical
elucidation and synthesis of the highly unusual glycol-
ipids of Mycobacterium spp. The challenges for the fu-
ture lie in explaining the role of these copious products in
the intracellular life and infectivity of mycobacteria, par-
ticularly from a biogenesis and genetic basis. Future re-
search will emphasize the creation of conditional mutants
defective in these materials which, in turn, will greatly
aid elucidation of their roles in bacterial physiology and
pathogenesis. The importances of the surface lipids are
increasingly becoming apparent with studies involving
mutants devoid of some of the lipids. For instance, as
shown by Martinez et al. [140], mycobacteria, previously
thought to be nonmotile, were shown to be able to spread
on the surface of growth medium by a sliding mechanism.
The ability to translocate over the surface correlated with
the presence of glycopeptidolipids, present in the outer-
most layer of the cell envelope, and no other extracellular
structures such as pili or fimbriae appeared to be involved
in this process. This form of motility could play an im-
portant role in surface colonization by mycobacteria in
the environment as well as in the host.
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