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Glycopeptidolipids (GPLs) are a class of glycolipids pro-
duced by several nontuberculosis-causing members of
the Mycobacterium genus including pathogenic and non-
pathogenic species. GPLs are expressed in different forms
with production of highly antigenic, typeable serovar-
specific GPLs in members of the Mycobacterium avium com-
plex (MAC). M. avium and M. intracellulare, which comprise
this complex, are slow-growing mycobacteria noted for pro-
ducing disseminated infections in AIDS patients and pul-
monary infections in non-AIDS patients. Previous studies
have defined the gene cluster responsible for GPL biosyn-
thesis and more recent work has characterized the function
of the individual genes. Current research has also focused
on the GPL’s role in colony morphology, sliding motility,
biofilm formation, immune modulation and virulence. These
topics, along with new information on the enzymes involved
in GPL biosynthesis, are the subject of this review.
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Introduction

Glycopeptidolipids (sGPLs) are a class of glycolipids produced
by several nontuberculosis-causing (NTM) members of the My-
cobacterium genus. Rapidly growing mycobacteria associated
with human disease, such as M. abscessus and M. chelonae,
express GPLs (Howard and Byrd 2000; Ripoll et al. 2007).
Moreover, GPLs are produced by rapidly growing saprophytic
M. smegmatis as well as by animal pathogens, including M.
porcinum and M. senegalense (Lopez Marin et al. 1993; Howard
and Byrd 2000; Ripoll et al. 2007). Members of the Mycobac-
terium avium complex (MAC), which includes M. avium and
M. intracellulare, are slow-growing mycobacteria noted for
producing disseminated infections in AIDS patients as well as
pulmonary infections in non-AIDS patients (Horsburgh 1999;
Field et al. 2004; Wagner and Young 2004). These species are
characterized by their production of highly antigenic, typeable
serovar-specific GPLs (ssGPLs). The identification and charac-
terization of GPLs was initiated by the work of Schaefer, Marks,
and Jenkins in the 1960s and 1970s. Schaefer and colleagues
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observed that opportunistic mycobacteria could be classified by
seroagglutination reactions (Schaefer 1965). Later, it was shown
that thin-layer chromatography (TLC) could be utilized to char-
acterize the different lipid profiles of NTM and to complement
the use of seroagglutination in NTM classification (Jenkins et al.
1971; Marks et al. 1971). This provided a link between serovar
specificity and surface lipid composition. Since mycobacterial
species which express GPLs include some important pathogens,
significant effort has been invested in determining the struc-
ture of GPLs as well as investigating their functions and role
in pathogenesis. This review will focus on various aspects of
GPLs, including their structure and the biosynthetic pathway,
as well as their effect on colony morphology, sliding motility,
biofilm formation, and immune modulation.

GPL structure

GPLs are composed of a lipopeptide core structure contain-
ing a 3-hydroxy or a 3-methoxy C26-C33 fatty acyl chain N-
linked to a tripeptide-amino-alcohol core generally made up
of D-phenylalanine-D-allo-threonine-D-alanine-L-alaninol. This
lipopeptide core is glycosylated with the allo-threonine gly-
cosidically linked to a 6-deoxy-α-L-talose (6-deoxytalose) and
the alaninol glycosidically linked to an α-L-rhamnose (rham-
nose) (Figure 1A and Table I). These di-glycosylated GPLs
make up the apolar or nonseovar-specific (ns) species. In the
case of the MAC, the 6-deoxytalose may be nonmethylated
or 3-O-methylated, and the rhamnose is either 3-O-methylated
or 3,4-di-O-methylated (Figure 1A). The nsGPLs may also be
O-acetylated at various locations, depending on the strain. In
contrast, M. smegmatis, M. abscessus, and M. chelonae pro-
duce nonspecific GPLs (nsGPLs) that contain a 6-deoxytalose,
that is 3,4-di-O-acetylated, and a rhamnose, that is 2,3,4-tri-
O-methylated or 3,4-di-O-methylated (Patterson et al. 2000;
Villeneuve et al. 2003; Ripoll et al. 2007) (Table I). M. sene-
galense, M. porcinum, and M. peregrinum contain a different
GPL core structure with a 3-O-methyl rhamnose attached to the
allo-threonine instead of a 6-deoxytalose (Lopez Marin et al.
1993) (Table I).

In addition to the nsGPLs, M. avium and M. intracellulare
produce a variety of polar or ssGPLs. The terminal rhamnose
linked to the alaninol is always 3,4-di-O-methylated, and the
6-deoxytalose is extended with various oligosaccharide
residues, usually beginning with a rhamnose (reviewed by Chat-
terjee and Khoo 2001) (Figure 1B). A variety of ssGPLs may
be produced depending on the carbohydrate modifications, and
accordingly, they distinguish the different typeable, serovar-
specific MAC strains. For example, MAC serovar 1 produces
GPLs that contain a rhamnose attached to the 6-deoxytalose,
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Table I. GPLs are produced by different species of Mycobacterium. These species of mycobacteria produce GPLs with the same lipopeptide core, but which vary
in glycosylation, methylation, and acetylation. Generally, a methylated rhamnose (Rha) is glycosidically linked to the lipopeptide core at the alaninol (Aol), and an
O-methylated (OMe) or O-acetylated (OAc) 6-deoxytalose (6dTal) is linked to the allo-threonine (T). However, some species contain a 3-O-methyl-rhamnose
attached to the allo-threonine. Additional carbohydrates glycosidically linked to the 6-deoxytalose constitute the polar GPLs in the case of M. avium and M.
intracellulare.

Species Nonspecific GPLs Polar GPLs Serovar-specific GPLs References

M. avium
M. intracellulare

Aol: Rha (3,4-OMe2 or
3-OMe)
T: 6dTal (3-OMe or
nonmethylated

See serovar-specific GPLs Aol: 3,4-OMe2Rha
T: 6dTal extended with
oligosaccharide (usually
beginning w/Rha)

Chatterjee and
Khoo 2001

M. abscessus
M. chelonae
M. smegmatis

Aol: Rha (2,3,4-OMe3 or
3,4-OMe2)
T: 3,4-OAc26dTal

Aol: 3,4-OMe2Rha
(1→2)3,4OMe2Rha
T: 3,4-OAc26dTal

N/A Villeneuve et al.
2003
Ripoll et al. 2007

M. peregrinum
M. porcinum
M. senegalense

Aol: 3,4OMe2Rha
T: 3-OMeRha

Aol: 3,4-OMe2Rha
(1→2)Rha (methylated or
nonmethylated)
T: 3-OMeRha

N/A Lopez Marin et al.
1993

whereas serovar 2 strains produce GPLs that have a di-O-
methylated α-L-fucose attached to the rhamnose of the serovar
1 strain (Figure 1B). Individual strains of MAC produce only
one species of ssGPL.

Some rapidly growing mycobacteria, such as M. smegmatis,
M. abscessus, and M. chelonae, also create polar GPLs. How-
ever, these polar GPLs are different from the ssGPLs of MAC,
as they are produced by the addition of a 3,4-di-O-methyl rham-
nose attached to the alaninol-linked 3,4-di-O-methyl rhamnose
(Table I). They also contain a di-O-acetylated 6-deoxytalose,
which is not further glycosylated (Villeneuve et al. 2003; Ripoll
et al. 2007) (Figure 1C and Table I). In the case of M. smeg-
matis, this polar GPL is produced under conditions of carbon
starvation (Ojha et al. 2002; Mukherjee et al. 2005), and un-
like the ssGPLs of the MAC, the structure does not vary and
therefore does not render serovar specificity to M. smegmatis.
M. senegalense, M. peregrinum, and M. porcinum also produce
triglycosylated GPLs; however, the rhamnosyl disaccharide at-
tached to the alaninol varies in methylation, and a 3-O-methyl
rhamnose is attached to the allo-threonine in place of the di-
O-acetylated 6-deoxytalose as found in M. smegmatis (Lopez
Marin et al. 1993) (Table I).

GPL biosynthesis

A strong understanding of the GPL biosynthetic pathways is
fundamental to defining GPLs’ role in mycobacterial virulence.
Much work has been completed to elucidate the biosynthesis
of both nsGPLs and ssGPLs of the MAC, M. smegmatis, M.
abscessus, and M. chelonae. The M. smegmatis mc2155 strain
has often been used for biosynthetic studies as this strain is easy
to manipulate and it mostly produces simple, nsGPL structures.

Formation of the lipopeptide core
In 1999, Billman-Jacobe and colleagues isolated a mycobacte-
rial peptide synthetase (mps) gene required for the formation
of the lipopeptide core of GPLs in M. smegmatis and showed
that the MPS enzyme functions by transferring amino acids to
a peptide acceptor, where the first three domains also contain
racemase activity involved in converting the first three amino

acids to the D-isomers (Billman-Jacobe et al. 1999). A more
recent study indicates that the M. smegmatis MPS activity is
encoded by two genes designated mps1 and mps2 (Sonden et al.
2005) (Figure 2). In the same study, it was also shown that a
gene encoding a polyketide synthase (pks) was important for
the formation of the lipopeptide core, and another gene called
gap was important in transporting GPLs to the surface of M.
smegmatis (Sonden et al. 2005). In the case of M. avium, pstA
and pstB were shown to be similar to the M. smegmatis mps
genes in that they are essential for lipopeptide core formation
(Freeman et al. 2006) (Figure 2).

Glycosylation of GPLs
Original genetic studies resulted in the isolation of a 22–27 kb
gene cluster (designated ser2 cluster) which encoded the genes
required to produce serovar 2 GPL (Belisle et al. 1991). Later
studies by this group lead to isolation of rough M. avium 2151
mutants with deletions of the entire ser2 cluster. These mu-
tants expressed the lipopeptide core devoid of carbohydrates
and failed to express the ns- or ssGPL (Belisle, Klaczkiewicz,
et al. 1993; Belisle, McNeil, et al. 1993). These studies de-
lineated the region of the M. avium genome responsible for
glycosylation of the lipopeptide core. Subsequent studies have
addressed the role of individual genes within the cluster (Mills
et al. 1994). Eckstein and colleagues (1998) expressed M. avium
rtfA in M. smegmatis, whereby it produced ssGPLs, and demon-
strated that the rtfA gene functioned as a rhamnosyltransferase
by adding a rhamnose to the 6-deoxytalose, the first step nec-
essary for generating ssGPLs (Figure 2). The specificity of
rtfA was later confirmed by generating M. avium rtfA mutants
(Maslow et al. 2003).

After the findings by Eckstein et al. (1998), other studies
were carried out to identify other glycosyltransferases involved
in the synthesis of M. smegmatis and M. avium GPLs. The gly-
cosyltransferases responsible for adding the 6-deoxytalose and
the rhamnose to the core lipopeptide in MAC were identified,
GtfA and GtfB, respectively (Eckstein et al. 2003). Miyamoto
et al. (2006) observed that M. smegmatis gtf1 and gtf2 were
functionally equivalent to MAC gtfA and gtfB, respectively. In
addition, the glycosyltransferase involved in creating the polar
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Fig. 1. GPL structures. (A) The nonspecific GPLs (nsGPLs) of MAC and M. smegmatis. These GPLs share the same di-glycosylated N-linked fatty acyl
tripeptide-amino-alcohol core. However, there are slight differences in the modification of the α-L-rhamnose (rhamnose) and 6-deoxy-α-L-talose (6-deoxytalose). In
the case of MAC, the rhamnose is either 3-O-methylated or 3,4-di-O-methylated, and the 6-deoxytalose is 3-O-methylated or nonmethylated. In the case of M.
smegmatis, its nsGPLs contain a 3,4-di-O-methyl rhamnose or a 2,3,4-tri-O-methyl rhamnose, and the 6-deoxytalose is usually 3,4-di-O-acetylated. MAC strains
may also have acetyl groups at various undefined locations on the GPL depending on the strain of mycobacteria. (B) MAC strains produce polar, serovar-specific
GPLs (ssGPLs). ssGPLs contain an α-L-rhamnose that is always 3,4-di-O-methylated, and the nonmethylated 6-deoxy-α-L-talose is extended with additional
carbohydrate moieties. Different ssGPLs possess different oligosaccharide appendages. For example, the serovar 1 GPL contains an α-L-rhamnose-(1→2)-6-deoxy-
α-L-talose linked to the allo-threonine of the lipopeptide core, and the serovar 2 GPL contains a 2,3-di-O-methyl-α-L-fucose-(1→3) linked to the rhamnose of the
serovar 1 GPL (reviewed by Chatterjee and Khoo 2001). (C) M. smegmatis produces a polar GPL. A nsGPL is modified with an additional methylated rhamnose
residue; however, unlike the ssGPLs of MAC, glycosylation does not occur at the 6-deoxytalose. A 3,4-di-O-methyl-α-L-rhamnose is (1→2) linked to the
3,4-di-O-methyl-α-L-rhamnose attached to the alaninol of the lipopeptide core, and the 6-deoxy-α-L-talose is 3,4-di-O-acetylated. Ac: acetyl.
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Fig. 2. The biosynthetic pathways for formation of GPLs. The biosynthesis of GPLs produced by M. smegmatis and MAC has largely been delineated. Genes
involved in producing nsGPLs of M. smegmatis and MAC (genes underlined) share homology and function; however, there are slight differences in the methylation,
acetylation, and glycosylation pathways. MAC and M. smegmatis encode genes specific to producing the respective ssGPLs. Boxes denote peptides; 6dTal:
6-deoxytalose; Rha: rhamnose; OMe: O-methyl; OAc: O-acetyl; mps: mycobacterial peptide synthetase (M. smegmatis); pks: polyketide synthase; pst: peptide
synthetase (M. avium); gtf: glycosyltransferase; atf: acetyltransferase; mtf: methyltransferase (M. avium); rmt: rhamnose methyltransferase (M. smegmatis); rtf:
rhamnosyltransferase.

GPL of M. smegmatis under carbon-starved conditions, namely
Gtf3, was also discovered, and this enzyme functions by adding
the 3,4-di-O-methyl-rhamnose to the terminal 3,4-di-O-methyl
rhamnose (Ojha et al. 2002; Deshayes et al. 2005; Mukherjee
et al. 2005; Miyamoto et al. 2006) (Figure 2). Other glycosyl-

transferases involved in the formation of ssGPLs have also been
identified, such as those involved in the formation of serovar
2 GPL (Eckstein et al. 2003; Miyamoto et al. 2007), serovar 7
GPL (Fujiwara et al. 2007), serovar 8 GPL (Irani et al. 2004),
serovar 12 GPL (Nakata et al. 2008), and any fucose-containing
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ssGPLs, including serovars 2, 3, 4, and 9 (Miyamoto et
al. 2007). The GPL biosynthetic clusters of different MAC
serovars of diverse virulence have also been compared and
show slight modifications; however, a correlation between the
gene sequence and virulence was not observed (Krzywinska
and Schorey 2003). Interestingly, these studies resulted in
the identification of homologous gene transfer between two
different M. avium serotypes (Krzywinska et al. 2004). This
was the first study to show naturally occurring homologous
recombination in a pathogenic species of Mycobacterium.

GPL modifications
In addition to identifying the glycosyltransferases involved in
GPL biosynthesis, various studies have identified the genes
responsible for the methylation and acetylation of the GPLs.
Patterson et al. (2000) created a M. smegmatis transposon
mutant with a disrupted mtf1 gene, which completely lacked
methylated GPLs. The authors concluded that the disrupted mtf1
gene encoded a rhamnosyl 3-O-methyl transferase, and that
methylation at the C3 carbon of the rhamnose was necessary
for subsequent methylation at C2 and C4. The M. smegmatis
mtf1 gene, later re-named rmt3 by the same group, also
showed homology to the M. avium mtfD gene. Jeevarajah and
colleagues (2004) defined the remaining methyltransferases,
including those involved in methylating the fatty acyl moiety
and the terminal rhamnosyl residue at C2 and C4 (fmt, rmt2, and
rmt4, respectively). In the same study, the authors performed
complementation studies to confirm the methyltransferase
activity of homologous M. avium methyltransferases, namely
mtfB and mtfC with 4-O-methyltransferase activity and mtfD
with 3-O-methyltransferase activity (Jeevarajah et al. 2002,
2004). mtfA also has high similarity to mtfD, suggesting that
the MtfA enzyme likely methylates the 6-deoxytalose on the
C3 carbon (Eckstein et al. 2003) (Figure 2).

Krzywinska et al. (2005) also produced a 3-O-methyl trans-
ferase M. avium mutant (mtfD deficient) via homologous re-
combination, which not only lacked nsGPLs with methy-
lated rhamnose residues but also lacked the ability to produce
ssGPLs. How the loss of methylated rhamnose on the nsG-
PLs results in a failure to produce ssGPLs is currently un-
known; however, it supports the hypothesis that mature nsG-
PLs are the substrate for forming ssGPLs. Eckstein et al. (2003)
have determined that M. avium 724 possesses a putative O-
acetyltransferase (atfA), whereas M. avium 2151 lacks this gene.
Comparative genomic studies showed that M. smegmatis has one
acetyltransferase gene, whereas both M. abscessus and M. che-
lonae have two. The single M. smegmatis acetyltransferase and
the two present in M. abscessus and M. chelonae function to
acetylate the 6-deoxytalose at the C3 and C4 carbons (Ripoll et
al. 2007). As predicted, a M. smegmatis mutant deficient in this
acetyltransferase lacked both acetyl groups on the 6-deoxytalose
(Recht and Kolter 2001).

Effects of drugs on GPL composition
The question of how GPL composition might affect antibiotic
efficacy, or how antibiotics might alter GPL profiles, has stimu-
lated recent interest. In 1999, Khoo and colleagues determined
that ethambutol-susceptible and -resistant M. avium serovar 1
strains had different GPL profiles. The susceptible strain had
fewer and only polar GPLs, whereas the resistant strain had

mostly nsGPLs (Khoo et al. 1999). This suggests that more
hydrophobic GPLs may render the cell wall less permeable to
antibiotics. Another study demonstrated that treatment with the
antifungal azole inhibitors, econazole and clotrimazole, which
function by inhibiting cytochrome p450, were not only effective
at eliminating M. smegmatis growth but also at decreasing the
production of GPLs by M. smegmatis (Burguiere et al. 2005).
It is thought that cytochrome p450 catalyzes the hydroxylation
of fatty acids, and this may be necessary for the production of
GPLs (Burguiere et al. 2005). Although these observations are
intriguing, more studies are needed to connect GPL composi-
tion with antibiotic resistance. Whether certain antibiotics are
able to alter GPL profiles sufficiently to modulate the immune
response has yet to be determined.

MAC GPLs in AIDS and non-AIDS patients

Studies to elucidate the GPLs’ role in virulence have focused
primarily on MAC, as these organisms are some of the most
common sources of bacterial disseminated infections in AIDS
patients, causing significant morbidity and mortality (Horsburgh
1991). Members of MAC also cause pulmonary infections in
non-AIDS patients, sometimes referred to as hot-tub lung or
Lady Windermere’s syndrome (Field et al. 2004; Wagner and
Young 2004). Due to the nature of their hydrophobic, waxy cell
wall, these mycobacteria are able to withstand harsh environ-
mental conditions, are chlorine resistant, and therefore survive
and form biofilms in filtered drinking water systems (Hilborn
et al. 2006). Drinking water is a major source of infection,
especially in hospitals, whereupon ingestion, the bacteria can
colonize and invade the gastrointestinal tract. Colonization in
the lungs can also occur following inhalation of aerosolized
droplets containing NTM. Dissemination occurs in immuno-
compromised individuals as the mycobacteria enter the vascular
system and colonize various organs (Horsburgh 1999).

Interest in serovar-specific GPLs (ssGPLs) stems in part from
studies that have shown certain MAC strains to be isolated more
frequently from AIDS patients. For example, MAC serovars
4 and 8 were the most common isolates from AIDS patients
(Horsburgh et al. 1986; Tsang et al. 1992). However, studies
have also demonstrated AIDS and non-AIDS patients to have
the same serovar-specific isolates, suggesting that the prevalence
of certain MAC strains may be due to their geographic distri-
bution (Yakrus and Good 1990; Torrelles et al. 2000). A study
by Lee et al. (1991) showed that both HIV-negative and HIV-
positive homosexual individuals without mycobacterial disease
had antibodies reactive against different MAC serovars, indi-
cating that patients were exposed to and mounted an immune
response to different strains of MAC. Another study examined
the role of ssGPLs in vitro, where human macrophages were in-
fected with different patient-derived serovar-specific M. avium
strains, and the authors concluded that there was no correlation
between serovar specificity and virulence (Crowle et al. 1986).
Additionally, a study by Maekura et al. (2005) focused on non-
AIDS patients exhibiting MAC pulmonary disease and observed
that patients containing serovar 4 strains were more frequently
nonresponsive to multidrug chemotherapy and had a shorter
survival time; however, patients with other serovar-specific iso-
lates also exhibited disease. From these studies, it is not pos-
sible to link specific ssGPLs to the development or severity of
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MAC-induced disease in AIDS and non-AIDS patients. Never-
theless, the studies have sparked significant interest in the role
that GPLs play in the disease process and how GPL structure
may affect Mycobacterium virulence.

GPLs and colony morphology

Members of the MAC are noted for their ability to change
colony morphologies. Many different morphologies have been
described, and include, but are not limited to, smooth opaque
(SmO), smooth transparent (SmT), rough (Rg), rough trans-
parent (RgT), and pinpoint (Kansal et al. 1998; Torrelles
et al. 2000). Mycobacteria defective in GPL biosynthesis of-
ten possess altered colony morphologies. For example, MAC
2151 serovar 2 produces isogenic SmO, SmT, and Rg strains,
where the Rg is devoid of core lipopeptide molecules or glycosy-
lated lipopeptides, suggesting that glycosylation of the lipopep-
tide core is necessary for rendering colony smoothness (Belisle,
Klaczkiewicz, et al. 1993, Belisle, McNeil, et al. 1993). The
mps mutant of M. smegmatis also completely lacked GPLs and
exhibited a rough morphotype (Billman-Jacobe et al. 1999).
A Rg M. avium mutant isolated from a patient with a chronic
lung infection was also devoid of GPLs but produced an un-
usual lipopeptide (Riviere et al. 1996). In contrast, other GPL-
defective mutants that displayed a Rg colony morphology, as
compared to the smooth parent strains, had only slightly mod-
ified GPLs. Some of these include the MAC 104 serovar 1 Rg
mutant, which lacks gtfA (Torrelles et al. 2002; Eckstein et al.
2003), the M. smegmatis gtf3 mutant (Deshayes et al. 2005), and
the M. smegmatis atf1 mutant (Recht and Kolter 2001), among
others. However, other strains with slight GPL modifications,
such as the MAC 104 mtfD mutant, still produce smooth mor-
photypes (Krzywinska et al. 2005). Nevertheless, these obser-
vations suggest a correlation between GPL production/structure
and colony morphology.

In contrast, the relationship between colony morphology and
virulence remains unclear. Most strains isolated from MAC-
infected patients have a transparent morphotype (Crowle et al.
1986; Reddy et al. 1996). Animal studies have also compared
SmT strains of M. avium to SmO and Rg isogenic strains. In
1970, Schaefer and colleagues measured the pathogenicity of
SmT, SmO, and Rg variants of M. avium in mice and chick-
ens. The results demonstrated, as a whole, that the Rg variants
were more virulent than both the SmT and SmO, and the SmT
were more virulent than the SmO variants (Schaefer et al. 1970).
Appelberg and colleagues also tested various M. avium strains
and morphotypes and found, in general, that the SmT morpho-
types were most virulent in mouse infection models compared
to the SmO and Rg variants (Pedrosa et al. 1994). Another study
demonstrated that the M. avium 2151 SmT strain was more vir-
ulent and less proinflammatory as compared to the SmO and Rg
GPL-deficient isogenic strains (Bhatnagar and Schorey 2006).
However, in a study by Torrelles et al. (2002), the M. avium 104
Rg isogenic strain, which produced a modified GPL lacking
6-deoxytalose residues (gtfA deficient), was as virulent as the
SmT morphotype. These observations indicate that although
some Rg or SmO strains are less virulent in a mouse or
macrophage infection model compared to the isogenic SmT
strain, this correlation may not always hold true. For exam-
ple, studies involving M. abscessus demonstrated isogenic Rg,

GPL-deficient variants to be more virulent in mice than the
smooth counterparts (Byrd and Lyons 1999; Howard et al. 2006;
Catherinot et al. 2007), although Catherinot et al. (2007) showed
that the Rg variant was more proinflammatory in vitro than the
smooth strain. Finally, a study by Kansal et al. (1998) com-
pared the SmT and RgT isogenic strains of M. avium 101. They
demonstrated that the RgT strain was phagocytosed more read-
ily by macrophages and was more virulent in vivo (Kansal et al.
1998).

The variation between studies may be due not only to differ-
ences in the mycobacterial strains used but also in the underlying
causes of the morphological changes, particularly for SmO vari-
ants, as the cell wall changes responsible for this morphology
remain mostly undefined. Some authors suggest that SmT and
SmO strains have different GPL compositions on the cell sur-
face, or that the GPLs of the SmT strain are more surface exposed
compared to the SmO strain (Reddy et al. 1996; Bhatnagar and
Schorey 2006). Belisle and Brennan (1994) demonstrated that
three different SmO strains produced greater amounts of nsGPL
compared to the respective SmT strains. However, others studies
suggest that there is no difference in the surface GPL composi-
tion between the isogenic SmT and SmO M. avium 104 strains
(Torrelles et al. 2002), and one study showed that both MAC
2151 SmT and SmO colonies were reactive to ssGPL-specific
antibody (Belisle, McNeil, et al. 1993).

Other studies propose that different colony morphologies can
be determined by the lipooligosaccharide (LOS) composition
(Belisle and Brennan 1989), the presence of a 66-kDa protein
found only in SmT isolates (Prinzis et al. 1994), or by the com-
position of the capsule (Rastogi et al. 1981). Unfortunately, no
SmO or SmT morphotype-specific antibodies have been gener-
ated, which would certainly facilitate the biochemical studies
(Belisle, McNeil, et al. 1993; Prinzis et al. 1994). In summary,
the varied results obtained with the different morphotypes sug-
gest that comparing M. avium Rg to SmT/O as a mechanism to
evaluate the GPLs’ role in virulence is problematic. Clarifica-
tion calls for a more controlled approach, such as the generation
of M. avium mutants, which lack genes involved in GPL biosyn-
thesis, to utilize purified native and/or modified GPLs to define
any immunomodulatory functions.

GPLs and sliding motility and biofilm formation

M. smegmatis and M. avium have been observed to exhibit slid-
ing motility, appearing as multilayered halos on agar surfaces
(Martinez et al. 1999; Recht et al. 2001). In addition, this sliding
motility also seems to be correlated with the ability to produce
biofilms on PVC surfaces in drinking water systems and in vitro
(Carter et al. 2003). These two properties may be important in
facilitating mycobacterial virulence, as their presence in drink-
ing water is a major source of infection (Hilborn et al. 2006),
and their motility may contribute to epithelial cell invasion after
ingestion or inhalation (Yamazaki, Danelishvili, Wu, Hidaka,
et al. 2006).

A number of studies suggest that GPLs may play an im-
portant role in these processes. Martinez et al. (1999) found
that M. avium 2151 smooth strains spread more than the Rg
morphotypes, suggesting a role for GPLs in motility. In addi-
tion, other studies have implicated GPLs in M. smegmatis slid-
ing motility and biofilm formation. M. smegmatis transposon
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mutants defective in mps and GPL membrane transport proteins,
such as those encoded by gap, lacked GPL expression and were
nonmotile compared to the GPL-producing parent strains (Recht
et al. 2000; Etienne et al. 2002; Sonden et al. 2005). Some of
these mutants were also defective in biofilm formation on PVC
plastic (Recht et al. 2000). Similar results have been observed for
the M. avium pstA/pstB mutants, which displayed a Rg morpho-
type and did not bind to PVC plastic in contrast to the parental
SmT strains (Freeman et al. 2006). Moreover, a GPL-producing
wild-type strain of M. abscessus displayed sliding motility and
biofilm formation whereas the GPL-deficient Rg strain lacked
both functions (Howard et al. 2006).

Recht et al. (2000) proposed a model for sliding motility in
which GPLs located on the cell surface, with their hydropho-
bic fatty acyl tails exposed, created a hydrophobic environment
that decreased friction between the bacterium and hydrophilic
surface. Their model also proposed that GPL-defective mutants
had more hydrophilic products exposed, such as polysaccha-
rides, thus decreasing their motility due to an increase in fric-
tion. However, this model implies that the GPL carbohydrate
moieties would have only limited exposure to the environment,
an unlikely prospect as published data supports exposure of the
carbohydrate moieties on the bacterial surface (Kolk et al. 1989).
The same group, however, produced an atf1-deficient M. smeg-
matis strain that produced nonacetylated GPLs. This mutant
had an “intermediate rough morphotype” and reduced sliding
motility and biofilm formation on agar (Recht and Kolter 2001).
This observation is interesting as it suggests that sliding motility
and biofilm formation can be affected by slight structural mod-
ifications of the GPL carbohydrates. Other mutants have been
produced that are defective in sliding motility and/or biofilm
formation and these may also be defective in GPL biosynthesis;
however, additional biochemical analyses are needed to address
this possibility (Yamazaki, Danelishvili, Wu, Macnab, et al.
2006; Mukherjee and Chatterji 2008; Gopalaswamy et al. 2008).

A correlation between biofilm formation and virulence has
also been observed. Carter et al. (2003) tested a number of M.
avium strains originally isolated from AIDS patients for their
ability to form biofilms on PVC plastic. They found that all
strains could form biofilms, but to varying degrees, and that
all expressed GPLs. Interestingly, the M. avium strain A5 was
able to bind to and translocate across epithelial cells; however,
biofilm-defective mutants were diminished in this capacity rela-
tive to the wild-type strain (Yamazaki, Danelishvili, Wu, Hidaka,
et al. 2006). These mutants were defective in their GPL biosyn-
thetic pathways (Yamazaki, Danelishvili, Wu, Macnab, et al.
2006) suggesting a role for GPLs in epithelial cell invasion as
well as in biofilm formation.

Immunomodulation by GPLs

GPL-defective MAC mutants have been useful in elucidating
the role of GPLs in immunomodulation (Irani et al. 2004;
Krzywinska et al. 2005; Bhatnagar and Schorey 2006). More-
over, purified GPLs have been used to directly evaluate their
effect on immune cells. GPLs can be readily extracted from the
mycobacterial cell wall using a chloroform:methanol extraction
procedure and subsequently purified using high-performance
thin-layer chromatography (HP-TLC) or high-performance liq-
uid chromatography (HPLC).

Several studies have addressed whether GPLs could function
in modulating a T helper-1 (Th1) response, with some conclud-
ing that GPLs downregulate Th1 type responses, thus benefiting
the pathogen (Pourshafie et al. 1993; Horgen et al. 2000). In con-
trast, other studies indicate that intact GPLs were not inhibitory
(Barrow et al. 1993). Moreover, GPLs whose oligosaccharides
were removed from the allo-threonine by β-elimination were
capable of downregulating a Th1-type response, whereas intact
GPL failed to modulate the response (Tassell et al. 1992; Rastogi
and Barrow 1994).

Additional studies have scrutinized how GPLs direct or modu-
late a proinflammatory response. Total lipid and ssGPL fractions
have been observed to induce the release of various proinflam-
matory mediators, such as prostaglandins, leukotrienes, IL-1,
IL-6, and TNF-α (Barrow et al. 1993; Pourshafie et al. 1993;
Barrow et al. 1995; Horgen et al. 2000; Sweet and Schorey
2006). The ability of ssGPLs to stimulate the release of proin-
flammatory mediators appears to be structure specific, as certain
ssGPLs are proinflammatory while others are not (Barrow et al.
1995; Sweet and Schorey 2006). This indicates that slight struc-
tural modifications can alter the way in which the GPL interacts
with host-cell receptors. Our laboratory also observed that the
proinflammatory response was MyD88 and Toll-like receptor
2 (TLR2) dependent, suggesting that certain GPLs have the
necessary structure to signal through this receptor (Sweet and
Schorey 2006). These results corroborate other studies where
M. avium was shown to stimulate an inflammatory response in
macrophages through TLR2, and that TLR2-deficient mice are
more susceptible to an M. avium infection (Quesniaux et al.
2004). Interestingly, we observed that in addition to the carbo-
hydrate requirement for TLR2 signaling, the number and po-
sition of O-methyl and O-acetyl groups on the rhamnose and
6-deoxytalose, respectively, were also important. For example,
we have observed that de-acetylated GPLs were no longer bi-
ologically active (unpublished results). These observations are
significant as they suggest that slight structural modifications
of the carbohydrates may alter the overall conformation of
the GPL and consequently lead to the loss of, or a change
in, the positioning of functional groups required for signal-
ing through TLR2. This also suggests that slight modifications
of the GPLs during an infection may affect the ability of MAC
to induce a proinflammatory response; however, this predic-
tion awaits characterization of GPLs isolated at different times
postinfection.

In addition to TLRs, M. avium and other pathogenic
mycobacteria can engage macrophages via a wide variety
of receptors, including the complement receptor-3 and -4
(CR3/CR4) (Schorey et al. 1997) and the mannose receptor
(MR) (Schlesinger et al. 1994). GPLs have also been shown to
alter cellular functions through their interaction with host re-
ceptors including the CRs and MR (Irani and Maslow 2005;
Villeneuve et al. 2005; Shimada et al. 2006). For example, de-
acetylated or succinylated polar GPLs of M. smegmatis, but
not nsGPLs, inhibited the phagocytosis of M. smegmatis or M.
avium (Villeneuve et al. 2003). In a subsequent study, the same
group showed that the CR3 and MR were involved in the phago-
cytosis of GPL-coated beads (Villeneuve et al. 2005). Together,
the studies implicate that GPLs are able to associate with and
potentially signal through different receptors; however, the pre-
cise molecular determinants of the GPL-receptor interactions
have yet to be fully elucidated.
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Following receptor-mediated phagocytosis, pathogenic my-
cobacteria block the phagosome–lysosome (P–L) fusion which
is essential for their survival inside phagocytic cells. Some
mechanisms have been proposed for this block in the P–L fusion
by M. tuberculosis and include limiting the production of PI-3
phosphate on the mycobacterial phagosome, thus preventing the
recruitment of early endosome antigen-1 and other host proteins
required for fusion with late endosomes and lysosomes (Malik
et al. 2001; Fratti et al. 2003; Kang et al. 2005). Whether M.
avium performs this function in a similar fashion has not been
defined. Recent studies have implicated a role for GPLs in the
P–L delay (Kano et al. 2005) and the involvement of the MR
in this process (Shimada et al. 2006). However, the results from
these studies are relatively inconclusive since the GPLs were de-
acetylated and therefore do not provide information about the
function of the native molecules. We have shown that native ns-
GPLs can also function to delay P–L biogenesis in macrophages.
Although the mechanism remains unclear, our results suggest a
role for MR (unpublished results), again supporting that GPLs
can interact with different receptors. GPLs may also function
to aid in the intracellular survival of MAC by serving as a
protective barrier against lysosomal enzymes (Tereletsky and
Barrow 1983), or by interfering with P–L biogenesis by disrupt-
ing the phagosomal membrane (Sut et al. 1990; Vergne et al.
1995).

Together the results using purified GPLs support a role for
these glycolipids in modulating the innate, as well as T-cell
immune responses. Nevertheless, it is unclear from these stud-
ies what function is associated with GPLs during the course
of a macrophage or host infection. Most studies to address
this question have used Rg isogenic strains which differ in
the presence or structure of the GPLs. However, as indicated
above, these studies have not resulted in a clear picture of
how or whether GPLs function in immune modulation dur-
ing the course of an infection. One possible complication in
using these isogenic strains is the potential for additional ge-
netic changes to occur during culturing of the SmT and Rg
isolates. Unfortunately, no studies have been performed using
Rg variants genetically reconstituted to produce wild-type GPL
which would allow one to confirm that the responses observed
were the result of changes in GPL. Nevertheless there have been
two studies which have used M. avium mutants which express
modified GPLs due to a specific deletion of a gene involved
in GPL biosynthesis. In studies by Krzywinska et al. (2005),
murine macrophages infected with a mtfD-deficient M. avium
104 strain produced increased levels of TNF-α and RANTES
relative to wild-type or reconstituted SmT M. avium 104. The
mutant was also attenuated in a mouse infection model. The
mtfD mutant expressed an unusual undermethylated form of the
nsGPL. Using a SmO variant of the M. avium strain 920A6,
Irani and Maslow (2005) observed a decrease in TNF-α pro-
duction by J774 cells infected with an rtfA-deficient mutant
relative to cells infected with the wild-type or reconstituted
SmO M. avium 920A6. The rtfA mutant lacked expression of
the serotype 8 GPL but had a normal nsGPL expression profile.
Together these results confirm that modifying GPL expression
patterns in the context of whole mycobacteria can affect an
immune response; however, the type of response varied de-
pending on the serotype/morphotype of the parental M. avium
strain.

Conclusion

Studies using purified GPLs and GPL mutants have highlighted
the importance of this glycolipid in various biological processes.
Moreover, studies using mutants defective in GPL glycosylation
and modification and studies using different purified GPLs have
highlighted the importance of the carbohydrate residues, as well
as the carbohydrate modifications, in the GPL-mediated func-
tions. However, clear results have been difficult to obtain for M.
avium and M. intracellulare stemming in part from our limited
ability to do genetic manipulation on these pathogenic mycobac-
terial species. Nevertheless, biochemical and genetic studies,
primarily using M. smegmatis, have significantly increased our
understanding of the GPL biosynthetic pathway. This founda-
tion should facilitate future studies to better define GPLs’ role in
biofilm formation, cell invasion, and immune modulation, and
how variations in GPL structure may affect the pathogenicity of
MAC and other GPL-expressing mycobacteria.
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