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FIGURE 5. Increased BCG growth in Lon2 ™' alveolar epithelial cells

A. Alveolar macrophages were collected from uninfected wild-type and
Len2 ™" mice and cultured with BCG for the indicated penods. To elim-
inate extermal BCG, the cells were cultured with streptomyein for 1 h,
washed three times, and harvested, Lysates of the cells were plated on
THI0-0ADC agar, and the CFU bers were ¢ d. R ative
data of two independent experiments are shown. ns., not ugmﬁcam B,
Wild-type and Len2 ™~ AECs were cultured with BCG for the indicated
periods. After removal of extracellular BCG, lysates the cells were plated
on THI0-OADC agar, and the CFU numbers were counted. Data are pre-
sented as means = SD of triplicate deter and are rep ive of
three independent experiments. =, p < 0.05. Similar results were obtained
when other AECs from wild-type and Lcn2 ' mice were used. €, Wild-
type and Len2 ™ AECs were cultured with BOG. At 2 days after infection,
rlen? (final concentration 30 pg/ml) was added to the Len2 ™ AEC. After
an additional 2 days of culture, the cells were incubated with streptomycin
for | h, washed thiee times, and harvested. Lysates of the cells were plated
on TH10-OADC agar, and the CFU numbers were counted Representative
data of three independent expeniments are shown. Data are presented as
means = SD of wiplicate determinations. =, p < 0.05.

Inhibition of intracellular mycobacterial growth by Len2

Mycobacteria are intracellular bactena that replicate within cells
In the expenments performed so far, it is possible that extracellular
growth was monitored as well as intracellular growth under the in
vitro conditions, Therefore, to assess the intracellular growth of
mycobacteria more precisely. we used ['H]uracil, which is pref-
erentially incorporated into mycobactenal nucleic acids (33)
AECs derived from wild-type and Len2™'" mice were infected
with several CFUs of BCG for 6 h, extensively washed with cul-
ture medium containing streptomycin to exclude extracellular
BCG, and then culred for 2 days in the presence of [*H]uracil
(Fig. 6A). Under these conditions, ['Hluracil incorporation was
below 1 % 10” cpm in wells containing uninfected AECs or wells
placed in contact with BCG and then extensively washed. After
infection with each CFU, [*H Juracil incorporation was increased in
Len2 ' cells compared with wild-type cells. In BCG-infected
Len27 ' cells, addition of exogenous rlen2 reduced the uptake of
[*H]uracil by intracellular BCG (Fig. 6B). In alveolar macro-
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FIGURE 6. Len2-mediated inhibition of intracellular BCG growth A,
Wild-type and Len2 ™" AECs were seeded onto 96-well plates and in-
fected with the indicated CFUs of BCG for 6 b The cells were then ex-
tensively washed to remove extracellular BCG and cultured in the presence
of ["H)uracil for 48 b The incorporation of [‘H]urxll was measured. Data
are presented as means = S0 of tripl ve dama of
three independent experiments are shown. », p < 0.005. B, Len2~'~ AECs
were seeded onto 96-well plates, and infected with BCG (2 % 10° CFU) for
6 h. After vigorous washing, the cells were culwured with increasing con-
centrations of rlen2 (20, 30, 40, and 50 pg/ml) and [*H]uracil for 48 h.
before being measured for their ["H]uracil incorporation. Data are pre-
sented as means = SD of triplicate samples, and are representative of two
independent experiments. ¢ indicate a significant difference among groups.
ANOVA, posthoc Scheffe. =, p < 0.001. C, Alveolar macrophages were
collected from uninfected wild-type and Len2 ™ mice. and cultured with
BCG for 6 h. After vigorous washing, the cells were cultured in the pres-
ence of [*Hjuracil for 48 h. before being measured for their [*H]uracil
incorporation. Data are presented as the mean = SD of nipheate samples
ns., not significant. D, Alveolar macrophages from wild-type and Len2 ™"
mice were infected with BCG for 6 h. After vigorous washing, the cells
were cultured in the p of the ind d ¢ ion of rLen? and
[*H]uracil for 48 h. Then, the ["Huracil incorporation was counted. Data
are presented as means * SD of triplicate samples. n.s., not sigmficant,

phages, the [*H]uracil incorporation by intracellular BCG was
comparable between wild-type and Len2 ' cells (Fig. 6C). Ad-
dition of rLen?2 did not effectively reduce the uptake of [*H]uracil
by intracellular BCG in alveolar macrophages from both wild-type
and Len2 ' mice (Fig. 60). These findings indicate that exira-
cellular Len2 limits intracellular growth of BCG in AECs, but not
in alveolar macrophages.

Because extracellular Len2 modulated intracellular mycobacte-
rial growth in the AECs, we analyzed whether extracellular Len2
was incorporated nto the AECs as described in several previous
reports (18, 19). AECs were infected with GFP-expressing BCG
and then treated with fluorescein-labeled rlen2 (Fig. 74). Len2
was detected within the AECs, and colocalized with dextran that
was taken up into the cells by endocytosis. Furthermore, many
BCG were colocalized with rLen2. indicating that endocytosed
Len2 was in close proximity to intracellular BCG. In contrast,
although Len2 was incorporated into alveolar macrophages, the
incorporated Len2 was not colocalized with BCG in alveolar mac-
rophages (Fig. 7B). indicating that BCG and rl.en2 were localized
in distinct cellular compartments within macrophages. We blocked
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FIGURE 7. Reguirement of Len2 incorporation for the inhibition of in

tracellular BCG growth. A, GFP-expressing BCG (green)-infected alveolar
epithelial cells were culured with dextran (25 pg/ml; blue) and flucres-
cein-labeled rhen2 (15 pg/mi: red) for 6 h. The cells were then washed,
fixed with 4% PFA, and analyzed by confocal mucroscopy. Data are rep-
resentative of three independent experiments. 8, GFP-expressing BCG
(green)-infected alveolar macrophages wene cultured with dextran (25 ug/
ml; blue) and Auorescein-labeled rlen (15 pg/ml; red) for 6 h. The cells
were then washed. fixed with 4% PFA for 5 mun, and analyzed by confocal
microscopy. C, Wildaype and Lon2 AECs were sceded onto 96-well
plates and infected with BCG (2 x 107 CFU) for 6 h. After extensive
washing, the cells were cultured with CPZ (10 uM) and [*H]uracil for 48 h
The |'Hluracil incorporation was then measured. Data are presented as
means = SD of triplicate samples, and are representative of two independent
expenments. =, p < 001 0, Len2 ™" AECs were seeded onto 9%6-well plates,
and infected with BCG for 6 h. After washing, the cells were cultured with
CPZ for 30 min and then cultured with rlen2 (20 pg/ml) and [*H)uracil for
48 h. The ['Hluracil incorporstion was measured. Data are presented as
means = SD of tplicate samples, and are representative of two independent
experiments. = or == indicate a significant difference among groups, ANOVA,
posthoe Scheffe, = p < 0.005; ==, p < 0.05

endocytosis of Len2 using CPZ after BCG infection. Addition of
CPZ resulted in increased BCG growth in wild-type AECs, but not
in Len2 cells (Fig. 7C). We also analyzed the effects of the
endocytosis inhibitor on rLen2-mediated inhibiton of BCG
growth (Fig. 7D). Addition of CPZ abolished Len2-mediated in-
hibition of [*HJuracil incorporation in both wild-type and Len2
cells, Cytochalasin B, which also blocks endocytosis, had similar
effects 1o those of CPZ on Len2-mediated inhibinon of intracellu-
lar BCG growth (data not shown). These findings indicate that
endocytosed Len2 inhibits the intracellular growth of BCG
in AECs

Discussion

Len2 has a vanety ol putative functions, as evident from 115 many
different names such as neutrophil gelatinase-associated lipocalin,
uterocalin, 24p3, and siderocalin (12, 13, 16, 19). In the context of
its function in host defense, a structural study of the Len2 protein
revealed that it associates with enterobactin-type bactenal sid-
erophores (16). Subsequently, Len2 was shown to bind to several
lypes of siderophores such as caroboxy-mycobactin and bacilli-
bacuin (20, 21). In addition, Len2 has been proposed to bind 1o an
as-yet unknown mammalian siderophore (18, 34). Thus, Len2 has
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Len2 IN MYCOBACTERIAL INFECTION OF EPITHELIA

the ability wo bind to a vanety of types of siderophores. Further-
more, Len2 has been shown to inhibit the growth of E. coli through
sequestration of iron uptake (22, 23). The present study has dem-
onstrated that Len2 also participates in the inhibition of mycobac-
terial growth through similar mechanisms to those against £, coli
Indeed, Len2 has been shown to associale with the mycobactena.
denived hydrophilic siderophore carboxy-mycobactin (21). In ac-
cordance with our results. Len2 has been shown to be secreted
from neutrophils during M. tuberculosis infection and inhibit their
growth (35). Len2 was onginally identified as a molecule that is
secreted from neutrophils, which are rapidly recruited 1o M. (uber
culosis-infected lungs. Therefore, neutrophils are presumably the
source of Len2 as well as alveolar macrophages and epithehal cell
during M. tuberculosis infection

Regarding the high sensitivity of Len2 mice 1o M. tuberculosis
infection, it is noteworthy that Lon2 alveolar epithelial cells. but
not macrophages, contained increased numbers of M. uberculosis al
the early phase of the infection, as evalumted by histopathological and
immunchistochemical analyses. This finding was unexpected, be
cause successful in vivo detection of mycobactena in respiratory ep-
ithelial cells in wild-type mice has only been achieved through anal-
yses of mycobacterial DNA or use of electron microscopy, even
though mycobacteria have been shown to invade epithelial cells as
well as macrophages in vitro (69, 36). In additon, Len2 ™ alveolar
epithelial cells. but not macrophages, exhibited defective inhibition of
intracellular mycobacterial growth, suggesting that impaired inhibi-
tion of mycobacterial growth in alveolar epithelial cells due to the
absence of Len2 may be a major cause of the high susceptibility
Len2 mice to M. mberculosis infection. Given that mycobactena
were easily detected in the alveolar epithelial cell layers by a typical
histological approach in the absence of Len2 and the increased my-
cobacterial growth was observed in Len2 0 epithelial cells, but not
in macrophages. epithelial cells may play an important role in the host
immune responses against respiratory infection with M. tuberculosis

Mycobacteria replicate within cells in vivo, and several lines of
evidence indicate that mycobactin-mediated iron uptake is a prereg-
uisite for intracellular mycobactenal growth (27, 29), Consistent with
previous sudies (18, 19), our findings indicated that Len2 1s internal-
ized into alveolar epithelial cells via endocytosis. Furthermore, addi-
ton of rlen2 effectively inhibited intracellular mycobacterial growth
in AECs, and this effect was abolished by endocytosis inhibitors. At
present, it remains unclear how mycobactenia take up iron within ep-
ithelial cells using mycobactin. First, it is apparent that mycobactena
exist in the phagosome of macrophages. However, the subcellular
localization of mycobacteria within epithelial cells has not been es-
tablished, although mycobactena have been shown to be localized in
endosomes or macropinosomes (37, 38). Our results revealed colo-
calization of mycobacteria and dextran, indicating that mycobactena
exist in the endosome-like vacuole within epithelial cells. Second, it
remains obscure whether mycobacteria secrete water-soluble car-
boxy-mycobactin into the cytoplasm to bind the cytosolic iron. 1t is
also obscure how endocytosed Len2 approaches the carboxy-myco-
bactin/iron complexes within the cells. Given that Len2 and myco-
bacteria are colocalized within the endosome-like structure, it 1§ pos-
sible that mycobacteria take up the iron entering the endosome using
mycobactin, and endocytosed Len2, in wm, binds 1o the carboxy-
mycobactin/iron complexes, thereby blocking iron acquisition by my-
cobactena. Further studies are required to clanify the precise mecha-
nisms for the interaction between Len2 and mycobactena-denved
carboxy-mycobactin

In alveolar macrophages, the absence of Len2 did not affect the
sensitivity 10 mycobacterial infection. This may be due to the dif-
ferential localizations of mycobactena mn epithelial cells and mac-
rophages. Len2 was colocalized with mycobacteria in epithelial
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cells, indicating that mycobactena exist within the endosome-like
structure, In contrast, mycobacteria were localized within the
phagosome in macrophages, leading to distinct localizations of
Len2 and mycobacteria in macrophages. Alternatively. macro-
phages are professional cells that Kill intracellular bactena by pro-
ducing several macrophage-specific anti-microbial mediators, in-
cluding NO synthase and Nrampl (39-41). These mediators may
compensate the Len2 deficiency in macrophages. In contrast, they
are not expressed in epithelial cells, resulting in the high sensitivity
10 mycobacterial infection in the absence of Len2. Thus, in alve-
olar epithelial cells, Len2 may be a major factor that mediates host
resistance lo mycobacterial infection.

Our results highlight a novel innate host defense system that
inhibits mycobacterial infection at the respiratory mucosal surface.
We would like to propose the following scenario with regard to the
function of Len2. Len2 is secreted into the alveolar space by al-
veolar macrophages and epithelial cells during the early phase of
respiratory mycobacterial infection. Len2 presumably inhibits my-
cobacterial growth within the alveolar space. In addition, Len is
internalized into the alveolar epithelial cells. which are invaded by
mycobacteria, and inhibits mycobacterial growth by sequestering
iron uptake. This leads o a reduction in the number of infected
mycobacteria at the early phase of infection, which may help to
create sufficient time for effective activation of anti-mycobacterial
innate and adaptive immune responses. Thus, respiratory epithelial
cells play an active role in the resistance to mycobactenal infec-
tion, in addition to their functions as physical barriers and secretors
of anti-bactenial mediators.
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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,
dj y, and i therapy, 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 r deling in resp to the transition from noncel-
lular to cellular growth environments, including factors thatare
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 Mycebacterium 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-
I« wtal 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
(~Cgo), 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 glucese present in its growth environment
regulates the spectrum of mycolylglycolipids made by MAC,
and glucose from the host influences GMM production in vive
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. aviem 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,
§, 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 % 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 lonization-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 mtrifluoroacetic 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,0H, 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 ¥ 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 854 Gene from MAC, Preparation of
the Recombinant Enzyme and [ts Enzymatic Assay—The
genomic DNA was isolated from the MAC strain using the 1so-
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 coc cgg tet gee-3° (a sense primer, in which the Ndel
restriction site is underlined) and 5'-ccg ctc gag ggt gee 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
Ndel-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-21c, 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 NaCland 60 mam imidazole
(sonication buffer). The sonicate was centrifuged at 10,000 * 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
mu Tris-HCI buffer (pH 7.9) containing 0.5 M NaCl and 0.5 m
imidazole. The eluate was concentrated and dialyzed against 50
mu Tris-HCl buffer (pH 7.4) containing 10% glycerol overnight
at 4 *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 pg of purified TMM
was dispersed by sonication in 150 pl of 50 my sodium phos-
phate buffer (pH 7.4) in the presence or absence of indicated
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FIGURE 1. A reciprocal production of TOM and GMM in MAC in se to glucose, A, MAC was cultured in
media containing 0.019% (w/v, lane 2), 1% (w/v, lane 3), 2% (w/v, lane 4), 5% (w/v, lane 5), and 10% glucose (wiv,
lane 6}, and the total lipid fractions (50 pg each) were analyzed on a TLC plate that was developed with
chloraform/methanol/acetone/acetic acid (90:10:10:1, w/v). Purified TOM (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, wv). C, MALDI-TOF M5 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 detivatives of arabinose (a),
mannose (b), galactose (c)/ and glucose (d). lon chromatogram of m/z 290 is shown, The retention time of the

after 3.6-3.9 min of elution under
these conditions. The accurate mass
experiment was carried out with an
Agilent 6520 Accurate Mass QTOF-
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 Mycabacterium
Sfallax (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 > 10*/well) were cocultured
in 96-well microtiter plates with the
CI1R human B-lymphoblastoid cells
(1 % 10%/well) stably transfected
either with CD1b (CIR/CD1b) or

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

concentration of p-glucose. The reaction was started by the
addition of 50 pl of the enzyme preparation containing 50 pg 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 Viva—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 % gfor 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 ¥ 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

hCL N

OCTOBER 24, 2008+ VOLUME 283+NUMEER 43

with empty vector alone (CIR/
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.
aviwm 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. 14). 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. 14, 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. LB). 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 14524 corresponds to the expected mass of
sodium adduct of hexose monomycolate with C, 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. aviwm 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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FIGURE 2. Proposed scheme for TDM (A) and GMM (B) production cata-
lyzed by mycolyltransferase. In model A, both the donor site and the accep-
tor site of the enzyme Interact with TMM, resulting in TDM formation. In mode/
8, a glucose substrate competes agalnst a TMM substrate for access to the
acceptor site. When glucose is readily available, glucose rather than TMM
preferentially gain access to the site, resulting in production of GMM.
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FIGURE 3. TDM-GMM exch diated by binant Ag85A. A purl-

fied MAC Ag85A (feft 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 Mkatcd below, and the lipids were extracted from the
reaction m 3 d by analysis on a TLC plate. Lane |, Ag85A and
TMM with 5% glucose (w/v), 0 h of incubation; lane 2, heaHnmluared (100°C,

3 min) AgB5A and TMM with 5% glucose (wi/v), 1 h of incubation; lanes 3-6,
AgB5A and TMM either with 0.2% (w/v) glucose (fane 4), 1% glucose (w/v)
llane 5), and 5% (w/v) glucose (lane 6) or without glucese (fane 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. 34). 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. 28). 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. 44).
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 1). 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 CDlb-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. 48, 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. 54) 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 asearly as8 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 b ria cult i atag
glucose concentration. A MaC m: cultured in liquid media containlng
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 obtalned from 100 jug of each total lipld prepara-
tion and analyzed by TLC. 8, 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 panef) and the 0.01% glucose-contumng Uowa
panel) cultures. The T cell was d by g IL-2 rel

into the media.
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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 én 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. 64). Both the abso-
lute mt/zand the isotope ratios matched the predicted masses of
an ammonium adduct of a GMM carrying a ., a-mycolic acid
within expected error (Cg,, H, 0,04 C.y GMM, expected m/z
1317.2613). Further supporting the identification of this ion as
GMM, mycolic acid derivatives are characteristically synthe
28839
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FIGURE 5. GMM production by g early p of cul-
ture. MAC was cultured sither in liquid rrwdlacontalningo 01%(A) or 0.1%(8H)
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
Cyp 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 (m/z 1248.0, 1217.9, and
1187.7), which likely represent the loss of C,H,0,, C,H,0,,
and C,H;0,, which are products expected from cleavage
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FIGURE 6. GMM production in vive 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/z 13172577 corr

to the predicted mass of an ammonium adduct of C,, GMM (m/z 1317.2613).
8, positive mode CID-MS analysis in lon trapping mass spectrometry of M.
fallax GMM and the lung-derived candidate GMM molecule detected as
sodium adducts show a similar pattern of product lons.

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-y-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 | and class 1l molecules but rather by
nonmajor histocompatibility complex-encoded group 1 CD1
molecules (CDla, 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. aviwm, 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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A monkey CD1b molecules were capable of presenting a mycobacterial glycolipid to human CD1b-restricted
Mycobacteria T cells, providing direct evidence for their antigen presentation function. This also detects for the first time

Glugose monomycolate a trans-species crossreaction mediated by group 1 CD1 molecules. Taken together, these results underscore

substantial conservation of the group 1 CD1 system between humans and rhesus macaque monkeys.
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Besides MHC class I- and l-restricted aff T cells that rec-
ognize protein antigens (Ags), discrete subsets of T cells exist
in humans that specifically recognize non-protein Ags in a
T-cell receptor (TCR)-dependent manner. These include aff T
cells that recognize lipid, glycolipid, and lipopeptide Ags in the
context of group 1 CD1 molecules (CD1a, CD1b, and CD1c) as
well as Vy2'V52" v& T cells that recognize pyrophosphorylated
isoprenoid intermediates |1,2]. Both T cell subsets have been
implicated in host defense against mycobacterial infection [3],
and therefore, animal species that have evolved these T cells
in addition to MHC-restricted T cells would serve as an ideal
animal model of human tuberculosis. The murine model has
long been studied extensively, and by taking advantage of ver-
satile genetic manipulation and a fine array of reagents, many
important aspects of host defense against tuberculosis have
heen demonstrated explicitly, that include a critical role for
MHC-restricted T cells [4]. However, a significant dilference in
pathology has been noted between the two species |3], and the
lack of T cells in mice that correspond to human group 1 CD1-
resricted T cells and Vy2*'Va2® v T cells makes the animals less

“ Corresponding authors. Fax: +81 75 752 3232 (M. Sugita), +81 75 761 9335 (T.
Igarashi),
E-maoil oddresses: Ugarash@virus kyoto-uacjp (T, Igarashi), msugita@®virus,
kyoto-u.ac.jp (M. Sugita).
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useful particularly in an attempt to develop a new chemical
class of non-protein vaccines against tuberculosis. In contrast
to mice and rats, guinea pigs exhibit pathology that is compa-
rable, if not identical, to that in human tuberculosis, and recent
studies have shown that they contain four CDIB genes and
three CD1C genes [5,6]. Nevertheless, CD1a-restricted T cells as
well as CD1d-restricted NKT cells may not exist in guinea pigs.
These and other significant differences in the organization and
function of the immune system between humans and rodents
often make it difficult to translate the results obtained from
rodent models to humans. Further, certain human pathogens,
such as HIV-1, exhibit highly limited host selectivity, and are
unable to infect into rodents and other commonly used labo-
ratory animals,

Recently, the value of non-human primates as a model of
human infectious diseases has been appreciated greatly for elu-
cidating pathogenesis and for developing vaccines and therapies
against microbial infections, such as AIDS and tuberculosis |7.8].
Nevertheless, little has been defined about the genes, proteins, and
function of the group 1 CD1 molecules in non-human primates,
and therefore, the present study was aimed at identifying the rhe-
sus macaque group 1 CD1 system. We found it highly compara-
ble to that in humans, and rhesus macaque CD1b molecules were
indeed able to present a human CD1b-presented mycobacterial
glycolipid Ag to specific human T cells,
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Materials and methods

Isolation of rhesus macaque group 1 CD1 cDNAs. Rhesus mon-
keys (Macaca mulatta) were used in accordance with the institu-
tional regulations approved by the Committee for Experimental
Use of Nonhuman Primates of the Institute for Virus Research,
Kyoto University, Kyoto, Japan. Total RNA was extracted from
rhesus macaque lymph nodes using the RNeasy mini kit (Qiagen,
Hilden, Germany), and the first-strand cDNA was synthesized
from 0.5 mg of the total RNA using oligo(dT) and PrimeScript
reverse transcriptase (Takara Bio, Inc., Otsu, Japan). To amplify
specific transcripts, the samples were subjected to PCR amplifi-
cation with Pfu DNA polymerase (Stratagene, La Jolla, CA) for 35
cycles of 30s at 94 °C, 1 min at 55°C (for CD1A) or 60°C (for CD1B
and CD1C), 2min at 72°C, and a final cycle of 10min at 72°C. The
primers used were: 5'-GCG GTA CCA AAT AAC ATC TGC AAA TGA
C-3' (sense) and 5'-GCC TCG AGA AGG AGG ATC ATG GTG TAT
€-3' (anti-sense) for CD1A; 5'-GCG GTA CCA GTA AGA AGT TGC
ATC TCC C -3' (sense) and 5'-GCC TCG AGG GAG CAG ACA TGG
TGA GGG C-3' (anti-sense) for CD1B; 5'-GCG GGT ACC ACC ATG
CTG TTT CTG CAG TTT-3' (sense) and 5'-GCG GCG GCC GCATTG
TAC TAG GCT CCT GG-3' (anti-sense) for CD1C. The PCR products
were purified and cloned into pcDNA3.1({+) (Invitrogen, Carlsbad,
CA), and DNA sequencing was done in both directions. This pro-
cedure was repeated twice to confirm thar no PCR-associated
errors were introduced.

Transfection. A rhesus macaque kidney epithelial cell line, LLC-
MK2 [9], was obtained from ATCC (Manassas, VA). The cells were
transfected with pcDNA3.1(+) containing either rhesus macaque
CDIA, CDIB. or CDIC by a calcium phosphate precipitation
method, using the mammalian transfection kit (Stratagene), The
transfected cells were then cultured in DMEM media (Invitrogen)
supplemented with 10% feral calf serum (Hyclone, Logan, UT)
and G418 (0.5mg/ml) (Invitrogen), and the CD1-expressing cells
were then enriched by labeling with specific antibodies (Abs),
followed by positive selection with magnetic beads coated with
goat anti-mouse 1gG Abs (Invitrogen). A human lymphoblastoid
cell line, T2 [10], was transfected with pCEP4 (Invitrogen) con-
taining CD1A or CD1B of either human or rhesus macaque ori-
gin by electroporation as described [ 11], followed by selection in
RPMI1640 media (Invitrogen) containing 0.2 mg/ml hygromycin
B (Invitrogen). A human cervical epithelial cell line, Hela [12],
was transfected with rhesus macaque CDI1C in pcDNA3.1(+) by a
calcium phosphate precipitation method, and selection was per-
formed as described above. These stably transfected cells were
used as Ag-presenting cells (APCs) in T cell transfectants stim-
ulation assays.

Flow cytometry. The expression of CD1 proteins on the surface
of the LLC-MK2 cell transfectants as well as rhesus macaque thy-
mocytes were analyzed by flow cytometry as described [13,14],
using the BD FACSCanto 11 flow cytometer. The mouse monoclonal
Abs (mAbs) used were 10H3 (anti-human CD1a) [15], SN13 (anti-
human CD1b) (Ancell, Bayport, MN), M241 (anti-human CD1c)
(Ancell), and SP34 (anti-monkey CD3) (BD Biosciences, Franklin
Lakes. NJ). MAbs MOPC-31C (BD Biosciences) and RPC5.4 (ATCC)
were used as negative controls.

T cell transfectants stimulation assays. TCR-deficient Jurkat
cells, J.RT3, reconstituted with either the dideoxymycobactin-
specific, CD1a-restricted TCR (J.RT3/CD8-2), the glucose mono-
mycolate (GMM)-specific, CD1b-restricted TCR (J.RT3/LDN5) or
the mannosyl phosphomycoketide-specific, CD1c-restricted TCR
(J.RT3/CD8-1) have been described previously [16]. The TCR-
recanstituted cells (5 x 10*/well) were cultured with irradiated
APCs expressing a relevant CD1 isoform (1 x 10%/well) in wells
of 96-well, flat-bottomed microtiter plates (200 pl mediajwell)
in the presence of 10ng/ml phorbol myristate acetate (PMA)

(Sigma, St. Louis, MO) and either the organic extract of Myco-
bacterium tuberculosis H37Ra (for . RT3/CD8-2 and |.RT3/CD8-1)
or Rhodococcus equi GMM (for |.RT3/LDNS) at indicated concen-
trations. After 20h, aliquots of the culture supernatants were
collected, and the amount of interleukin-2 (IL-2) released into
the supernatants was measured by the [L-2 ELISA kit (BD Bio-
sciences).

Molecular modeling of rhesus macaque CD1b proteins. Molecular
modeling of the rhesus macaque CD1b molecule was performed,
using the homology modeling software PDFAMS (Protein Dis-
covery Full Automatic Modeling System; In-Silico Sciences, Inc.,
Tokyo, Japan) as described [17]. Briefly, the primary sequence
of the rhesus macaque CD1b molecule was aligned with the
sequence of the human CD1b molecule available from the Pro-
tein Data Bank (1UQS), using RPS-BLAST. Amino acid residues
differing between the two molecules were mutated, and the
obtained 3-dimensional structure was optimized by the simu-
lated annealing method. Subsequently, the molecular model was
subjected to energy minimization, using the SYBYL software.
The overall structure and the cavity surface of the modeled rhe-
sus macague CD1b molecule were depicted in association with
GMM from Nocardia farcinica by utilizing the MOLCAD module
of SYBYL.

Results and discussion
Identification of rhesus macaque group 1 CD1 cDNAs

To isolate full-length cDNAs encoding rhesus macaque CD1a
and CD1b, the first strand cDNA was synthesized from lymph
node total RNA by reverse transcription, and then, PCR was car-
ried out with specific pairs of 5'-end and 3'-end primers that
were designed based on the rhesus macaque genomic CDI1A and
CD1B sequences. The rhesus macaque genomic CDIC sequence
was only partially available, and the 3'-end sequence was under-
mined. Therefore, rhesus macaque CD1C cDNA was amplified by
PCR using a specific 5'-end primer and a 3’-end primer that was
designed based on the sequence of 3'-untranslated region of the
human CDI1C genome. The PCR products thus obtained were of
expected size (approximately 1kb) and the identity of the prod-
ucts was determined by DNA sequences. Identical nucleotide
sequences were obtained after two independent PCR amplifica-
tions, ruling out the possibility for PCR-associated errors.

Alignment of the deduced amino acid sequences of the puta-
tive rhesus macaque CD1A, CD1B, and CD1C genes with the corre-
sponding human CD1 proteins revealed a high-degree homology
between the two species (85.6% for CD1a, 94.6% for CD1b, 90.4%
for CD1c) (Fig. 1). The cysteine residues (indicated with triangles)
involved in the intrachain disulfide bond formation in the a2 and
the a3 domains as well as the putative N-linked glycosylation
sites (indicated with asterisks) in the a1 and the a2 domains were
totally conserved | 2]. Further, the cytoplasmic tyrosine-based motif
(YXXZ where Y is tyrosine, X is any amino acid, and Z is a hydro-
phobic amine acid) and its flanking sequences that are known to
regulate differential early endosomal and lysosomal trafficking of
CD1b and CD1c proteins [12,18,19] were identical between the two
species (Fig. 1).

To monitor protein expression of these rhesus macaque CD1
genes, we first screened mAbs against human CD1 proteins for
their cross-reactivity to rhesus macaque thymocytes, a cell type
that is presumed to express all forms of group 1 CD1 molecules.
As shown in Fig. 2A, mAb clones 10H3 (anti-human CD1a), SN13
(anti-human CD1b), and M241 (anti-human CD1c) labeled a sig-
nificant fraction of CD3%'™ thymocytes in a pattern comparable to
that for human thymocytes [20]. We then stably transfected each

— 86 —
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Fig. 1. Alignment of deduced amine acid sequences of human (hu) and rhesus macaque (rh) group 1 CD1 proteins. Residues conserved between the two species are shaded

in light gray. Solid triangles denote cysteines conserved in all the group 1 CD1 proteins of both species that are d to be in domain disulfide bond for-
mation, Asterisks indicate g | N-linked gly jon sites. Dashes represent gaps that have been | d o imize aligr ™ d i
oTd cytoplasmic domai

of the putative rhesus macaque CD1A, CDIB, and CDIC genes into
a rhesus macaque kidney epithelial cell line, LLC-MK2, and their
protein expression was monitored by flow cytometry using the
cross-reactive mAbs (Fig. 2B). The 10H3 anti-human CD1a mAb
recognized only CDIA transfected cells, but not those transfec-
ted with the other genes. Similarly, the SN13 anti-human CD1b
mAb and the M241 anti-human CD1c mAb showed specific reac-
tivity to cells transfected with the CDIB and the CDIC genes,
respectively. These results provided both evidence for protein
expression of the isolated genes and further support for their
identity, and therefore, the nucleotide sequences of the putative
CD1A, CD1B, and CD1C cDNAs were deposited to the DDB]/Gen-
Bank/EMBL databases as those of rhesus macaque CDJA (Acces-
sion Mos: AB458511), CD1B (AB458512), and CDIC (AB458513),
respectively.

Trans-species activation of human T cells by rhesus macaque CD1b
molecules

With the exception of mice and rats, group 1 CD1 genes have
been identified in virtually all mammalian animals so far ana-
lyzed, but the Ag presentation function of their products has
not been demonstrated so explicitly as in humans [21]. This is
partly due to difficulties in obtaining specific T cell lines and
clones that recognize lipid Ags in the context of CD1 mole-
cules of a given animal species. Because of the highly con-
served amino acid sequences of human and rhesus macaque

group 1 CD1 proteins, we considered the possibility that rhe-
sus macaque CD1 molecules might bind lipid Ags that were
known to be presented by human CD1 molecules, and interact
with specific human TCRs. To address this, human TCRs derived
either from a dideoxymycobactin-specific, CD1a-restricted T
cell line (CD8-2), from a GMM-specific, CD1b-restricted T cell
line (LDN5) or from a mannosyl phosphomycoketide-specific,
CD1c-restricted T cell line (CD8-1) were reconstituted in TCR-
deficient Jurkat cells (J.RT3) by gene transfer, and the T cell
reactivity to specific Ag in the presence of cell transfectants
expressing a relevant CD1 isoform of either human or rhesus
macaque origin was assessed by measuring IL-2 released from
the T cells. ].RT3/CD8-2 cells responded to dideoxymycobac-
tin in the presence of APCs expressing human CD1a molecules,
but not those expressing rhesus macaque CD1a molecules (Fig.
3, top panel). Similarly, J.RT3/CD8-1 cells responded to man-
nosyl phosphomycoketide in the presence of APCs express-
ing human CD1c molecules, but not those expressing rhesus
macaque CD1c molecules (bottom panel). Strikingly, however,
APCs expressing rhesus macaque CD1b molecules were capa-
ble of presenting GMM efficiently to J.RT3/LDNS cells (middle
panel), providing evidence for their Ag presentation function.
The apparently more efficient Ag presentation function for rhe-
sus macaque CD1b molecules as compared with human CD1b
molecules could be accounted for by the slightly higher expres-
sion on rhesus macaque CD1b transfectants than on human
CD1b transfectants (data not shown).
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Fig. 2. Cross-reactivity of anti-human CD1 mAbs 1o rhesus macagque group 1 CD1

.(A) Rhesus thymocytes were double-labeled with the 5P34 anti-
CD3 mAb and either the 10H3 anti-human CD1a mAb, the SN13 anti-human CD1b
mAb, the M241 anti-human CDic mAb, or negative control Abs, followed by analy-
sis by flow cytometry. (B) A rhesus macaque kidney cell line, LLC-MK2, that stably
transfected with either rhesus macaque CDIA (LLC-MK2 rhCD1a), CD1B (LLC-MK2
rhCD1b). or CDIC (LLC-MK2 rhCD1c) were labeled with indicated mAbs and ana-
Ilyzed by Mow cytometry,

Trans-species crossreaction has never been observed previ-
ously for any of the group 1 CD1 molecules. Nevertheless, a molec-
ular model of the rhesus macaque CD1b molecule has detected
the al and o2 helix structure as well as intramolecular pockets
(A’, C', and F') and a tunnel (T') virtually identical to those for
human CD1b molecules [22,23), allowing stable interaction with
a human CD1b-presented mycobacterial Ag. GMM (Fig. 4). Further,
amino acid residues, such as E80 and D83 in the a1 domain and
T157 and T165 in the a2 domain, that are proposed to be critical
for interaction with specific TCRs [24] are shared between rhe-
sus macaque and human CD1b molecules, suggesting a conserved
function for CD1b in these two species. The extent of amino acid
sequence conservation is higher in CD1b than in CD1a and CD1¢
(Fig. 1), which may imply that immune responses to mycolic acid-
containing glycolipds are critical for host defense against tubercu-
losis. So far, no experimental animals have proved extremely use-

Fig. 3. Ag presentation function of rhesus macaque CD1b molecules, The JRT3/
(D8-2 cells were cultured in the presence or absence of the organic extract of M.
ruberculosis (50mg/ml) with T2 cells expressing either human C(D1a (huCD13) or
rhesus macaque CD1a (thCD1a) or those that were mock-transfected (top paned).
The |.RT3/LDNS cells were cultured in the presence or absence of purified GMM (5
mg/mi) with T2 cells expressing either human CD1b (huCD1b) or rhesus macaque
CD1b (rhCD1b) or those that were mock transfected (middle panel). The RT3/
CD8-1 cells were cultured in the presence or absence of the organic extract of M.
tuberculosts (1.56 mg/mi) with Hela cells expressing either human CD1¢ (huCDic)
of rhesus macaque CDIc (rhCDic) or those that were mock transfected (bottom
panel). After 20 h, the culture supernatants were harvested and the amount of IL-2
secreted into the supernatants were measured.

Fig. 4 A molecular model of rhesus macague CD1b proteins. The rhesus macague
CD1b structure was constructed, based on the crystal structure of the human CD1b-
GMM complex. (A) The overall structure of the rhesus macaque CO1b-GMM com-
plex is shown, in which the CD1b heavy chain is depicted in ribbon diagram and

ful as a model for studying the group 1 CD1-mediated i y
in human infectious diseases. The present study underscores that
monkeys are indispensable for a variety of challenges, including
development of a new type of lipid-based vaccines against tuber-
culosis.
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Mycobacterium avium complex (MAC) is one of the most common opportunistic pathogens widely distributed
in the natural environment. The 28 serovars of MAC are defined by variable oligosaccharide portions of
glycopeptidolipids (GPLs) that are abundant on the surface of the cell envelope. These GPLs are also known
to contribute to the virulence of MAC. Serovar 8 is one of the dominant serovars isolated from AIDS patients,
but the biosynthesis of serovar 8-specific GPL remains unknown. To clarify this, we compared gene clusters
involved in the biosynthesis of several serovar-specific GPLs and identified the genomic region predicted to be
responsible for GPL biosynthesis in a serovar 8 strain. Sequencing of this region revealed the presence of four
open reading frames, three unnamed genes and gif7B, the function of which has not been elucidated. The
simultaneous expression of gtfTB and two downstream genes in a recombinant Mycobacterium smegmatis strain
genetically modified to produce serovar 1-specific GPL resulted in the appearance of 4,6-0-(1-carboxyethyli-
dene)-3-0-methyl-glucose, which is unigue to serovar 8-specific GPL, suggesting that these three genes par-
ticipate in its biosynthesis. Furthermore, functional analyses of gffTB indicated that it encodes a glucosyl-
transferase that transfers a glucose residue via 1—3 linkage to a rhamnose residue of serovar 1-specific GPL,
which is critical to the formation of the oligosaccharide portion of serovar 8-specific GPL. Our findings might
provide a clue to understanding the biosynthetic regulation that modulates the biological functions of GPLs in

MAC.

Mycobacteria are pathogens that cause discases such as
tuberculosis and leprosy. In addition, nontuberculous myco-
bacteria, which are widely distributed in the natural envi-
ronment, cause opportunistic pulmonary infections resem-
bling tuberculosis. These mycobacteria are distinguished by
a multilayered cell envelope consisting of peptidoglycan,
mycolyl arabinogalactan, and surface glycolipids (9, 13). The
surface glycolipids are abundant and structurally different,
and they may act as a barrier to immune responses (9, 13).
Glycopeptidolipids (GPLs) are major glycolipid components
present on the surface of several species of nontuberculous
mycobacteria (40). All of these GPLs have a conserved core
structure that is composed of a fatty acyl tetrapeptide gly-
cosylated with 6-deoxytalose (6-d-Tal) and Q-methyl-rham-
nose (O-Me-Rha) and are termed non-serovar-specific
GPLs (nsGPLs) (2, 4, 14). On the other hand, the GPLs of
Mycobacterium avium complex (MAC), nontuberculous my-
cobacteria consisting principally of two species, M. avium
and M. intracellulare, have various haptenic oligosaccharides
linked to the 6-d-Tal residue of nsGPLs, resulting in sero-
var-specific GPLs (ssGPLs) (2, 4, 40). The oligosaccharide
portions of ssGPLs define MAC serovars that are classified
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into 28 types. The serovar 1-specific GPL, with Rha linked
to the 6-d-Tal residue, is the basic oligosaccharide unit of all
ssGPLs (11). The Rha residue of serovar 1-specific GPL is fur-
ther extended by various glycosylation steps, such as
rhamnosylation, fucosylation, and glucosylation (11). These
glycosylation steps generate structural diversity in GPLs of
MAC (11). However, because of their complexity, most of the
biosynthetic pathways for ssGPLs have not been fully deter-
mined. We recently showed that the biosynthesis of nsGPLs
was regulated by a combination of glycosyltransferases (31).
Therefore, each glycosyltransferase might mediate a specific
step in the biosynthesis of ssGPLs.

In terms of biological activity, it has been reported that the
properties of ssGPLs are notably different from each other and
that some of the properties play a role in affecting host re-
sponses 1o MAC infections (3, 5, 21, 27, 37, 38). Moreover,
epidemiological studies have shown that serovars |, 4, and 8
are distributed predominantly in North America and are also
frequently isolated from AIDS patients (24, 39, 41). However,
in contrast to other ssGPLs, the serovar 8-specific GPL is
reported to be able to induce altered immune responses (3,
21). The biosynthetic pathway for serovar 8-specific GPL, par-
ticularly its oligosaccharide portion that includes a unique 4,6-
O-(1-carboxyethylidene)-3-O-methyl-glucose (Gle) residue (7,
#) that may determine the specificity of serovar 8, remains
unknown (Table 1). In this study, we investigated the genomic
region assumed to be associated with the biosynthesis of GPL
in MAC serovar 8 strain and identified the genes involved in
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TABLE 1. Oligosaccharide structures of serovar 1- and
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TABLE 3. Oligonucleotide primers used in this study

E-specific GPLs =
Serovar Oligosaccharide Reference(s) Friney Sepence site
I a-Rha-{1-s2)-L-6-d-Tal 17 RTFA-S  5'-CGGGATCCCATGAAATTTGCTGT  BamHI
8 4,6-0-{1-carboxyethylidene)-3-O-methyl-f-p- 7.8 GGCAAG-3'
Gle-(1—3)-a-1-Rha-(1—2)-1-6-d-Tal RTFA-A  5-AACTIGCAGCTCAGCGACTTCGCT  Pstl
GCGCTTC-¥
GTFIB-S 5-AACTGCAGAAATGACCGCCACAA  Pstl
CCAGGGC-3’

; X i TFTB-A 5§ CAGGCGCTCAGTGGC R
the glycosylation pathway leading to the formation of serovar 2 'G—[-C%T%EET Thait
8-specific GPL. ORF4-A 5" AGGGCGCCAATTCG EcoRI

ATGAG-3'
SRR AN AT GTFB-U4 5 -GQCCGMACI 3| ,LDG TCGACTCGACGAAG EcoR1
Bacterial strains, culture conditions, and DNA manipulation. Table 2 shows DRRC-A  §-GGAATTCTGCAGGCGGGGCGACT  EcoRI
the bacterial strains and vectors used in this study. MAC strains were grown in CCTGCT-3'

Mldﬂkhmok THY broth (Difco) with 0.05% Tween 80 supplemented with 10%
Middlebrook ADC (BBL). R by M. tiv strains used
for GPL production were cultured in Luria-Bertani broth with 0.2% Tween 80,
Isalation of DNA and fi ion of M. smegmatis strains were perfommed as
previously described (32). The genomic regions of MAC strains were amplified
by a two-step PCR using TaKaRa L4 Tag with GC buffer and the following
program: denaturation at 98°C for 20 s and annealing-extension at 68°C for an

* Underlining indicares restriction sites.

each GPL was extracted from the g band. Py
wuwmdwupmmuﬂydtmibed(ﬂ. 12, lTj
GC-MS and MALDI-TOF MS$ analysis. Crude and purified GPLs were hy-

lppropmul.mdnpendlngonlhekngmoim B regmn.i' herichia coli

drolyzed in 2 M tnfl i acid (2 h, 120°C), and the released sugars were

strain DHSa was used for routine ipulation and prog of pl
DNA. When necessary, antibiotics were added as I‘oﬂm Ir.mnmynn, SO wg/ml
for £ coli and 25 pg/mi for M. Wurmdmwnwnﬂ 150 pg/ml for E.
coli and 75 pg/ml for M. ts. Ofigy i used in this study
arc listed in Table 3.

Censtruction of expression vectors. The rifd gene was amplificd from genomic
DNA of M. aviem stl:m JATAS1-01 using pnml.'li RTFA-S and RTFA-A. The
PCR products were di d with each and cloned into the
BamHI-Psil site of pM\-’ZAI to obtain pM\"-ﬂfA. To usc the nitc-wpmﬂc inte-
grating mycobacterial vector more j we d pYM0la con-
taining an AfIl site in pYM301. The region enmmp-nl.ngm ORF}, and
ORF4 was amplified from genomic DNA of MAC serovar 8 strain ATCC 35771
using primers GTFTB-S and ORF4-A. In addition, gtfTB was amplified using
primers GTFTB-S and GTFTB-A. The PCR products were digested with cach
restriction enzyme and cloned into the Pstl-EcoRI site of pYM30la to obtain
PYM-gtiTB-orf3-0rf4 and pYM-gtfiTB (Table 2).

Isolation and purification of GPLs. Harvested bactenial cells were allowed to
stand in CHCL-CHOH (2:1, volivol) for several hours at room temperature.
After water was added, total-lipid exiracts were obtained from the organic phase
and evaporated to dryness. Total-lipid were subjected to mild alkali
hydrolysis as previously described (32, 33) to obtain crude GPL extracts. For

Iytical thin-layer ch hy (TLC), erude GPLs obtained from the
same wet weight of b 1 by | cells were spotted on Silica Gel 60 plates
(Merck) using CHCl,-CHLOH-H,0 (30:8:1, volvolivol) as the solvent and were
visualized by spraying the plates with 105 HyS0O, and charring. Purificd GPLs
were prepared from crude GPLs by preparative TLC on the same plates, and

i with NaBD, and then acetylated with pyndine-acetic anhydnde (1:1,
volvol) at room temperature Mmu;hl.'l"hc resulting alditol acetates were
4 and analyzed by gas y (GC-MS)
mﬂ--mcemommmm:mwm.nsrmam
(Supelco) using helium gas. The following program was used: temperature in-
creased from 52 to 172°C at a rate of 40°C/min and then increased from 172 1o
Mﬂlﬂleo!rcfmm.Tnthmmmelhelmﬂmold:pm&dGm
..... isted laser desory i time of flight (MALDI-TOF) mass
cpom{iudwpomwemode)wwobuhcd-imlOSTﬂXL(Apﬁwd
Biosystems) using a pulse laser with emission at 337 nm. Samples mixed with
2.5-dihydroxybenzoic acid as the matrix were analyzed in the reflectron mode
wuhlnmlcnimguollunMMK?aMmthmmmnpmmmm
ber, The 4.6-kb genomic region amplified
fmmMACnmuBsmaTCCJSﬂlm;pmmnmmlndDRRL&
has been d d in the DDBJ nucl base under i
munhermi?ll‘?

RESULTS

Isolation and sequencing of the 4.6-kb genomic region re-
sponsible for GPL biosynthesis in MAC serovar 8. Lacking
information on the genes responsible for biosynthesis of sero-
var B-specific GPL, we compared and analyzed the genomic
regions likely to be responsible for GPL biosynthesis in several

TABLE 2. Bacterinl strains and vectors used in this study

Strain or vector Characteristics Source or reference

Bacteria

E. coli DH5a Cloning host TaKaRa

M. smegmatis me*155 Expression host 5

M. intracellulare ATCC 35771 MAC scrovar 8 strain 29

M. avium JATAS1-01 Source of rf4 17
Vectors

pYM301 Source of pYM301a 30

pYM30ia Site-specific integrating mycobacterial vector carrying an hupb promoter cassette This study

and AR site

pPMV261 E. coli-Mycobacterium shuttle vector carrying an hsp60 promoter cassette 36

pMV-rtfA pMV 261 with rif4 This study

pYM-gtfTB pYM30la with gifTB This study

pYM-gtf TB-orf3-orf4 pYM301a with gtf TB, ORF3, and ORF4 This study
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FIG. 1. Organization of the 4.6-kb genomic region isolated from
MAC serovar 8 strain. Filled triangles indicate the primers used for

PCR amplification.

MAC serovars (16, 28). Most of these regions have high ho-
mology to each other, while the segment between the gif B and
drrC genes was found to vary in the strains. Therefore, we
assumed that this segment contains genes involved in the for-
mation of the unique Gle residue in serovar 8-specific GPL. To
clone the gtfB-drrC region by using PCR, we designed various
primers containing sequences derived from other MAC strains.
By examining combinations of several pairs of primers, a 4.6-kb
fragment was amplified from genomic DNA of a MAC serovar
& strain when primers GTFB-U4 and DRRC-A were used (Fig.
1). Sequencing of this 4.6-kb fragment revealed four complete
open reading frames (Fig. 1). The deduced amino acid se-
quences encoded by ORF1, ORF2, ORF3, and ORF4 were
found to be identical to the amino acid sequences of four
functionally undefined proteins from M. avium strain 104,
MAV_3253, MAV_3255, MAV 3256, and MAV_3257, re-
spectively (GenBank accession no. NC_008595.1). M. avium
strain AS also possessed a genomic region harboring ORF2,
ORF3, and ORF4 (GenBank accession no. AY130970.1).
These four open reading frames are predicted to encode the
following proteins: ORFI, a putative glycosyltransferase similar
to GtfD, which has been identified as a fucosyltransferase in-
volved in the biosynthesis of serovar 2-specific GPL (73% iden-
tity) (30); ORF2, a putative glycosyltransferase, designated
GUTB, showing high homology to RvI516¢c of M. tuberculosis
(61% identity) (28); ORF3, a putative polysaccharide pyruvyl-
transferase similar to MSMEG_4736 and MSMEG_4737 of
M. smegmatis (61 and 58% identity, respectively) (GenBank ac-
cession mo. NC_008596.1); and ORF4, a putative O-methyl-
transferase similar to MSMEG_4739 of M. smegmatis (55%
identity) (GenBank accession no. NC_(08596.1).
Identification of the genes required for synthesis of the
sugar residue unique to serovar 8-specific GPL. Based on the
deduced functions of the genes in the 4.6-kb fragment, we
focused on gtf T8 (ORF2), ORF3, and ORF4 and character-
ized them by performing expression analyses. Because the se-
rovar 8-specific GPL has a structure in which the Rha residue
of serovar 1-specific GPL is further glycosylated (Table 1), it
was necessary to prepare a strain producing serovar 1-specific
GPL that could be the substrate for the enzymes participating
in the biosynthesis of serovar 8-specific GPL. For this, as pre-
viously demonstrated, we created a recombinant M, smegmatis
strain, designated MS-S1, by introducing the plasmid vector
pMV-rtfA having the M. avium rifA gene, which converts
nsGPLs to serovar I-specific GPL (30). We then introduced the
integrative expression vector pYM-gtfTB possessing gtfTE into
MS-51 and assessed GPL profiles by performing a TLC anal-
ysis (Fig. 2). By comparison with the profile of MS-S1/
pYM301a (vector control) (Fig. 2, lane A), two new spolts,
designated spots GPL-SG-U and -D, were observed in MS-S1/
pYM-gtfTB (Fig. 2, lane B), indicating that serovar 1-specific
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GPL-51

FIG. 2. TLC of crude GPL extracts from recombinant M, smegma-
1is strains MS-51/pYM301a (A), MS-S1/pYM-gtfTB (B), and MS-51/
pYM-gtfTB-orf3-orf4 (C). GPL extracts were prepared from the total-
lipid fraction, and this was followed by mild alkaline hydrolysis.
Samples were spotted and developed using CHCl,-CH,OH-H,0 (30:
B:1, volivolivol).

GPL was converted to structurally different compounds by
expression of gifTB. Moreover, when the expression vector
pYM-gtf TB-orf3-orfd containing gtf TH, ORF3, and ORF4 was
introduced into MS-51, another new spot, designated GPL-S8,
appeared (Fig. 2, lane C), implying that the structure of GPL-
SG-U and -D was further modified by the products of ORF3
and ORF4. To confirm that these compounds contain the
sugar residues associated with serovar 8-specific GPL, we per-
formed a GC-MS analysis of the monosaccharides released
from crude GPL extracts of each recombinant strain and the
MAC serovar 8 strain (Fig. 3). The results showed that there
was an excess of Glc, together with Rha, 6-d-Tal, 3,4-di-O-
methyl-Rha, and 2,3 4-tri-0-methyl-Rha, in the profile of MS-
S1/pYM-gtf TB compared with other profiles, as well as minor
Glc peaks presumably derived from traces of trehalose-con-
taining glycolipids (Fig. 3B). This indicates that the gtfTB gene
mediates the transfer of a Gle residue to serovar 1-specific
GPL. In contrast, the profile of MS-S1/pYM-gtfTB-orf3-orf4
revealed the presence of 4,6-O-(1-carboxyethylidene)-3-0-
methyl-Gle, which was also detected in the MAC serovar 8
strain (Fig. 3C and D), demonstrating that the three genes are
associated with the formation of the unique sugar residue of
serovar 8-specific GPL.

Functional characterization of gtfTB. Expression analysis
showed that serovar 1-specific GPL was converted to new com-
pounds containing Glc when the gifTB gene was expressed
(Fig. 2, lane B, and Fig. 3B). Although these results suggested
that the product of gif T participates in the formation of a Gle
residue, it is not clear whether gtf TB encodes the glycosyltrans-
ferase that transfers Glc via 1—3 linkage to the Rha residue of
serovar 1-specific GPL, whose linkage was previously detected
in serovar 8-specific GPL (7, 8). To elucidate the function of
gtf TB, we determined the linkage of sugar moieties of GPL-
SG-U and -D, which were produced by recombinant strain
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FIG. 3. GC-MS of alditol acetate derivatives from crude GPL ex-
tracts of recombinant strains M. smegmatis MS-S1/pYM301a (A), MS-
S/pYM-gtTB (B), and M5-51/pYM-gtiTB-orf3-0rfd (C) and a MAC
serovar 8 strain (D). GPL extracts were prepared from the total-lipid
fraction, and this was followed by mild alkaline hydrolysis. Asterisks
indicate noncarbohydrates. Me, methyl.

B{— 48-0(i-caboxyethyidene)-

MS-S1/pYM-gtf TB (Fig. 2, lane B). After extraction of the
products from the corresponding bands on the TLC plate,
purified GPL-SG-U and -D were subjected to perdeuteriom-
ethylation followed by GC-MS. The differences in the TLC
profiles of GPL-SG-U and -D might have been due to the
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presence or absence of fatty acid methylation, which is often
observed in M, smegmatis GPLs (23, 31), whereas the GC-MS
profiles and fragmentation ions for GPL-SG-U and -D were
identical, demonstrating that GPL-SG-U and -D had the same
sugar moieties and linkages. Therefore, the profiles of GPL-
SG-U shown here are representative of GPL-SG-U and -D.
The GC-MS profile of GPL-SG-U contained four peaks cor-
responding to 6-d-Tal, Rha, Glc, and 2,3,4-tri-O-methyl-Rha
(data not shown). The characteristic spectra for Glc, Rha, and
6-d-Tal are shown in Fig. 4. The spectrum of Glc had fragment
ions at m/z 121, 167, and 168, which represent the presence of
deuteriomethyl groups at positions C-2, C-3, and C4 (Fig. 4A).
In contrast, fragment ions at m/z 121, 134, 193, and 240 were
detected for Rha, indicating that a deuteriomethyl group was
introduced at positions C-2 and C-4 of Rha, in which position
C-3 was acetylated (Fig. 4B). In addition, detection of frag-
ment ions at m/z 134, 181, and 193 (Fig. 4C) revealed that there
was deuteriomethylation at positions C-3 and C-4 in 6-d-Tal.
These results demonstrated that position C-1 of Gle is linked
to position C-3 of Rha but not to position C-2 of 6-d-Tal,
because it has been determined previously that position C-1 of
Rha is linked to position C-2 of 6-d-Tal in the oligosaccharide
of serovar 1-specific GPL (17). Accordingly, the oligosaccha-
ride structures of GPL-SG-U and -D were determined to have
Gle-(1-+3)-Rha-(1—+2)-6-d-Tal at D-allo-Thr, demonstrating
that gtf TB encodes the glucosyltransferase that transfers a Gle
residue via 1—3 linkage to the Rha residue of serovar 1-spe-
cific GPL.

Structural assignment of GPL-S8 synthesized by expression
of gtfTB, ORF3, and ORF4, GC-MS of the crude GPL extract
from MS-S1/pYM-gtfTB-orf3-orf4 revealed the presence of
4,6-0-(1-carboxyethylidene)-3-O-methyl-Gle (Fig. 3C). To
confirm that this structural component was derived from GPL-
S8, we performed GC-MS and MALDI-TOF MS analyses of
purified GPL-S8, The results showed that GPL-S8 contained a
4,6-0-(1-carboxyethylidene )-3-O-methyl-Glc residue and two
main pseudomolecular ions (m/z 1,565.9 and 15798 [M +
Na|") (data not shown). Consequently, as shown in Fig. 5,
these results were consistent with the proposed structure for
GPL-58-1 and -2 containing 4,6-0-(1-carboxyethylidene)-3-0-
methyl-Gle, with differences in pseudomolecular ions due to
fatty acid methylation.

DISCUSSION

Structural diversity of the ssGPLs, notably in their sugar
residues, defines 28 serovars of MAC. Although these ssGPLs
are known to contribute to the virulence of MAC, the mech-
anisms of their biosynthetic regulation are largely unknown. In
this study, we clarified the biosynthetic pathway for serovar
8-specific GPL, specifically the glycosylation step in which a
Gle residue is transferred to the Rha residue of serovar 1-spe-
cific GPL.

To isolate the genomic region associated with the biosynthe-
sis of serovar 8-specific GPL, we compared the GPL biosyn-
thetic gene clusters in several MAC strains and found signifi-
cant differences in the gtfB-drrC region. The segment flanking
the 3" end of the gifB-drrC region includes several genes re-
sponsible for the serovar I-specific GPL whose structure is
found in all ssGPLs. On the other hand, it is experimentally
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FIG. 4. GC-MS spectra and fragment ion assignments for Gle (A), Rha (B), and 6-d-Tal (C), which were derived from alditol acetates of sugars

released from deuteriomethylated GPL-SG-U. Ac, acetate; D, deuterium.

clarified that the gtfB-drC regions of serovar 2-, 7-, and 16-
specific GPL-producing strains contain the genes involved in
the formation of the specific sugar residues that are transferred
to the Rha residue of serovar 1-specific GPL (18, 19, 30). Thus,

this region could play an important role in generating the
structural diversity of ssGPLs. As shown in this study, the
specific functions for formation of sugar moieties of serovar
8-specific GPL were due to the genes present in the gtfB-drrC



