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Trehalose dimycolate (TDM), also known as cord factor, is a
major surface glycolipid of the cell wall of mycobacteria.
Because of its potent biological functions in models of infection,
adjuvancy, and immunotherapy, it is important to determine
how its biosynthesis is regulated. Here we show that glucose, a
host-derived product that is not readily available in the environ-
ment, causes Mycobacterium avium to down-regulate TDM
expression while up-regulating production of another major
glycolipid with immunological roles in T cell activation, glucose
monomycolate (GMM). In vitro, the mechanism of reciprocal
regulation of TDM and GMM involves competitive substrate
selection by antigen 85A. The switch from TDM to GMM bio-
synthesis occurs near the physiological concentration of glucose
present in mammalian hosts. We further demonstrate that
GMM is produced in vivo by mycobacteria growing in mouse
lung. These results establish an enzymatic pathway for GMM
production. More generally, these observations provide a spe-
cific enzymatic mechanism for dynamic alterations of cell wall
glycolipid remodeling in response to the transition from noncel-
lular to cellular growth environments, including factors that are
monitored by the host immune system.

Mpycobacterium avium complex (MAC)? includes a group of
acid-fast bacteria that distribute widely in natural environ-
ments, including soil, water, aerosols, and dust (1). Although
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less virulent than Mycobacterium tuberculosis, these environ-
mental mycobacteria occasionally infect humans, especially
patients infected with human immunodeficiency virus type 1,
where they represent a major cause of morbidity. The incidence
of clinically overt MAC infection has increased significantly in
recent years, and because of the multidrug resistance evolved by
the microbes, MAC infection is difficult to clear with chemo-
therapeutic agents. Thus, M. tuberculosis and MAC are now the
two major groups of mycobacteria species that require further
efforts for prevention and treatment. Unlike M. tuberculosis,
which transmits primarily from individuals with active disease,
epidemiologic evidence suggests that such transmission path-
ways are unlikely for MAC. Rather, MAC infection appears to
occur when susceptible individuals are exposed to environmen-
tal MAC. These observations predict that, upon infection, envi-
ronmental MAC should undergo significant adaptive changes
to allow its survival and replication within the host.

Mycobacteria possess highly lipid-rich cell walls that are crit-
ical not simply for their acid-fast properties but also for their
survival and replication. The cell wall contains mycolic acids, an
a-alkyl-B-hydroxy fatty acid with extremely long carbon chains
(~Cgp), which are densely aligned in covalent association with
the 6-position of arabinose termini of the underlying arabi-
nogalactan sugar layer or exist as free molecules complexed to
sugars, either glucose or trehalose. Arabinogalactan-linked
mycolates are proposed to extend outward and interact nonco-
valently with carbon chains of the so-called surface-exposed
glycolipids, including trehalose 6-monomycolate (TMM), tre-
halose 6,6'-dimycolate (TDM), and glucose 6-monomycolate
(GMM), thereby forming the hydrophobic cell wall architec-
ture that is essential for protection against chemical attack,
such as reactive oxygen intermediates and hydrolytic enzymes
derived from the host cells. Among the most abundant surface-
exposed glycolipids is TDM that is biosynthesized from its pre-
cursor, TMM, by the mycolyltransferase activity of antigen 85
(Ag85) (2). Many biological functions have been assigned to
TDM (3) that may impact on survival of mycobacteria within
the host and possibly their virulence. Therefore, it is important
to determine how biosynthesis of TDM and other mycolic acid-
containing glycolipids is regulated by external factors. GMM
exists at varied levels in the mycobacterial cell wall (4, 5). In
addition to its role in cell wall barrier functions, GMM is a
granuloma-forming agent in mice (6) as well as a CD1b pre-
sented antigen in humans (7).
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Here we identify Ag85A as an enzyme that produces GMM
by transfer of mycolate to glucose. Furthermore, mechanistic
studies show that glucose present in its growth environment
regulates the spectrum of mycolylglycolipids made by MAC,
and glucose from the host influences GMM production in vivo
during infection of mice. Mechanistic studies showed that glu-
cose and trehalose compete as substrates for Ag85A, linking the
biosynthesis pathways of GMM and TDM.

EXPERIMENTAL PROCEDURES

Reagents and Bacteria—Chemical reagents were purchased
from Nacalai Tesque (Kyoto, Japan) unless otherwise indicated.
M. avium ATCC 35767 (serovar 4) was obtained from Ameri-
can Type Culture Collection (Manassas, VA). The bacteria
were maintained on a plate of Middlebrook 7H10 media sup-
plemented with 10% oleic acid/albumin/dextrose/catalase (BD
Biosciences). For extraction of the total lipid fraction, the bac-
teria were cultured in Middlebrook 7H9 broth media (contain-
ing 0.05% Tween 80 but not glycerol) supplemented with 10%
albumin/dextrose/catalase (BD Biosciences). The log phase
culture was diluted with 20 volumes of 7H9 media containing
various concentrations of glucose, and the culture was contin-
ued for another 5-7 days until the absorbance at 600 nm
reached ~1. In some experiments, bacteria were grown in
media containing either 0.01 or 0.1% glucose, and the media
were replaced every day with fresh media containing the same
concentrations of glucose. After 5 days, the bacteria were har-
vested for lipid extraction. To monitor early GMM production,
bacteria were grown either in 7H9 media containing 0.01 or
0.1% glucose or in human serum and were harvested after 2, 4,
8, 18, and 24 h of culture.

Preparation of Mycolylglycolipids from MAC—Total lipids
from mycobacteria were prepared as described previously (8).
The total lipids were then dissolved in chloroform/methanol
(C/M, 2:1, v/v), and 20 volumes of ice-cold acetone were added.
After 30 min of incubation on ice, the suspension was subjected
to centrifugation at 1,500 X g for 15 min at 1 °C, and the super-
natant was carefully removed. The pellet was then washed with
ice-cold acetone, and the residue was dissolved in C/M (2:1)
and fractionated by TLC using an Analtech TLC plate (Newark,
DE) with a solvent system of chloroform/methanol/acetone/
acetic acid (90:10:10:1, v/v). GMM, TDM and TMM fractions
were extracted with C/M (2:1) from the silica gels. For GMM
and TDM purification, the fractions were further fractionated
by TLC with a solvent system of chloroform/acetone/metha-
nol/water (50:60:2.5:0.6, v/v). Finally, the GMM, TDM and
TMM fractions were extracted with C/M (2:1), dried, and
rinsed several times with methanol at room temperature to
remove any residual contamination of glycopeptidolipids and
phospholipids.

Matrix-assisted Laser Desorption Ionization-Time of Flight
Mass Spectrometry (MALDI-TOF MS)—MALDI-TOF MS
analyses of glycolipids were carried out according to the
method described previously (9). Briefly, MALDI-TOF MS
spectra were acquired on a Voyager DE-STR MALDI-TOF
mass spectrometer (Applied Biosystems) with a pulse laser
emitting at 337 nm. Samples were analyzed in the reflectron
mode with an accelerating voltage operating in positive ion
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mode of 20 kV. As the matrix, 2,5-dihydroxybenzoic acid was
used.

Gas Chromatography-Mass Spectrometry (GC-MS)—GC-MS
analysis of the sugar moiety of GMM was carried out accord-
ing to the method described previously (9). Briefly, GMM
was hydrolyzed with 2 m trifluoroacetic acid at 120 °C for 2 h.
The aqueous phase was dried, reduced with 10 mg/ml solution
of NaBD, (1 M NH,OH/C,H,OH, 1:1, v/v) at room temperature
for 2 h, and then acetylated with acetic anhydride/pyridine (1:1,
v/v) at 100 °C for 1 h. The resulting alditol acetate derivatives
were analyzed by GC-MS with GCMS-QP2010 plus (Shimazu
Co., Ltd., Kyoto, Japan), using a fused silica capillary column
(SP-2380, 30 m X 0.25 mm inner diameter; Supelco Inc.). GC
oven was operated at 50 °C for 0.5 min, and then the tempera-
ture was increased to 235 °C at a rate of 65 °C/s. The tempera-
ture was then kept at 235 °C for 12 min. Flow rate of helium gas
was 44.4 cm/min.

Isolation of the Antigen 85A Gene from MAC, Preparation of
the Recombinant Enzyme and Its Enzymatic Assay—The
genomic DNA was isolated from the MAC strain using the Iso-
plant kit according to the manufacturer’s instruction (Wako
Pure Chemical Co. Ltd., Osaka, Japan). The gene that encoded
the mature Ag85A lacking the signal sequence was amplified by
PCR, using a specific primer set as follows: 5'-gga att cca tat gtt
ctc geg cce cgg tct gee-3' (a sense primer, in which the Ndel
restriction site is underlined) and 5'-ccg ctc gag ggt gcc ctgg ccg
ttc ccg g-3' (an antisense primer, in which the Xhol restriction
site is underlined). PCR was carried out using a Takara LA-
TagDNA polymerase (Takara Co. Ltd., Tokyo, Japan), and the
cycling conditions for PCR amplification were as follows: 94 °C,
2 min, followed by 30 cycles of 98 °C, 20 s and 72 °C, 1.5 min,
and a final extension step of 72 °C, 3 min. The amplified PCR
products were digested with Ndel and Xhol and ligated to a
NdelI-Xhol-digested pET-21c plasmid vector (Merck). The
nucleotide sequences of the Ag85A gene were determined for
four isolated clones. Escherichia coli BL21 (DE3) was trans-
formed with the Ag85A gene in pET-21¢, and induction of pro-
tein expression was performed according to a method of Kre-
mer et al. (10).

The bacteria expressing the His-tagged mature Ag85A were
harvested and disrupted by sonication in ice-cold 20 mm Tris-
HClbuffer (pH 7.9) containing 0.5 M NaCl and 60 mm imidazole
(sonication buffer). The sonicate was centrifuged at 10,000 X g
for 30 min at 4 °C to remove insoluble materials, and then the
supernatant was applied onto a Ni** -resin column equilibrated
with the sonication buffer at 4 °C. After washing the column with
the sonication buffer, the recombinant Ag85A was eluted with 20
mwm Tris-HCI buffer (pH 7.9) containing 0.5 M NaCl and 0.5 m
imidazole. The eluate was concentrated and dialyzed against 50
mM Tris-HCl buffer (pH 7.4) containing 10% glycerol overnight
at4 °C. Protein concentration of the recombinant Ag85A prep-
aration was determined by the Quick Start Bradford protein
assay kit (Bio-Rad). Purity of the preparation was determined by
SDS-PAGE and Coomassie staining.

Mycolyltransferase assays were carried out by modification
of a method of Kremer et al. (10). Twenty ug of purified TMM
was dispersed by sonication in 150 ul of 50 mm sodium phos-
phate buffer (pH 7.4) in the presence or absence of indicated
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FIGURE 1. A reciprocal production of TDM and GMM in MAC in response to glucose. A, MAC was cultured in
media containing 0.01% (w/v, lane 2), 1% (w/v, lane 3), 2% (w/v, lane 4), 5% (w/v, lane 5), and 10% glucose (w/v,
lane 6), and the total lipid fractions (50 wg each) were analyzed on a TLC plate that was developed with
chloroform/methanol/acetone/acetic acid (90:10:10:1, v/v). Purified TDM (lane 1) and TMM (lane 7) were used
as references. Glucose dose-dependent production of a lipid species (indicated with an arrow) was detected.
B, lipid species was purified and analyzed on a silica gel TLC plate that was developed with chloroform/
methanol (9:1,v/v).C, MALDI-TOF MS profiles of the purified lipid species. D, GC-MS analysis of the sugar moiety
of the purified lipid species. Arrows indicate retention times for the alditol acetate derivatives of arabinose (a),
mannose (b), galactose (c)/ and glucose (d). lon chromatogram of m/z 290 is shown. The retention time of the

Time (min)

after 3.6—3.9 min of elution under
these conditions. The accurate mass
experiment was carried out with an
Agilent 6520 Accurate Mass QT OF-
LC-MS operated in the positive
mode with an Agilent Technologies
1200 Series high pressure liquid
chromatography system. CID-MS
was carried out with a ThermoLCQ
Advantage lon Trap mass spec-
trometer with nano-electrospray
ionization in comparison with
GMM derived from Mycobacterium
fallax (11).

GMM-specific T Cell Assays—
The T cell receptor (TCR)-deficient
Jurkat cells (J.RT3) reconstituted by
transfection with GMM-specific,
CD1b-restricted TCRs have been
described previously (12). The T
cells (5 X 10*/well) were cocultured
in 96-well microtiter plates with the
CI1R human B-lymphoblastoid cells
(1 X 10°/well) stably transfected
either with CD1b (C1R/CD1b) or

major ion corresponded with that of a glucose alditol acetate derivative.

concentration of p-glucose. The reaction was started by the
addition of 50 ul of the enzyme preparation containing 50 ug of
protein. After 1 h of incubation at 37 °C, the reaction was
stopped by the addition of 2 ml of C/M (2:1) and 0.3 ml of
distilled water. The lipids were extracted by the method of Kre-
mer et al. (10) and analyzed by silica gel TLC. The lipids on the
TLC plate were visualized by spraying 50% sulfuric acid and
baking.

GMM Detection in Vivo—Mouse infections were carried out
via the aerosol route with 10> M. tuberculosis Erdman strain
with mice sacrificed after ~21 days of infection. Lungs were
homogenized with beads and centrifuged at 2000 X g for 30 min
at room temperature. The bacterial pellet was treated with 2%
NaOH to disperse phospholipid bilayers, neutralized with 0.27
M phosphoric acid in phosphate buffered saline, and centri-
fuged at 2000 X g for 30 min to recover bacteria. Lipids were
extracted from this mixture with three serial extractions in
C/M (2:1, 1:1, and 1:2), evaporated to dryness under nitrogen,
and resuspended in 1:1 C/M. These lipids were further fraction-
ated by cold acetone precipitation to enrich for lipids that were
analyzed by normal phase chromatography on a diol column.
Solvent A was methanol, and solvent B was 60:40 (v/v) hexane/
2-propanol. Both solvents contained 0.1% (v/v) formic acid and
0.05% (v/v) ammonium hydroxide. A binary gradient was used
beginning at 5% solvent A for 3 min, linearly increasing to 40%
solvent A over 5 min, holding at 40% solvent A for 6 min, lin-
early increasing to 100% solvent A over 2.2 min, holding at 100%
solvent A for 3 min, linearly decreasing to 5% solvent A over 3.6
min, and finally holding at 5% solvent A for 3.2 min. Com-
pounds matching the expected mass for GMM were detected at
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with empty vector alone (C1R/
mock) (13) in the presence of phor-
bol 12-myristate 13-acetate (10
ng/ml) and indicated concentrations of lipid preparations. In
some experiments, monocyte-derived dendritic cells were used
as antigen-presenting cells. After 20 h, aliquots of the culture
supernatants were collected, and the amount of interleukin-2
(IL-2) released into the supernatants was measured by the IL-2
ELISA kit (BD Biosciences).

RESULTS

Reciprocal Production of TDM and GMM by MAC in
Response to Glucose—Glucose is an essential nutrient to living
organisms, which is utilized as a source not only for energy
production but also for biosynthesis of glycosylated constitu-
ents of cellular architecture. Unlike other hexose sugars, glu-
cose is maintained at high levels in the blood and tissues of
mammalian hosts. Therefore, we predicted that, upon infection
into the host, MAC grown in glucose-limited environments
might undergo significant alterations in glycolipid biosynthesis
by exposure to host-derived glucose. To gain insights into the
impact of exogenous glucose on glycolipid composition in
mycobacteria, we first monitored glycolipid production by M.
avium strain (serovar 4) that was harvested after cultivation in
liquid media supplemented with different concentrations of
glucose. The total lipid fraction was obtained by extracting each
bacterial preparation with chloroform and methanol. The lip-
ids were then analyzed on a TLC plate developed with a solvent
system suitable for separation of chemically diverse glycolipid
species (Fig. 1A). When grown in the presence of a trace
amount of glucose (0.01%, w/v), mycobacteria produced high
levels of TDM and TMM (Fig. 14, lane 2, shown with brackets).
As the glucose concentrations present in media were increased,
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TDM production decreased, whereas the amount of TMM
remained constant (Fig. 1A, lanes 2—6). Also, an increase in a
discrete, unknown lipid species with a retardation factor (R)
slightly greater than that of TDM was noted (Fig. 14, lanes 3—6,
indicated with an arrow). To determine the molecular identity
of the unknown lipid, it was purified and subjected to TLC and
MS analyses. The purified lipid was resolved as doublet bands
on a TLC plate developed with a solvent system of C/M (9:1,
v/v) (Fig. 1B). MALDI-TOF MS analysis revealed that the mass
numbers of given ions were matched with those of sodium
adducts of hexose monomycolate (Fig. 1C). Within the limits of
error of the method of detection, the masses matched both in
terms of the expected m/z of the dominant ions, the range of
mass variation expected of individual molecular species of
mycolate derivatives, and the absolute mass differences among
the major ions, which can be accounted for by differences in
carbon chain length and substitution of R groups (14). For
example, m/z 1452.4 corresponds to the expected mass of
sodium adduct of hexose monomycolate with Cg fatty acid and
a wax ester-type R group on the meromycolate chain (Fig. 1C).
GC-MS analysis of an alditol acetate derivative of the sugar
moiety derived from the purified lipid identified glucose as the
hexose group attached to mycolates (Fig. 1D). The doublet
bands observed on a TLC plate were thus likely to represent two
stereoisomers of mycolates as described previously (5, 15).
Finally, the production of GMM in response to added glucose is
expected based on the ability of mycobacteria to couple abun-
dant hexose sugars at mycolyl esters (5). These results detected
a reciprocal production of TDM and GMM by MAC in
response to exogenous glucose without apparent alterations in
the steady state levels of TMM. This experiment, carried out
in live bacteria, raised the possibility that mycolyltransferases
might compete for carbohydrate substrates.

Ag85 Utilized Glucose for GMM Biosynthesis—Mycobacte-
ria-derived mycolyltransferases, known also as Ag85, catalyze
the final step of TDM biosynthesis, using TMM as a substrate.
Current models of the Ag85-catalyzed reaction predicted that
two molecules of TMM are captured in the two substrate-bind-
ing pockets of the enzyme, and the mycolyl acyl group of the
TMM substrate bound in one substrate-binding pocket (donor
site) is transferred to the other TMM substrate bound in the
other pocket (acceptor site), resulting in generation of one mol-
ecule of TDM and one molecule of trehalose (Fig. 24) (2, 16).
Although GMM can be an abundant structure in the cell wall
and functions to activate T cells and form granulomas, its
mechanism of synthesis was unknown. We hypothesized that
GMM biosynthesis could be catalyzed by Ag85 if glucose,
instead of TMM, occupied the acceptor site (Fig. 2B). To
address this possibility, we made recombinant Ag85A enzyme
from the M. avium strain (serovar 4), and we performed in vitro
enzymatic reaction experiments. To accomplish this, we first
carried out PCR from the genome of the MAC strain as a tem-
plate, and isolated the Ag85A gene that encoded the mature
protein lacking the signal sequence. DNA sequencing of the
isolated gene revealed that three nucleotides were altered as
compared with the previously reported Ag85A gene derived
from M. avium serovar 1 strain (17), but the deduced amino
acid sequences were identical in both strains. We then con-
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B, a glucose substrate competes against a TMM substrate for access to the
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FIGURE 3. TDM-GMM exchange mediated by recombinant Ag85A. A, puri-
fied MAC Ag85A (left lane) and a size marker (right lane) were resolved on a
Coomassie-stained SDS-polyacrylamide gel. Positions for the 40- and 28-kDa
marker proteins are indicated. B, enzymatic reactions were performed at
37 °C at conditions indicated below, and the lipids were extracted from the
reaction mixtures, followed by analysis on a TLC plate. Lane 1, Ag85A and
TMM with 5% glucose (w/v), 0 h ofincubation; lane 2, heat-inactivated (100 °C,
3 min) Ag85A and TMM with 5% glucose (w/v), 1 h of incubation; lanes 3-6,
Ag85A and TMM either with 0.2% (w/v) glucose (lane 4), 1% glucose (w/v)
(lane 5), and 5% (w/v) glucose (lane 6) or without glucose (lane 3), 1 h of
incubation.

structed an expression plasmid in which the initiation codon
was placed at the 5'-end and the sequence encoding a His tag
was attached in frame at the 3'-end of the isolated Ag85A gene.
The His-tagged enzyme was expressed in E. coli and affinity-
purified by Ni*"-charged resin column chromatography. The
purified material was resolved as a single band with an apparent
molecular mass of ~33 kDa on a Coomassie-stained SDS-poly-
acrylamide gel, consistent with its being the Ag85A protein
(Fig. 3A). Incubation of TMM in vitro in the presence of this
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enzyme preparation resulted in generation of TDM (Fig. 3B,
lane 3), confirming the mycolyltransferase activity exerted by
the recombinant protein. Strikingly, addition of glucose to this
reaction condition resulted in decreased TDM production in a
dose-dependent manner, which was associated with an
increase in GMM (Fig. 3B, lanes 3—6). GMM synthesis was
completely abrogated when heat-inactivated enzyme was used
(Fig. 3B, lane 2). This further confirmed that GMM was pro-
duced enzymatically by the mycolyltransferase activity of
Ag85A but not as a result of nonenzymatic hydrolysis. These
results indicate that Ag85A mediates synthesis of GMM. In this
molecular model, we propose that TMM and glucose compete
for access to the acceptor site of the Ag85A, and the enzyme
preferentially catalyzes biosynthesis of GMM, rather than
TDM, when glucose is readily available (Fig. 2B). The substrate
selection by the mycolyltransferase would likely provide a
molecular basis for the glucose-dependent TDM-GMM
exchange detected in cultured MAC.

GMM Production Occurs at a Physiological Glucose
Concentration—The observations made above have established
an enzymatic pathway for GMM production in live mycobac-
teria that are grown in the presence of high levels of exogenous
glucose. However, it remains to be addressed whether myco-
bacteria can produce GMM under physiological concentra-
tions of glucose present in mammalian hosts, which is main-
tained at ~100 mg/dl (0.1% w/v). To address this issue, we
measured GMM production by mycobacteria cultured in liquid
media with a glucose concentration comparable with that in the
host. The MAC culture was started in the presence of either
0.01 or 0.1% glucose, and every 24 h, the culture media were
replaced with fresh media to maintain the glucose concentra-
tions at constant levels. After 5 days of culture, the bacteria
were harvested, and the total lipids were extracted. Subse-
quently, methanol-insoluble lipids were isolated from these
total lipids, followed by separation on TLC plates (Fig. 4A4).
Although TDM production was readily detected in both cul-
tures, GMM production was detected only in the presence of
0.1% glucose (Fig. 44, lane 2) but not in the presence of 0.01%
glucose (lane I). This was also confirmed by T cell-based assays
(Fig. 4B) in which Jurkat T cells expressing specific TCRs rec-
ognizing GMM in the context of CD1b molecules were used.
Incubation of the T cells with CD1b-expressing cells (C1R/
CD1b) in the presence of the total lipids from the 0.1% glucose-
containing culture resulted in dose-dependent IL-2 production
by the T cells, demonstrating high levels of antigenicity when
growing at physiological glucose concentrations (Fig. 4B, upper
panel). The specific response was not observed when CD1b-
negative cells (C1R/mock) were used as antigen-presenting
cells, supporting that the response was CD1b-restricted.

We then addressed how quickly induction of GMM produc-
tion occurred after exposure to 0.1% glucose. MAC was cul-
tured either in liquid media containing 0.01% (Fig. 5A4) or 0.1%
(B) or in human serum (C), and the bacteria were harvested at 2,
4, 8,18, and 24 h. GMM production was observed as early as 8 h
after the start of the culture both in 0.1% glucose-containing
media and in human serum but not in media containing 0.01%
glucose. These observations suggest that GMM production can
occur quickly after exposure to high levels of glucose presum-
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FIGURE 4. GMM production by mycobacteria cultured at a physiological
glucose concentration. A, MAC was cultured in liquid media containing
either 0.01 or 0.1% glucose, and the culture media were replaced with fresh
media every day to maintain the glucose concentrations. After 5 days, the
bacteria were harvested, and the total lipids were extracted. The methanol-
insoluble fraction was then obtained from 100 g of each total lipid prepara-
tion and analyzed by TLC. B, GMM-specific, CD1b-restricted TCR-expressing
Jurkat T cells were cocultured with either C1R/CD1b or C1R/mock in the pres-
ence of different concentrations of the total lipids derived from the 0.1%
glucose-containing (upper panel) and the 0.01% glucose-containing (lower
panel) cultures. The T cell response was assessed by measuring IL-2 released
into the media.

ably as a result of competitive substrate selection by preexisting
mycolyltransferases.

GMM Production Occurs in Mycobacteria-infected Tissues—
A previous study detected GMM comigrating lipids can be
derived from Mycobacterium leprae, raising the possibility that
GMM is produced by mycobacteria in tissues (5). However, the
chemical structures of such candidate glycosyl mycolates could
not be directly determined, and it remained unknown whether
M. tuberculosis produces GMM during infection. Therefore,
we infected CH3 mice with M. tuberculosis Erdman strain and
isolated mycobacteria directly from the lungs after ~3 weeks of
infection. Bacteria were enriched from lung preparations by
centrifugation and treatment with weak base to disperse lung
tissue. The resulting preparations contained predominantly
mycobacterial lipids when analyzed by LC-MS (data not
shown). By comparing total M. tuberculosis lipids from lung
with an M. fallax GMM standard in LC-MS experiments, we
analyzed the in vivo derived lipids that nearly copurified with
the GMM standard. Mass measurements with an Accurate
Mass QTOF capable of mass resolution of 10 ppm detected an
ion at 1317.2577 in lung-derived lipids (Fig. 6A). Both the abso-
lute m/z and the isotope ratios matched the predicted masses of
an ammonium adduct of a GMM carrying a C.4 a-mycolic acid
within expected error (Cgy, H;6,05 C,g GMM, expected m/z
1317.2613). Further supporting the identification of this ion as
GMM, mycolic acid derivatives are characteristically synthe-
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FIGURE 5. GMM production by mycobacteria during early phases of cul-
ture. MAC was cultured either in liquid media containing 0.01% (A) or 0.1% (B)
glucose or in human serum (C). At indicated time points, the bacteria were
harvested, and the total lipids were analyzed by TLC.

sized as a series of molecules that differ from one another by
mass increments corresponding to C,H,, and the spectrum of
the lung-derived lipids contained two additional ions (m/z
1345.3033, 1289.2304) corresponding to the expected masses of
Cgo and C,, GMM (data not shown). Finally, a separate
CID-MS experiment, carried out with an M. fallax GMM
standard and the lung-derived lipids, showed nearly identical
product ions, including ions with mass intervals corresponding
to the loss of 60, 90, and 120 units (72/z 1248.0, 1217.9, and
1187.7), which likely represent the loss of C,H,0,, C;H,O,,
and C,HgO,, which are products expected from cleavage
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FIGURE 6. GMM production in vivo by M. tuberculosis. A, among the mix-
ture of lipids extracted from M. tuberculosis derived from mouse lungs, lipids
that copurified with a GMM standard were analyzed in the positive mode on
an Accurate Mass QTOF MS. The detected mass of m/z1317.2577 corresponds
to the predicted mass of an ammonium adduct of C;g GMM (m/z 1317.2613).
B, positive mode CID-MS analysis in ion trapping mass spectrometry of M.
fallax GMM and the lung-derived candidate GMM molecule detected as
sodium adducts show a similar pattern of product ions.

through the hexose sugar (Fig. 6B). These data provide strong
evidence that GMM is made in the host in vivo during an exper-
imental infection.

DISCUSSION

MAC represents a group of environmental mycobacteria
that have evolved the capacity to adapt to low nutrition envi-
ronments. In fact, MAC can survive and replicate in water
supply systems (1), where aggregates of the microbes exist in
close association with the surface area. This biofilm forma-
tion confers significant resistance to a variety of physical and
chemical stresses, such as exposure to disinfectants and anti-
biotics, and thus is an important strategy for the environ-
mental mycobacteria to maintain their life cycles safely in
natural environments. These environmental mycobacteria
stably express TDM on the surface of their cell wall but fail to
biosynthesize GMM because of highly limited availability of
glucose. This study argues that, upon entry into the host, this
glycolipid phenotype would be modified enzymatically by
utilizing the host-derived glucose as a substrate. All three
functional mycolyltransferases (Ag85A, Ag85B, and Ag85C)
identified in M. tuberculosis (18) appear capable of cata-
lyzing TDM synthesis from TMM in vitro, and the corre-
sponding Ag85 isoforms have been found also in M. avium.
Although these enzymes have certain overlapping functions,
their differential transcription patterns have been noted in
mycobacteria grown under distinct conditions. Ag85A is an
isoform that is preferentially expressed in macrophage-resi-
dent mycobacteria (19, 20), and thus, its catalytic potential
for the TDM-GMM exchange could have an impact on mac-
rophage functions if TDM and GMM have differential ability
to activate the cells. Indeed, we recently found that interfer-
on-vy-primed macrophages produced only a marginal level of
nitric oxides when stimulated with GMM, which contrasted
sharply with those stimulated with TDM that were capable
of mounting robust nitric oxide responses (data not shown).
Therefore, the TDM-GMM exchange may be valuable in
minimizing the nitric oxide response by the host macro-
phages. Prior to this report, the identity of any mycolyltrans-
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ferase that could produce GMM was unknown, so these
results establish that Ag85A has this function.

Once pathogens break the frontline defense mediated by the
host innate immunity, they are then challenged by specific T
lymphocytes that belong to the acquired immunity. Glycolipid-
specific T lymphocyte reactions are elicited in humans and
guinea pigs infected with mycobacteria, and activation of these
T cells is restricted not by the classical major histocompatibility
complex-encoded class I and class II molecules but rather by
nonmajor histocompatibility complex-encoded group 1 CD1
molecules (CD1a, CD1b, and CDlc in humans) (21). These
CD1 molecules are expressed in activated macrophages as well
as dendritic cells, the two major cell types for mycobacterial
infection. Notably, infiltration of GMM-specific, CD1b-re-
stricted T cells is detected in human skin infected with M. lep-
rae, and the human T cell lines (7) and polyclonal T cells (22)
exhibit cytotoxic effects, suggesting that the CD1-restricted T
cell response directed against GMM could potentially function
to clear infection. Taken together, these results raise an inter-
esting possibility that GMM generated as a result of TDM-
GMM exchange functions to reduce the innate immune
response, but provides the host with a new opportunity to mon-
itor live mycobacteria and eliminate them in the subsequent
phases of the acquired immunity. This may represent an exam-
ple of how the immune system has been constructed during the
long processes of evolution to fight efficiently against
pathogens.

Despite the fact that GMM is produced by pathogenic
mycobacteria and structurally related to the well studied
TDM, it has not been the target for focused investigation
until recently. Presumably, this is partly because only a tiny
amount of GMM, as compared with TDM, is synthesized by
pathogenic slow growing mycobacteria, such as M. tubercu-
losis and M. avium, when cultured in the Middlebrook
“standard” media formulations. Ironically, the standard
media used for cultivation of fast growing saprophytic bac-
teria, such as Rhodococcus ruber, contain 1% glucose, and
thus, the nonpathogenic bacteria cultured in such a medium
produce GMM abundantly, and its structure and biological
activities have been studied extensively (6, 23). In many pre-
vious studies, the composition, structure, and function of
mycobacterial lipids were determined by using bacteria
grown in standard media, but the present study suggests that
the “lipid world” that is constructed by the bacteria grown in
standard culture conditions is substantially different from
the lipid world constructed as a result of interaction with the
continuously changing host environments.
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