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Fig. 7. IFN~y production by splenic T cells ob-
tained from C57BL/6 mice infected with BCG-
Tokyo or BCG-AUT. Five-week-old C57BL/6 mice
were infected with the indicated dose of BCG
intradermally. Four weeks after the inoculation,
splenocytes (2 x 10° cells well™") were stimulated
with the indicated dose of either BCG-derived
cytosol protein or Mycobacterium leprae-derived
membrane protein for 4 days. Assays were per-
formed in triplicate for each mouse, and the
results for three mice per group are given, ex-
pressed as the means =+ SD. Representative results

0.5 ug mL? - ;
for two separate experiments are shown. Titers

BCG-cytosol protein

macrophages with GM-CSE, which is normally produced
from activated CD4™ T cells, monocytes and macrophages
(data not shown), and inhibits IL-10 production {Makino
et al., 2007), was also quite efficient in enhancing the BCG-
AUT-mediated T-cell activity. Therefore, the unexpectedly
weak activation of CD4" T cells by BCG-AUT seemed to be
at least partly due to the immunosuppressive effect of IL-10.
Secondly, we focused on the costimulating factors capable
of actively up-regulating the T-cell-stimulating function of
macrophages, and found that both CD40L and IFN-y were
quite efficient. It was previously reported that both CD40L
and IFN-y were needed to costimulate macrophages in-
fected with M. leprae (Makino et al., 2007); however, in the
present study, the sole treatment of BCG-AUT-infected
macrophages with either CD40L or IFN-y was enough to
confer a sufficient effect (Figs 4 and 5). The high sensitivity
of BCG-AUT-infected macrophages to CD40L may be due
to the ability of rBCG to induce greater expression of CD40
(Fig. 4a). The exogenous IFN-y may contribute to increased
production of IFN-y from T cells by activating macro-
phages, as it enhanced the surface expression of HLA-DR
and CD86 on BCG-AUT-infected macrophages, which
facilitated antigen-specific T-cell activation. As reported,
M. leprae is less sensitive to IFN-y (Makino et al., 2007),
and also parental BCG was found to be clearly less sensitive
to IFN-y than BCG-AUT. These results indicate that each
mycobacterium may have differential sensitivity to IFN-y
(Verreck et al., 2004). Although the molecular mechanism
responsible for the difference in sensitivity remains unex-
plained, it is well known that IFN-y facilitates the digestion
of intracellular mycobacteria in macrophages, and thus the
following speculation may be possible: in the present system,
the alteration of the pH milieu of BCG-containing phago-
somes caused by the depletion of urease activity may help to
establish circumstances where cell activation as well as

© 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
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were statistically compared using Student’s t-test.

enhanced trafficking of mycobacterial antigens to the surface
by the MHC class II pathway can be induced by IFN-y
treatment. The urease gene of pathogenic mycobacteria may
be a good target for combination immunotherapy/che-
motherapy as urease depletion downregulates the growth of
mycobacteria (data not shown) and upregulates the immu-
noactivity of intracellular digestion of bacteria in
host cells.

In contrast to macrophages, DCs were highly activated by
the sole infection with BCG-AUT in terms of phenotype and
cytokine production, and BCG-AUT-infected DCs effi-
ciently activated both naive and memory CD4" T cells in
the absence of additional costimulation. The activated
T cells produced abundant amounts of both IFN-y (Fig. 5¢)
and GM-CSE, and induced CD40L expression (data not
shown). Therefore, DCs can inherently provide the critical
factors needed by BCG-AUT-infected macrophages. As BCG
infects both macrophages and DCs in vivo, we evaluated
the efficacy of BCG-AUT as a T-cell activator by using
C57BL/6 mice. BCG-AUT was superior to BCG-Tokyo in
the production of murine memory CD4" T cells, which can
respond to BCG-derived recall antigen and also proteins
derived from pathogenic M. leprae. Just 100 BCG-AUT
bacilli were sufficient to produce such memory T cells.
These findings indicate that BCG-AUT convincingly stimu-
lated CD4" T cells in vivo. As the C57BL/6 strain is a
T helper (Th)1 response-prone mouse, further study using
Th2 response-prone mice would provide further insight
into how memory T cells are generated by inoculation with
BCG-AUT.

Taking our data together, BCG-AUT is more potent than
the parental BCG in the activation of macrophages, DCs and
CD4™ T cells. The depletion of urease from BCG may be
useful in upregulating the potency of BCG as an immuno-
stimulator.
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Mpycobacterium avium-Mycobacterium intracellulare complex (MAC) is the most commeon isolate of nontuber-
culous mycobacteria and causes pulmonary and extrapulmonary diseases. MAC species can be grouped into 31
serotypes by the epitopic oligosaccharide structure of the species-specific glycopeptidolipid (GPL) antigen. The
GPL consists of a serotype-common fatty acyl peptide core with 3,4-di-O-methyl-rhamnose at the terminal
alaninol and a 6-deoxy-talose at the allo-threonine and serotype-specific oligosaccharides extending from the
6-deoxy-talose. Although the complete structures of 15 serotype-specific GPLs have been defined, the serotype
16-specific GPL structure has not yet been elucidated, In this study, the chemical structure of the serotype 16
GPL derived from M. intracellulare was determined by using chromatography, mass spectrometry, and nuclear
magnetic resonance analyses. The result indicates that the terminal carbohydrate epitope of the oligosaccha-
ride is a novel N-acyl-dideoxy-hexose. By the combined linkage analysis, the oligosaccharide structure of
serotype 16 GPL was determined to be 3-2'-methyl-3'-hydroxy-4'-methoxy-pentanoyl-amido-3,6-dideoxy-p-hexose-
(1—3)-4-0-methyl-a-L-rhamnose-(1—3)-a-1-rhamnose-(1—3)-a-L-rhamnese-(1—2)-6-deoxy-a-L-talose. Next, the
22.9-kb serotype 16-specific gene cluster involved in the glycosylation of oligosaccharide was isolated and
sequenced. The cluster contained 17 open reading frames (ORFs). Based on the similarity of the deduced
amino acid sequences, it was assumed that the ORF functions include encoding three glycosyltransferases, an
acyltransferase, an aminotransferase, and a methyltransferase. An M. avium serotype 1 strain was transformed
with cosmid clone no. 253 containing gtfB-drrC of M. intracellulare serotype 16, and the transformant produced
serotype 16 GPL. Together, the ORFs of this serotype 16-specific gene cluster are responsible for the biosyn-

thesis of serotype 16 GPL.

Mycobacterial diseases, such as tuberculosis and infection
due to nontuberculous mycobacteria (NTM), are still among
the most serious infectious diseases in the world. The incidence
is increasing because of the spread of drug-resistant mycobac-
teria and the human immunodeficiency virus (HIV) infection/
AIDS epidemic (16, 17, 30). Mycobacterium avium-Mycobacte-
rium intracellulare complex (MAC) is the most common among
isolates of NTM and is distributed ubiquitously in the environ-
ment. MAC causes pulmonary and extrapulmonary diseases in
both immunocompromised and immunocompetent hosts, It
affects primarily patients with advanced HIV infection. MAC
includes at least two mycobacterial species, M. avium and M.
intracellulare, that cannot be differentiated on the basis of tra-
ditional physical and biochemical tests (1, 41).
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fense, Osaka City University Graduate School of Medicine, 1-4-3
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1 Supplemental material for this article may be found at http://jb
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The cell envelope of mycobacteria is a complex and unusual
structure. The key feature of this structure is an extraordinarily
high lipid concentration (6, 10). To better understand the
pathogenesis of MAC infection, it is necessary to elucidate the
molecular structure and biochemical features of the lipid com-
ponents. Among MAC lipids, the glycopeptidolipid (GPL) is of
particular importance, because it shows not only serotype-
specific antigenicity but also immunomodulatory activities in
the host immune responses (2, 9, 23). Structurally, GPLs are
composed of two parts, a tetrapeptide-amino alcohol core and
a variable oligosaccharide (OSE). C,,-C,, fatty acyl-pD-phenyl-
alanine-p-allo-threonine-p-alanine-L-alaninol (p-Phe-p-allo-Thr-
D-Ala-L-alaninol) is further linked with 6-deoxy talose (6-d-Tal)
and 3,4-di-O-methyl rhamnose (3,4-di-O-Me-Rha) at p-allo-
Thr and the terminal L-alaninol, respectively. This type of core
GPL is found in all subspecies of MAC, shows a common
antigenicity, and is further glycosylated at 6-d-Tal to form a
serotype-specific OSE.

At present, 31 distinct serotype-specific GPLs have been
identified serologically and chromatographically (5). Although
the standard technique for differentiation of MAC subspecies
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has been serotyping based on the OSE residue of its GPL, the
complete structures of only 15 GPLs have been defined. In
addition to the chemical structures of various GPLs, genes
encoding the glycosylation pathways in the biosynthesis of GPL
-have been identified and characterized (12, 21, 31). Epidemi-
ological studies have shown that MAC serotypes 4 and 8 are
the most frequently isolated from patierits, and MAC serotype
16 is one of the next most common groups (32, 40). It has been
suggested that the serotypes of MAC isolates participate in
their virulence (29), and thus, understanding of the structure-
pathogenicity relationship of GPLs is necessary. In the present
study, we demonstrate the complete OSE structure of the GPL
derived from serotype 16 MAC (M. intracellulare), which has a
unique terminal-acylated-amido sugar, and we characterized
the serotype 16 GPL-specific gene cluster involved in the gly-
cosylation of carbohydrates.

MATERIALS AND METHODS

Bacterial strains and preparation of GPL. M. intracellulare scrotype 16 strain
ATCC 139507 (NF 115) was purchased from the American Type Culture Col-
lection (Manassas, VA). Three clinical isolates of M. intracellulare serotype 16
(NF 116 and 117) and M. avium serotype 1 (NF 113) were maintained in The
Research Institute of Tuberculosis, Japan Anti-Tuberculosis Association. The
preparation of GPL was performed as described previously (18, 24, 26). Bricfly,
cach strain of M. intracellulare scrotype 16 was grown in Middicbrook 7H9 broth
(Difco Laboratories, Detroit, MI) with 0.5% glycerol and 10% Middlebrook
oleic acid-albumin-dextrosc-catalase enrichment (Difco) at 37°C for 2 to 3 weeks.
The heat-killed bacteria were sonicated, and crude lipids were extracted with
chloroform-methanol (2:1, volivol). The extracted lipids were dried and hydro-
lyzed with 0.2 N sodium hydroxide in methanol at 37°C for 2 h. After neutral-
ization with 6 N hydrochloric acid, alkalinc-stable lipids were partitioned by a
two-layer system of chloroform-methanol (2:1, volivol) and water. The organic
phase was rccovered, evaporated, and precipitated with acctone to remove any
acctone-insolublc components containing phospholipids and glycolipids. The
supernatant was collected by centrifugation, dried, and then treated with a
Sep-Pak silica cartridge (Waters Corporation, Milford, MA) with washing (chlo-
roform-methanol, 95:5, vol/vol) and elution (chloroform-methanol, 1:1, vol/vol)
for partial purification. GPL was completely purified by preparative thin-layer
chromatography (TLC) of Silica Gel G (20 by 20 cm, 250 pm; Uniplate; Anal-
tech, Inc., Newark, DE). The TLC plate was repeatedly developed with chloro-
form-methanol-water (65:25:4 and 60:16:2, vol/volfvol) until a single spot was
obtained. After exposure of the TLC plate to iodine vapor, thc GPL band was
marked, and then, the silica gels were scraped off and the GPL was eluted with
chloroform-methanol (2:1, volivol).

Preparation of OSE moiety. § climination of GPL was pcrformed with alkaline
borohydride, and the OSE elongated from p-allo-Thr was released as described
previously (18, 24). Briefly, the GPL was dissolved in ethanol, and an equal
volume of 10 mg/ml sodium borohydride or borodeuteride in 0.5 N sodium
hydroxide was added and then stirred at 60°C for 16 h. The reaction mixture was
decationized with Dowex SOW-X8 beads (Dow Chemical Company, Midland,
MI), collected, and evaporated under nitrogen to remove boric acid. The
dried residue was partitioned in two layers of chloroform-methanol (2:1,
vol/vol) and water. The upper aqucous phase was recovered and evaporated.
In these processes, the serotype 16-specific OSE was purified as an oligogly-
cosyl alditol.

MALDI-TOF and MALDI-TOF/TOF MS analyses. The molecular species of
the intact GPL was detected by matrix-assisted laser desorption ionization-time
of flight mass spectrometry {MALDI-TOF MS) with an Ultraflex II (Bruker
Daltonics, Billerica, MA). The GPL was dissolved in chloroform-methanol (2:1,
vol/vol) at a concentration of 1 mg/ml, and 1 pl was applicd directly to the sample
plate, and then 1 pl of 10 mg/ml 2,5-dihydroxybenzoic acid in chloroform-
methanol (1:1, volfvol) was added as a matrix. The intact GPL was analyzed in
the reflectron mode with an accelerating voltage operating in a positive mode of
20 kV (5). Then the fragment pattern of the OSE was analyzed with MALDI-
TOF/TOF MS. The OSE was dissolved in ethanol-water (3:7, volfvol), and the
matrix was 10 mg/ml 2,5-dihydroxybenzoic acid in ethanol-water (3:7, vol/vol).
The OSE and the matrix were applicd to the sample plate according to the
method for intact GPL and analyzed in the lift-lift mode.

J. BACTERIOL.

GC and GC-MS analyses of carbohydrates and N-acylated short-chain fatty
acid. To determine the glycosyl composition and linkage position, gas chroma-
tography (GC) and GC-MS analyses of partially methylated alditol acetate de-
rivatives were performed. Perdeuteromethylation was conducted by the modified
procedure of Hakomori as described previously (18, 20). Briefly. the dried OSE
was dissolved with a mixture of dimethyl sulfoxide and sodium hydroxide, and
deutecromethyl iodide was added. The rcaction mixture was stirred at room
temperature for 15 min and then water and chloroform were added. The chlo-
roform-containing perdeutcromethylated OSE layer was collected, washed with
water two times, and then completely evaporated. Partially deuteromethylated
alditol acetates were prepared from perdeutcromethylated OSE by hydrolysis
with 2 N trifluoroacetic acid at 120°C for 2 h, reduction with 10 mg/ml sodium
borodcuteride at 25°C for 2 h, and acctylation with acctic anhydride at 100°C for
1 h (8, 18, 25). To identify amino-linked fatty acids, acidic methanolysis of
serotype 16 GPL was performed with 1.25 M hydrogen chloride in methanol
(Sigma-Aldrich, St. Louis, MO) at 100°C for 90 min, and the fatty acid methyl
esters were extracted with n-hexane under the cooled ice. GC was performed
using a 5890 scrics II gas chromatograph (Hewlctt Packard, Avondale, PA)
equipped with a fused SPB-1 capillary column (30 m, 0.25-mm inner diameter;
Supelco Inc., Bellcfonte, PA). Helium was uscd for electron impact (EI)-MS and
isobutane for chemical ionization (CI)-MS as a carrier gas. A JMS SX102A
double-focusing mass spectrometer (JEOL, Tokyo, Japan) was connected to the
gas chromatograph as a mass detector. The molecular separator and the ion
source energy were 70 ¢V for El and 30 eV for CI, and the accelerating voltage
was 8 kV. The p and 1 configurations of Rha residues were determined by
comparative GC-MS analysis of trimethylsilylated (S)-(+)-sec-butyl glycosides
and (R)-(—)-sec-butyl glycosides prepared from an authentic standard L-Rha
(19).

NMR analysis of GPL. The GPL was dissolved in chloroform-d (CDCl,)-
methanol-d; (CD,0D) (2:1, volfvol). To define the anomeric configurations of
each glycosyl residue, 'H and '3C nuclear magnetic resonance (NMR) was
employed. Both homonuclear correlation spectrometry (COSY) and 'H-de-
tected ['H, '*C] heteronuclear multiple-quantum correlation (HMQC) were
recorded with a Bruker Avance-600 (Bruker BioSpin Corp., Billerica, MA), as
described previously (9, 18, 24, 34),

Construction of M. intracellulare serotype 16 cosmid library. A cosmid library
of M. intracellulare scrotype 16 strain ATCC 13950 was constructed as described
previously (18). Bacterial cells were disrupted mechanically, and genomic DNA
was cxtracted with phenol-chloroform and then precipitated with cthanol.
Genomic DNA randomly sheared into 30- to 50-kb fragments in the extraction
process was fractionated and electroctuted from agarose gels using a Takara
Recochip (Takara, Kyoto, Japan). These DNA fragments were rendered blunt
ended using T4 DNA polymerase and deoxynucleoside triphosphates and then
were ligated to dephosphorylated arms of pYUB412 (Xbal-EcoRYV and EcoRV-
Xbal), which were the kind gifts of Wiiliam R. Jacobs, Jr. (Department of
Microbiology and Immunology, Albert Einstein College of Medicine, Bronx,
NY). The cosmid vector pYUB412 is an Escherichia coli-Mycobacterium shuttle
vector with the int-attP sequence for integration into a mycobacterial chromo-
some, oriE for replication in E. coli, a hygromycin resistance gene, and an
ampicillin resistance gene. After in vitro packaging using Gigapack III Gold
extracts (Stratagene, La Jolla, CA), recombinant cosmids were introduced into
E. coli STBL2 [F™ mcrA A(mcrBC-hsdRMS-mrr) recAl endAl lon gyrA96 thi
supE44 rel41 1 A(lac-proAB)] and stored at —~80°C in 50% glycerol.

Isolation of cosmid clones carrying biosynthesis gene cluster of serotype 16
GPL and sequence analysis. Isolation of DNA from E. coli transductants was
performed as described by Supply et al., with modifications (39). The colonies
were picked, transferred to a 1.5-mi tube containing 50 pl of water, and then
heated at 98°C for 5 min. After centrifugation at 14,000 rpm for 5 min, the
supernatant was uscd as the PCR template. PCR was uscd to isolate cosmid
cloncs carrying the rthamnosyltransferase (rif4) genc with primers tfA-F (5'-T
TTTGGAGCGACGAGTTCATC-3') and tfA-R (5'-GTGTAGTTGACCACG
CCGAC-3"). rtfA cncodes an enzyme responsible for the transfer of Rha to
6-d-Tal in OSE (14, 31). The insert of cosmid clone no. 253 was sequenced using
a BigDye Terminator, version 3.1, cycle scquencing kit (Applicd Biosystems,
Foster City, CA) and an ABI Prism 310 gene analyzer (Applied Biosystems). The
putative function of each open reading frame (ORF) was identified by similarity
scarches between the deduced amino acid sequences and known proteins using
BLAST (http:/fwww.ncbi.nlm.nih.gov/BLAST/) and FramePlot (http://www.nih
.go.jp/~jun/cgi-bin/frameplot.pl) with the DNASIS computer program (Hitachi
Softwarc Engincering, Yokohama, Japan).

Transformation of M. avium serotype 1 strain with cosmid clene no, 253, An
M. avium scrotype 1 strain (NF113) was transformed with pYUB412-cosmid
clone no. 253 by electroporation, and hygromycin-resistant colonies were iso-
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FIG. 1. TLC patterns and MALDI-TOF MS spectra of serotype 16 GPL. (A) Serotype 16 GPL purified from M. intracellulare ATCC 13950T
(NF 115) and the alkaline-stable lipids derived from ATCC 13950" and two clinical isolates (NF 116 and 117) from left to right were developed
on TLC plates with solvent systems of chloroform-methanol-water (65:25:4 and 60:16:2, volfvolivol). (B) The MALDI-TOF MS spectra were
acquired using 10 mg/ml 2,5-dihydroxybenzoic acid in chloroform-methanol (1:1, volfvol) as a matrix, and the molecularly related ions were
detected as [M+Na]" in positive mode. Intens., intensity; a.u., absorbance units.

lated. Alkaline-stable lipids were prepared, and productive GPLs were examined
by TLC and MALDI-TOF MS analyses.

q i ber. The nucleotide sequence reported
here has been deposited in the NCBI GenBank database under accession no.
AB355138.

Nuelontid,
I\

RESULTS

Purification and molecular weight of intact GPL. Serotype
16 GPL from M. intracellulare ATCC 139507 (NF 115) was
detected as a spot by TLC, and the R, values were 0.35 and 0.56
when developed with chloroform-methanol-water (60:16:2 and
65:25:4, volfvolivol, respectively). Two clinical isolates of M.
intracellulare, NF 116 and 117, had serotype 16 GPLs that
showed the same R, values as the serotype 16 GPL derived
from strain ATCC 139507. The serotype 16 GPL of M. intra-
cellulare strain ATCC 139507 was purified repeatedly by TLC
and was shown as a single spot by TLC (Fig. 1A). The MALDI-
TOF MS spectra of each serotype 16 GPL showed m/z 1969 for
[M+Na]* as the main molecularly related ion in positive
mode, with the homologous ions differing by 14 mass units at
1,955 and 1,983 (Fig. 1B). As a result, the main molecular
weight of serotype 16 GPL was 1,946, which implied that it has
a novel carbohydrate chain elongated from p-allo-Thr.

Carbohydrate composition of serotype 16 OSE. To deter-
mine the glycosyl compositions of serotype 16 OSE, alditol
acetate derivatives of the serotype 16 GPL were analyzed by
GC and GC-MS. The structurally defined serotype 4 GPL was
used as a reference standard (9, 35). Comparison of the reten-

tion time and GC mass spectra (Fig. 2) with the alditol acetate
derivatives of the serotype 16 GPL showed the presence of
3,4-di-O-Me-Rha, 4-O-Me-Rha, Rha, 6-d-Tal, and an un-
known sugar residue (X1) in a ratio of approximately 1:1:2:1:1.
The alditol acetate of X1 was eluted at a retention time of 29.3
min, greater than that of glucitol acetate on the SPB-1 column.
The CI-MS spectrum of X1 was [M+H]" at m/z 520 as a
parent ion and m/z 460 as a loss of 60 (acetate). The fragment
ions of X1 sugar showed characteristic patterns in EI-MS. m/z
360 indicated the cleavage of C-3 and C-4, and m/z 300, 240,
and 180 were fragmented with a loss of 60 (acetate). Similarly,
m/z 374 indicated the cleavage of C-2 and C-3, and m/z 314 and
254 were fragmented with a loss of 60 (Fig. 3A and B). These
results indicated that X1 was 3,6-dideoxy hexose (Hex). The
odd molecular weight of X1, 519, and m/z 187, 127, and 59
implied the presence of one amido group esterified with a
short-chain fatty acid, possibly. After methanolysis of serotype
16 GPL, the resultant fatty acid methyl esters were extracted
carefully and analyzed by GC-MS. The EI-MS spectrum of a
short-chain fatty acid methyl ester showed mass ions at m/z 176
(M1, 145 (IM-31]"), 117 ({M-59]™), 99, 88, 85, and 59 (Fig.
3C) (33, 37). Taking the results together, X1 was structurally
determined to be 3-2'-methyl-3'-hydroxy-4'-methoxy-pen-
tanoyl-amido-3,6-dideoxy-Hex.

Glycosyl linkage and sequence of serotype 16 OSE. To de-
termine the glycosyl linkage and sequence of the OSE, GC-MS
of perdeuteromethylated alditol acetates and MALDI-TOF/
TOF MS of the oligoglycosyl alditol from serotype 16 OSE
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FIG. 2. Gas chromatograms of the alditol acetate derivatives from
serotype 4 (A) and serotype 16 (B) GPLs. Total ion chromatograms
(TIC) are shown. GC was performed on an SPB-1-fused silica column
with a temperature program of 160°C for 2 min, followed by an in-
crease of 4°C/min to 220°C, and holding at 220°C for 15 min. Com-
parison to the GC spectrum of serotype 4 GPL shows that serotype 16
GPL is composed of 3,4-di-O-Me-Rha, 4-O-Me-Rha, Rha, 6-d-Tai,
and an unknown X1 sugar residue.

were performed. As shown in Fig. 4, the GC-MS spectra of
perdeuteromethylated alditol acetates were assigned four ma-
jor peaks, 1,3,4,5-tetra-O-deuteromethyl-2-O-acetyl-6-deoxy-
talitol (m/z 109, 132, 154, 167, and 214); 2,4-di-O-deutero-
methyl-1,3,5-tri-O-acetyl-thamnitol (m/z 121, 134, 205, 240, and
253); 2-O-deuteromethyl-4-O-methyl-1,3,5-tri-O-acetyl-tham-
nitol (m/z 121, 131, 202, and 237); and 2,4-di-O-deuteromethyl-
1,5-di-O-acetyl-3-2'-methyl-3'-O-deuteromethyl-4'methoxy-
pentanoyl-deuteromethylamido-3,6-dideoxy-hexitol (m/z 121,
134, and 341). These results revealed that the 6-d-Tal residue
was linked at C-2; Rha and 4-O-Me-Rha were linked at
C-1 and C-3; and the nonreducing terminus, 3-2'-methyl-3'-
hydroxy-4'-methoxy-pentanoyl-amido-3,6-dideoxy-Hex, was
C-1 linked. The MALDI-TOE/TOF MS spectrum of the oli-
goglycosyl alditol from serotype 16 OSE afforded the expected
molecular ions [M+Na]* at m/z 931, together with the char-
acteristic mass increments in the series of glycosyloxonium ions
formed on fragmentation at m/z 312, 472, 618, and 764 from
the terminal sugar N-acyl-Hex to 6-d-Tal and at m/z 336, 482,
and 642 from 6-d-Tal to N-acyl-Hex (Fig. 5). Rha residues
were determined to be in the L absolute configuration by com-
parative GC-MS analyses of trimethylsilylated (S)-(+)-sec-bu-
tyl glycosides and (R)-(—)-sec-butylglycosides (see Fig. S1 in
the supplemental material). Taken together, these results es-
tablished the sequence and linkage arrangement 3-2'-methyl-
3’-hydroxy-4'-methoxy-pentanoyl-amido-3,6-dideoxy-Hex-(1—
3)-4-O-Me-Rha-(1—3)-1.-Rha-(1—3)-L.-Rha-(1—2)-6-d-Tal, ex-
clusively. .

NMR analysis of serotype 16 OSE. The '"H NMR and 'H-'H
COSY analyses of the serotype 16 GPL revealed six distinct
anomeric protons with corresponding H1-H2 cross peaks in
the low field region at 84.93, 4.92, 4.92, 4.84, 4.65 (J,, = 2 to
3 Hz, indicative of a-anomers) and 4.51 (a doublet, J,, = 7.7
Hz, indicative of a B-hexosyl unit). When further analyzed by
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FIG. 3. EI-MS and CI-MS spectra of the alditol acetate derivative
from X1 (A and B) and N-acylated-short-chain fatty acid methyl ester
(C). The pattern of prominent fragment ions is illustrated. The CG
column and condition were described in the legend for Fig. 2.
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'H-detected ['H, '*C] two-dimensional HMQC, the anomeric
protons resonating at 54.93, 4.92, 4.92, 4.84, 4,65, and 4.51 have
C-1s resonating at 5101.57, 95.73, 101.40, 102.56, 100.97, and
103.36, respectively (for a summary, see Table S1 in the sup-
plemental material). The J values for each of these protons
were calculated to be 171, 170, 171, 170, 169, and 161 Hz by
measurement of the inverse-detection nondecoupled two-di-
mensional HMQC (Fig. 6). These results established that the
terminal amido-Hex was a 8 configuration and the others were
a-anomers.

Cloning and sequence of serotype 16 GPL biosynthesis clus-
ter. To isolate the serotype 16 GPL biosynthesis cluster, the
genomic cosmid library of M. intracellulare serotype 16 strain
ATCC 139507 was constructed. Primers were designed to am-
plify the region corresponding to the rtf4 gene. More than 300
cosmid clones were tested using colony PCR with r#f4 primers,
and the positive clones no. 51 and 253 were isolated from the
E. coli transductants. PCR analysis revealed that clone no. 253
contained a drrC gene but that clone no. 51 did not. Thus, we
used clone no. 253 for subsequent sequence analysis for the
gifB-drrC region. The 22.9-kb region of M. intracellulare sero-
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FIG. 4. GC-MS spectra of individual perdeuteromethylated alditol acetate derivatives from serotype 16 OSE. The formation of prominent
fragment ions is illustrated; fragments were assigned to 1,3,4,5-tetra-O-deuteromethyl-2-O-acetyl-6-deoxy-talitol (A), 2,4-di-O-deuteromethyl-
1,3,5-tri-O-acetyl-rthamnitol (B), 2-O-deuteromethyl-4-O-methyl-1,3,5-tri-O-acetyl-thamnitol (C), and 2,4-di-O-deuteromethyl-1,5-di-O-acetyl-3-
2'-methyl-3'-O-deuteromethyl-4' -methoxy-pentanoyl-deuteromethylamido-3,6-dideoxy-hexitol (D).

type 16 ATCC 13950T was deposited in the NCBI GenBank
database (accession no. AB355138). The similarity to protein
sequences of each ORF is summarized in Table 1, and the
genetic map for the serotype 16 GPL biosynthetic cluster was
compared with those of serotype 2, 4, and 7 GPLs (Fig. 7). The
gifB and drrC genes of M. intracellulare serotype 16 ATCC
13950 had 99.8% and 83.7% DNA identities with those of M.
intracellulare serotype 7 ATCC 35847, respectively. In the
DNA region between gifB and drrC (20.8 kb), 17 ORFs were
observed. Four ORFs (ORF 1, 2, 16, and 17) were homologous
to those found in the same region of serotype 7-specific DNA,
and the others were unique to the serotype 16 strain. No
insertion of insertion elements or transposons was detected in
this region. The nucleotide sequences of the ORF 1 and ORF
2 in serotype 16 strain ATCC 13950T were homologous to
those of ORF 1 and ORF 8 in serotype 7, respectively, sug-
gesting that these two ORFs have the same function. The
similarity of the deduced amino acid sequences suggested the

possibility that the functions of ORF 3 and ORF 6 are to
encode methyltransferase and aminotransferase, respectively.
The deduced amino acid sequences of ORF 4 and ORF §
showed significant similarities to the WxcM protein, the func-
tion of which is not clear. Interestingly, the deduced amino
acid sequences of ORF 16 and ORF 17 of serotype 16 were
homologous to ORF 9 of serotype 7. ORFs 1, 16, and 17 have
considerable homology to glycosyitransferases. Nine ORFs,
which are possibly involved in fatty acid synthesis, were de-
tected between ORF 7 and ORF 15, It is notable that ORF 13
had a chimeric structure. The N-terminal half of ORF 13
showed similarity to phosphate butyryl/acetyl transferases,
but the C-terminal half showed similarity to short-chain
reductase/dehydrogenases. These results suggest that this
region of DNA is responsible for the biosynthesis of the
serotype 16-specific GPL.

Expression of cosmid clone no. 253 in M. avium serotype 1
strain. The OSE of serotype 1 GPL was composed of a-L-Rha-
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FIG. 5. MALDI-TOF/TOF MS spectrum of serotype 16 OSE. The
formation of a characteristic increment in fragment ions is illustrated.
The matrix was 10 mg/ml 2,5-dihydroxybenzoic acid in ethanol-water
(3:7, volfvol), and it was performed in the lift-lift mode. Intens., inten-
sity; a.u., absorbance units.

(1-2)-6-d-L-Tal (9). The M. avium serotype 1 strain (NF113)
was transformed with cosmid clone no. 253 containing a sero-
type 16-specific gene cluster and produced a new GPL with a
different R, value by TLC compared to serotype 1 GPL (Fig.
8A). The R, value of the new GPL was identical to that of the
serotype 16 GPL. The molecular weight of intact GPL, the
fragment pattern of its OSE, and the GC pattern of the alditol
acetate derivatives were completely equivalent to those of the
serotype 16 GPL (see Fig. S2 in the supplemental material). As
a result, the transformant of the serotype 1 strain expressed the
cosmid clone no. 253 gene cluster and produced the serotype
16 GPL.

DISCUSSION

MAC species have serotype-specific GPLs that are charac-
teristic components of the outer layer of the cell wall (6, 9). In
addition to their serological differentiation, the chemical struc-
tures of 15 serotype-specific GPLs derived from the predomi-
nant clinical isolates have been analyzed; however, those of
other GPLs remain unclear. The present study demonstrates
the chemical structure of the serotype 16 GPL derived from
M. intracellulare. We determined the glycosyl composition,
linkage positions, and anomeric and ring configurations of
the glycosyl residues of the serotype 16 GPL, and its OSE
was defined as 3-2’-methyl-3’-hydroxy-4’-methoxy-pentanoyl-
amido-3,6-dideoxy-8-Hex-(1—3)-4-O-methyl-a-L-Rha-(1—-3)-a-
L-Rha-(1-3)-o-L-Rha-(1->2)-6-d-o-L-Tal (Fig. 8B). The sero-
type 16 GPL should be listed as a group 2 polar GPL in the
structural classification of Chatterjee and Khoo (9).

The GPLs of serotypes 7, 12, 17, and 19 have already been
classified as group 2 GPLs, which are commonly composed of
R-»a-L-Rha-(1->3)-a-L-Rha-(1-2)-6-d-L-Tal (R, variable re-
gion), possessing a characteristic terminal sugar such as N-acyl-
deoxy-Hex. Indeed, the presence of an amido sugar has been
reported in only five GPLs, serotypes 7, 12, 14, 17, and 25 (8,
9, 18). It has been determined that the OSE structure of the

J. BACTERIOL.

MFGMe-Rha%ui

B-G—Tabu! 3
2

41
L-Rhapal
3

Fatty acyl-Tetrapeptide
1

5¢
L-Rhapai
3
31
4-O-Me-L-Rhapa 1
3

61!
3-acylamido-3,8-di-d-Hexpf1
2,3

IS

pom B4 B0 A6 4847 4G AS THE 3 T4z MM

FIG. 6. Nondecoupled 'H-detected ['H, *C] HMQC spectrum of
serotype 16 GPL. Cross-peak labels correspond to those shown on the
structure.

serotype 17 GPL was 3-2'-methyl-3'-hydroxy-butanoyl-amido-
3,6-dideoxy-8-p-Glc-(1—3)-4-O-methyl-a-L-Rha-(1—3)-a-L-
Rha-(1-3)-a-1-Rha-(1-2)-6-d-L-Tal (9, 25). Based on the be-
havior of GPLs in TLC and the GC-MS analysis of alditol
acetate derivatives, serotype 16 GPL seems to possess a unique
carbohydrate epitope similar to that of serotype 17 GPL. We
compared the OSE of serotype 16 GPL to that of serotype 17
GPL. The acylated amido group that was bound to the termi-
nal sugar was different, although the linkage position was iden-
tical. Except for the terminal-acylated amido sugar, the other
sugar compositions and glycosyl linkage positions were com-
pletely identical. An acylated amido group attached to the C-3
position of Hex is very unusual. To our knowledge, 3-amido-
Hex is irregular in nature, although 2-amido-Hex is known to
be glucosamine or galactosamine, which is frequently isolated
as a component of lipopolysaccharides and glycosaminoglycans
in prokaryotic and eukaryotic cells (7, 42). Further, existence
of short-chain fatty acid 2-methyl-3-hydroxy-4-methoxy-penta-
noic acid linked to the amido group of d-Hex is also unique.
The characteristic gene cluster is thought to regulate the pro-
duction of 3-acylated-amido-Hex. It is difficult to determine
the species of acylated amido sugars, because no reference
standard is available. The terminal sugar of the serotype 17
GPL was reviewed as a gluco-configuration, although firm ev-
idence was not shown (9, 25). The Joy and J,_, values for the
anomeric proton in the terminal sugar were 161 and 7.7 Hz,
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TABLE 1. Similarity to protein sequences of ORFs in cosmid clone no. 253 derived from M. intracellulare serotype 16 strain ATCC 13950

Predicted

Predicted [ Amino acid identit; .
ORF nl;l;(;ieal(xll)a;) pl Exhibits similarity to: E value (no. matched/total ngy.) Accession no.
GtfB 45.6 6.35 Glycosyltransferase GtfB 0.0 417/418 BAF45360
Orf 1 45.2 6.10 Putative glycosyltransferase 0.0 416/417 BAF45361
Orf 2 78.9 8.51 Putative acyltransferase 0.0 557/728 BAF45368
Orf 3 31.0 5.88 Putative methyltransferase 2e-89 382/421 NP_218045
Orf 4 15.7 4.94 Conserved hypothetical protein 1e-39 73/129 BADS50406
Orf 5 16.0 4.69 - Conserved hypothetical protein Se-40 75/135 EAXS5190
Orf 6 411 5.88 Aminotransferase/DegT_Dnr]_EryCl 6e-119 208/357 ABD68440
Orf 7 40.6 9.65 Conserved hypothetical protein 2e-89 178/304 AAS03547
Orf 8 36.7 532 Conserved hypothetical protein 2e-52 116/298 CAE06954
Orf 9 22.3 9.79 Putative N-acetyltransferase de-14 58/166 EAU11841
Orf 10 25.3 7.82 Short-chain dehydrogenase/reductase Te-47 101/233 EA061220
Orf 11 23.8 6.05 Putative hydrolase de-24 64/196 ABG85599
Orf 12 372 6.50 Ketoacyl-acyl carrier protein synthase III 3e-55 126/331 EAX48715
Orf 13 42.5 1.72 Short-chain dehydrogenase/reductase 2e-42 97/248 ZP_01289005
Orf 14 65.8 4.70 Predicted enzyme involved in 6e-85 201/575 ABB73590
methoxymalonyl-acyl carrier protein :
biosynthesis
Orf 15 50.0 6.23 Acyl coenzyme A synthetases 2e-128 233/445 EAT27362
Orf 16 39.1 8.00 Putative glycosyltransferase 2e-106 196/318 NP_855197
Orf 17 37.7 9.46 Putative glycosyltransferase 8e-160 278/323 BAF45369
DirC 28.6 11.47 Daunorubicin resistance protein C 6e-132 233/261 BAF45370

respectively (Fig. 6; Table S1 in the supplemental material).
These results demonstrated unequivocally that the terminal
amido-Hex was B configuration and H-2 was in the axial posi-
tion. The terminal amido-Hex is considered to be derived from
glucose or galactose, not Rha.

Next, we explored the genetic mechanism of GPL biosyn-
thesis, because the elongation of carbohydrate chains in sero-
type-specific GPLs is poorly understood. The ser2 gene cluster
of the M. avium serotype 2 strain (31) and a 27.5-kb DNA
fragment of the M. avium serotype 4 strain (28) were identified
to be responsible for the biosynthesis of each OSE in GPLs.

Recently, enzymatic characterizations of glycosyltransferase
and methyltransferase of nonpolar GPLs have been reported
for Mycobacterium smegmatis (36, 38). In the serotype-specific
polar GPL biosynthesis of MAC, only the rtf4 gene was func-
tionally clarified to encode the transfer of L-Rha to 6-d-Tal, but
which gene cluster transfers the sugars next to L-Rha elongated
from 6-d-Tal is unclear.

In this study, we cloned the biosynthetic cluster of the sero-
type 16 GPL and analyzed its sequence. Seventeen ORF's were
detected in the serotype 16 strain, and the sequence homology
was analyzed. The transformant of the M. avium serotype 1
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FIG. 7. Comparison and overview of genetic maps of GPL biosynthetic cluster. The M. avium strain 724 annotated sequence obtained
from GenBank (accession no. AF125999) (A); the M. avium strain A5 annotated sequence obtained from GenBank (accession no.
AY130970) (B); the M. intracellulare ATCC 35847 sequenced in our previous study (GenBank accession no. AB274811) (C); the M.
intracellulare ATCC 139507 sequenced in this study (GenBank accession no. AB355138) (D). The orientation of each gene is shown by the
direction of the arrow. In panels A and B, putative ORFs not showing homology to known proteins sequences are not depicted. The
sequences extending upstream in panels A and B and downstream in panel B are not included in the figure.
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FIG. 8. TLC pattern of M. avium serotype 1 and its transformant with cosmid clone no. 253 and proposed complete structure of the serotype
16 GPL. (A) The alkaline-stable lipids derived from M. avium serotype 1 (lane 1), its transformant (lane 2), and purified serotype 16 GPL (lane
3) were developed with the solvent system of chloroform-methanol-water (60:16:2, volfvolvol). (B) Predicted biosynthesis gene clusters are

indicated by arrows,

strain carrying cosmid clone no. 253 produced serotype 16
GPL. These results strongly implied that this gtfB-drrC region
is responsible for the biosynthesis of the serotype 16-specific
GPL. From the structural analysis of the serotype 16 GPL and
the sequence of cosmid clone no. 253, it is possible to predict
the relationship between the biosynthesis of serotype 16 GPL
and the function of each ORF.

The genetic map of the serotype 16 GPL biosynthetic cluster
was compared to those of serotype 2 GPL from M. avium strain
724, serotype 4 GPL from M. avium strain A5, and serotype 7
GPL from M. intracellulare strain ATCC 358477 (12, 18, 28).
Significant differences were found in the neighborhood of the
conserved region. The genetic organization of the serotype 16
GPL gene cluster was distinct from that of serotype 7, except

for some of the ORFs, and the ORFs in this region of serotype .

2 and serotype 4 were completely different from ORFs 1 to 17
in serotype 16 (Fig. 7).

In addition to M. intracellulare serotype 7 (18) and serotype
16 strains, we have analyzed similar gene clusters of M. intra-
cellulare serotype 12 and 17 strains. The sequence homology of
the regions of ORF 1 and ORF 17 was highly conserved be-
tween only M. intracellulare serotype 16 and 17 strains (unpub-
lished data). ORFs 1, 16, and 17 may lead to transfer of the two
additional molecules of L-Rha and terminal amido-Hex. ORF
2 was assigned to acyltransferase and may be responsible for
biosynthesis of the 3-2'-methyl-3'-hydroxy-4'-methoxy-pen-
tanoyl-amido group in the terminal Hex. ORF 3 is probably
responsible for the transfer of the O-methyl group at the C-4
position in the third L-Rha from 6-d-Tal. ORF 6 is homologous
to aminotransferase and possibly associated with the biosyn-
thesis of an amido group in the terminal Hex. The deduced
amino acid sequences of ORF 6 in serotype 16 and ORF 4
in serotype 7 have homologies to DegT_DnrJ_EryC1 amino-
transferases. However, these two ORFs are dissimilar to each

other. Serotype 16 and 7 GPLs have an amido group at the
terminal Hex, although the attachment position is different.
The serotype 7 GPL has an amido group at the C-4 position in
the terminal Hex, but the serotype 16 GPL has it at the C-3
position. Nine ORFs between ORF 7 and ORF 15 are possibly
involved in fatty acid synthesis of the acyl chain moiety linked
by an amido bond of the terminal Hex. Taken together, this
gene cluster may participate in the biosynthetic pathway of the
serotype 16-specific GPL, although further study is needed to
clarify the function of each ORF.

Recent studies suggest that GPLs play an important role in
the phenotype and pathogenicity of MAC. The colony mor-
phology is considered to be influenced by cell wall GPL. MAC
colony phenotypes spontaneously occur from smooth to rough
type, and this is due to a mutation lacking GPL (3, 13, 22). The
deletion of genomic regions encoding GPL biosynthesis may
result in the loss of GPL. Danelishvili et al. demonstrated that
the uptake by and growth in macrophages of a MAC mutant
with the gene belonging to the GPL synthesis pathway inacti-
vated by transposon insertion were decreased (11). Bhatnagar
and Schorey have reported that macrophages infected with
MAC release exosomes containing GPLs that result in the
transfer of the GPLs to uninfected macrophages and induce a
proinflammatory response (4). These findings imply that GPL
participates in the pathogenicity of MAC. By contrast, our
previous studies have demonstrated that anti-GPL antibodies
are detected in the sera of most immunocompetent patients
with MAC pulmonary disease and that the detection of anti-
GPL antibody is useful for the serodiagnosis of MAC disease
(15, 26, 27).

To understand the role of GPLs in MAC and its hosts, it is
necessary to define the chemical structure and biosynthesis path-
ways of GPLs. Elucidation of the structure-function relationship
of GPL may open a new avenue for controlling MAC disease.
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A serological diagnostic test using phenolic glycolipid-I (PGL-I) developed in the 1980s is commercially
available, but the method is still inefficient in detecting all forms of leprosy. Therefore, more-specific and
-reliable serological methods have been sought. We have characterized major membrane protein I (MMP-II)
as a candidate protein for a new serological antigen. In this study, we evaluated the effectiveness of the
enzyme-linked immunosorbent assay (ELISA) using the MMP-II antigen (MMP-II ELISA) for detecting
antibodies in leprosy patients and patients’ contacts in the mid-region of Vietnam and compared to the results
to those for the PGL-I method (PGL-I ELISA). The results showed that 85% of multibacillary patients and 48%
of paucibacillary patients were positive by MMP-IT ELISA. Comparison between the serological tests showed
that positivity rates for leprosy patients were higher with MMP-II ELISA than with PGL-I ELISA. Household
contacts (HHCs) showed low positivity rates, but medical staff members showed comparatively high pesitivity
rates, with MMP-II ELISA. Furthermore, monitoring of results for leprosy patients and HHCs showed that
MMP-I is a better index marker than PGL-I. Overall, the epidemiological study conducted in Vietnam

suggests that serological testing with MMP-II would be beneficial in detecting leprosy.

Leprosy is a chronic infectious disease caused by Mycobac-
terium leprae infection, which sometimes leads to progressive
peripheral nerve injury and systematic deformity (16, 30).
Early detection of M. leprae infection and early start of treat-
ment are key in avoiding deformities. Also, in order to de-
crease the incidence of new cases, it is important to find and
treat the sources of the infection as soon as possible. Thus,
early detection of these infected individuals who cannot be
clinically diagnosed is critical (34). The diagnosis of leprosy is
based on microscopic detection of acid-fast bacilli in skin
smears or biopsies, along with clinical and histopathological
evaluation of suspected patients. Recently, diagnostic methods
for leprosy based on M. leprac DNA sequences have been
developed (10, 20, 25). However, it is difficult to use these
methods in developing countries which still have leprosy hot
spot areas, because such methods require expensive machines
and materials as well as skilled technicians. Although many
developing countries have recently established laboratories for
DNA-based diagnosis, it is harder to perform DNA tests than
serodiagnostic tests. Thus, in countries where leprosy is en-
demic, diagnosis still relies on clinical observations and easy,
inexpensive tests.

Serodiagnosis is generally accepted as the easiest way of
diagnosing a disease. For leprosy serodiagnosis, the only anti-
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gen currently used is phenolic giycolipid I (PGL-I), which is
supposedly specific to M. leprae (21, 26, 27). Since the identi-
fication of PGL-I in 1981 by Hunter and Brennan (14), a
number of serological tools have been developed. Simple as-
says, such as the Serodia-Leprae method, a dipstick assay, and
lateral flow tests based on the PGL-I antigen, have been used
to detect leprosy patients in areas where leprosy is endemic (3,
15, 17, 32). However, these tests seem to be insufficient for
detection of both multibacillary (MB) and paucibacillary (PB)
patients, as well as for early diagnosis, and have not been used
as widely as would be expected in field situations (6, 29).
Therefore, we have begun the search for a more sensitive
antigen. Major membrane protein If (MMP-I1; encoded by the
ML2038¢c gene, named bfid, also known as bacterioferritin)
was previously identified from the cell membrane fraction of
M. leprae as an antigenic molecule capable of activating both
antigen-presenting cells and T cells (19, 24). A homology
search of the mycobacteria nucleotide database revealed that
MMP-II is conserved between M. leprae, M. tuberculosis, and
M. avium. The amino acid identity is about 86% among the
three species. However, we have previously examined the role
of MMP-II in the humoral responses of Japanese patients and
showed that MMP-II could contribute to the specific serode-
tection of leprosy patients (18).

In the present study, we performed a serological test using
serum samples collected in regions of leprosy endemicity in
Vietnam and evaluated the use of MMP-I1 as an antigen for
serodiagnosis of leprosy. We believe that identifying the ap-
propriate antigens for serodiagnosis could facilitate the devel-
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opment of simple diagnostic tests, like dip-stick assays, for use
in developing countries.

MATERIALS AND METHODS

Serum samples. A total of 974 serum samples from various individuals, in-
cluding in- and out-patients of Quyhoa National Leprosy & Dermato-Venere-
ology Hospital (NDH), were obtained under informed consent. The sera were
donated by 205 leprosy patients (163 patients undergoing treatment and 42 new
patients), 428 household contacts (HHCs), 130 medical staff members, and 211
noncontact healthy individuals. Sera of leprosy patients and their contacts were
taken at regional medical centers in the midregion of Vietnam, including those
in the Danang, Quangnam, Quangngai, Binhdinh, Phuyen, Khanhhoa,
Ninhthuan, Gialai, Kontum, Daklak, and Daknong provinces, where the average
prevalence rate is 0.17 (number of cases/10,000 persons) and the average detec-
tion rate is 2.13 (number of cases/10,000 persons). Among these provinces,
Binhdinh, Ninhthuan, Gialai, and Kontum had hot spot areas. The medical staff
members consisted of workers in Quyhoa NDH, including medical doctors,
nurses, pharmacists, technicians, and helpers. Ounly the sera from medical staff
members who were not HHCs of leprosy patients were used in this study. Sera
were also obtained from healthy persons living in the Binhdinh province (n =
126) and the Longan province (n = 85), which are distantly located from each
other. Out of 205 leprosy patients, 121 had MB leprosy and 84 had PB leprosy.
We made the initial diagnosis according to the Ridley-Jopling classification
system and classified patients as MB and PB types based on the WHO recom-
mendation. In Vietnam, the M. bovis bacille Calmette-Guérin (BCG) vaccination
against tuberculosis has been undertaken in earnest since 1976. Almost all
medical staff personnel who donated their blood for this study were vaccinated
with BCG.

MMP-II and PGL-I antigens. The MMP-II gene (ML2038c, or bfrA) was
expressed in Escherichia coli as a fusion construct by using a pMAL-c2X expres-
sion vector (New England BioLabs) (18). Synthetic bovine serum albumin-con-
jugated trisaccharide-phenyl propionate for the detection of PGL-1 antibodies
was produced by our laboratory. The procedure for synthesis of the antigen is
described elsewhere (12).

ELISAs for detection of antibodies. MaxiSorp (Nalge Nunc) microtiter plates
were coated with 50 wl antigen solution (MMP-II {0.4 pg/mi] and PGL-I [0.2
wg/mi]) in carbonate-bicarbonate buffer (pH 9.4) and kept at 4°C overnight. The
optimal concentrations of these antigens were determined in advance. The en-
zyme-linked immunosorbent assay (ELISA) protocol was performed as de-
scribed previously (18). We measured anti-MMP-II immunoglobulin G (IgG)
antibodies and anti-PGL-I IgM antibodies. Plate-to-plate variations in optical
density (OD) readings were controlled for by using a common standard serum.

Monitoring. One hundred forty-eight leprosy patients have been monitored
using MMP-1I ELISA and PGL-I ELISA during their multidrug therapy (MDT)
treatment since 2001. Twelve-month MDT for MB was carried out, and sampling
was performed three to five times. Also, HHCs were monitored once every 3 or
6 months by both the MMP-II and the PGL-1 ELISA methods from 2001 to 2004.

Statistics. The data were analyzed using a statistical software package (version
9.3.2.0; MedCalc software). A receiver operator characteristic (ROC) curve was
drawn to calculate the cutoff levels (2). Additionally, the statistically significant
differences between assays were confirmed by the chi-square test (28).

RESULTS

Comparison of the distribution of ELISA values between
MMP-II and PGL-I. We focused on the distribution of ELISA
values derived from MB leprosy patients and compared them
to those from healthy individuals (Fig. 1). The cutoff OD,q
value for anti-MMP-II antibody was defined as 0.103 (95%
confidence interval, 85.2 to 93.7), and that for anti-PGL-I an-
tibody was defined as 0.452 (95% CI, 85.2 to 93.7), by ROC
curve analysis (MedCalc software) using OD titers from 211
healthy individuals and 205 leprosy patients. The distribution
pattern of MMP-II ELISA values was quite different from that
of PGL-I ELISA for healthy individuals. While the OD values
of most healthy individuals were in the low range for MMP-I1
ELISA (Fig. 1A), the titers obtained by PGL-I1 ELISA showed
a bell-shaped curve which was similar to that of MB leprosy
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FIG. 1. Comparison of distributions of OD values in MB leprosy
patients and normal individuals. (A) Distribution pattern of MMP-II
ELISA values in patients and healthy individuals. (B) Distribution
pattern of PGL-I ELISA values in patients and healthy individuals.
The solid squares show the number of MB leprosy patients in each OD
value range, and the open squares show the number of healthy indi-
viduals.

patients (Fig. 1B). The PGL-I ELISA values for PB leprosy
patients also showed a similar bell-shaped curve (data not
shown).

Detection rate of antibodies in sera of leprosy patients.
Among the MB patients, 85.1% were positive by MMP-II
ELISA and 57.0% were positive by PGL-1 ELISA; 47.6% of
PB patients were positive by MMP-II ELISA, and 20.2% were
positive by PGL-I ELISA (Fig. 2). The MMP-II ELISA values
for both MB and PB patients were significantly higher than the
PGL-I ELISA values (P < 0.001) (Fig. 2). Patients undergoing
treatment and new cases showed a similar difference (data not
shown).

Seropositivity rates of contacts, medical staff members, and
healthy volunteers. There was no significant difference in pos-
itivity rate between MMP-1I ELISA and PGL-I ELISA for
healthy individuals and HHCs (Fig. 3). Also, there was no
significant difference in positivity rate between MMP-11 ELISA
and PGL-I ELISA for healthy individuals from different prov-
inces, namely, Binhdinh and Longan (data not shown). In
contrast, the medical staff showed a significantly higher rate of
positivity by MMP-II ELISA (26.2%) than by PGL-1 ELISA.
The anti-MMP-II antibody positivity rate for the medical staff
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FIG. 2. Comparison of positivity rates of patients as determined by
MMP-II and PGL-I ELISA. Black bars show percentages of healthy
individuals and patients positive by MMP-II ELISA, and white bars
show those for PGL-I ELISA. Statistically significant differences were
confirmed by the chi-square test and are indicated as P values.

was significantly higher than those for healthy individuals and
HHCs.

Monitoring of HHCs. Previous studies suggested the useful-
ness of PGL-I ELISA in monitoring the effects of leprosy
treatment (5, 8, 9, 22). Therefore, we monitored anti-MMP-11
antibody titers in patients after treatment and compared them
to anti-PGL-I antibody titers. Ninety-two MB and 56 PB pa-
tients were monitored. The anti-MMP-II antibody value of
approximately 30% of monitored MB patients declined within
1 to 2 years after the start of treatment, in accordance with
changes in bacterial index values (data not shown), although
approximately 50% of MB patients showed no reduction in
ELISA values and 20% of patients showed mild increases in
value. Three representative samples of MB patients are shown
in Fig. 4. Among PB patients, 18% of the monitored patients
had reduced anti-MMP-II antibody titers. On the other hand,
anti-PGL-I antibody titers were reduced approximately only
20% in both MB and PB patients during the monitoring pe-
riod. Therefore, anti-MMP 1I antibody may reflect the efficacy
of treatment similarly to or slightly better than anti-PGL-I
antibody in some cases. Furthermore, 9 individuals out of 428

50.0
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40.0 1 I }
P<0.001
35.0 ]
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FIG. 3. Positivity rates of HHCs and medical staff members as
determined by MMP-1I and PGL-I ELISA. Black bars show percent-
ages of HHCs and medical staff members positive by MMP-II ELISA,
and white bars show those by PGL-I ELISA. Statistically significant
differences were confirmed by the chi-square test and are indicated as
P values.
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FIG. 4. Monitoring of three MB leprosy patients by MMP-II and
PGL-I ELISAs. Three cases of monitored leprosy patients are shown.
The closed circles show MMP-II ELISA values, and the open circles
show PGL-1 ELISA values. Note that the cutoff value for MMP-I1 is
0.103 and that of PGL-I is 0.452.

HHCs developed leprosy after several years of monitoring.
Among the nine cases, two individuals had increasing antibody
titers by MMP-II and/or PGL-I ELISA 1 year before manifest-
ing clinical symptoms (data not shown). Patient HHC192
showed a prominent rise in anti-MMP-II antibody values dur-
ing the asymptomatic period. Both patients developed MB
leprosy. The other seven, whose antibody levels did not show
an apparent increase during the observation period, developed
PB leprosy.

DISCUSSION

Serodiagnosis is the easiest, cheapest, and least invasive di-
agnostic tool for infectious diseases. Currently, PGL-I is used
as a specific antigen for M. leprae, but in practice, its sensitivity
and specificity are not as high as expected, even though previ-
ous studies using stock sera reported that the detection rate for
MB patients was more than 80% (1, 3, 4, 7). The present study
involving Vietnamese leprosy patients indicated that there is a
significant difference between MMP-1I ELISA and PGL-1
ELISA in detecting both MB and PB leprosy. The positivity
rate of anti-MMP-II antibody for MB leprosy was approxi-
mately 85%, and that for PB leprosy was 48%; these titers were
significantly higher than the titers obtained by PGL-1 ELISA
(57% and 20%, respectively). The detection rates obtained by
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MMP-II ELISA were similar to those for a previous study
using stock sera from Japanese leprosy patients (18). However,
the positivity rates of anti-PGL-I antibody in the present study
were significantly lower than those for the Japanese patients,
although the same antigens for both MMP-II and PGL-I were
used in the two studies.

There are several possible reasons why the sensitivity of
PGL-I ELISA was low in the present study. One reason may be
that some healthy Vietnamese individuals have high anti-
PGL-I antibody titers. Although we could not conduct further
detailed analysis on the subjects, these individuals might be
highly exposed to M. leprae, and so their B lymphocytes might
be repeatedly stimulated with M. leprae-derived antigens, in-
cluding PGL-L It seems quite difficult to discriminate the
healthy individuals from MB or PB leprosy patients by PGL-I
ELISA, as shown in Fig. 1. Furthermore, we concluded that a
reasonable cutoff point for PGL-I ELISA was an OD, of
0.452, as deduced from Fig. 1 and the ROC values, but this
resulted in lower sensitivity. The difference in sensitivity be-
tween PGL-1 ELISA and MMP-II ELISA may also be due to
differences in the biochemical features of the antigens. PGL-1
is a glycolipid component, and as such, it might be retained in
some infected cells for a long time after the initial exposure
(13, 33). This speculation is supported by previous reports
showing that healthy individuals residing in areas where lep-
rosy is endemic had high anti-PGL-I antibody titers, and M.
leprae DNA was recovered by PCR from the nasal swabs of
these individuals (31, 32). Also, it has been reported that the
usefulness of PGL-I-based tests for early diagnosis is limited,
since 7 to 10% of individuals testing positive do not develop
the disease (14).

In contrast, MMP-I1 is a protein antigen and is considered to
be one of the immunodominant antigens of M. leprae (19).
Therefore, in individuals who have been exposed to M. leprae
but have not developed leprosy, antigen-presenting cells ex-
pressing MMP-II might feasibly be eliminated from the body
by immune cells such as cytotoxic T lymphocytes and thus lack
the ability to produce anti-MMP-II antibodies through anti-
gen-presenting-cell-dependent mechanisms. These specula-
tions seem to be supported by our present observations with
sera from patients monitored over time. Anti-MMP-II anti-
body titers of MB patients declined earlier than PGL-1 titers
with MDT treatment, indicating the disappearance of MMP-II
antigens, while no apparent reduction in PGL-I antigens was
observed during the 12 months of observation (Fig. 4). Fur-
thermore, in one case the anti-MMP-II antibody titer in-
creased drastically before manifestation of clinically apparent
leprosy (data not shown).

Medical staff members (n = 130) showed a high positivity
rate by MMP-1I ELISA, compared with healthy individuals or
HHCs. These medical staff members were mostly BCG vacci-
nated, as were the HHCs. Therefore, it seems that BCG
vaccination has no effect on anti-MMP-II antibody titers. Al-
though we could not determine a conclusive reason for the
high positivity rate, these medical personnel may be repeatedly
exposed to M. leprae in hospitals. However, we cannot elimi-
nate the possibility that they have produced the antibody in
response to exposure to other mycobacteria, since the MMP-I1
protein is conserved in other pathogenic mycobacterial species,
such as M. tuberculosis and M. avium, though the staff members

CLiN. VACCINE IMMUNOL.

with high anti-MMP-II antibody titers did not manifest any
clinical signs or features indicating infection with other myco-
bacteria. We tried to perform nested PCR using the M. leprae-
specific repetitive element for DNA extracted from nasal
swabs of some hospital staff members (n = 25). However,
because the sampling dates for the serological test and the
PCR test were not coordinated, we could not come to a defi-
nite conclusion. Nevertheless, we were surprised to find that
=40% (n = 25) of the nasal swab samples were positive (data
not shown). As for tuberculosis, it is said that one-third of the
world population is infected with M. tuberculosis. The same
may be the case with leprosy, although further studies are
needed with larger populations, including medical staff mem-
bers as well as contacts and noncontacts of leprosy.

Taken together, our data indicate that MMP-II ELISA
could be useful as a supporting serodiagnostic tool in combi-
nation with other clinical diagnostic methods and may also be
useful in monitoring disease activity. Furthermore, in this study
the correlation between MMP-I1 and PGL-I was low, with a
correlation coefficient among the 205 leprosy patients of only
0.63. If both PGL-I and MMP-II antibodies could be measured
simultaneously, the sensitivity of the assay system could be
increased. Considering that PGL-I is a sugar antigen (eliciting
IgM antibodies) and MMP-11 is a protein antigen (eliciting IgG
antibodies), assaying for a combination of these antibodies
could lead to more-accurate detection of leprosy in the field.
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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 §-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 gtfTB, the function of which has not been elucidated. The
simultaneous expression of gffTB 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-O-methyl-glucose, which is unique 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 Jinkage 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 diseases 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 O-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 to MAC infections (3, 5, 21, 27, 37, 38). Moreover,
epidemiological studies have shown that serovars 1, 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 (Glc) residue (7,
8) 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

8-specific GPLs m—
] a estriction
Serovar Oligosaccharide Reference(s) Primer Sequence site
1 a-L-Rha-(1-2)-L-6-d-Tal 17 RTFA-S 5'-CGGGATCCCATGAAATTTGCTGT BamHI
8 4,6-0-(1-carboxyethylidene)-3-O-methyl-8-p- 7,8 GGCAAG-3'
Gle-(1-»3)-a-L-Rha-(1—2)-L-6-d-Tal RTFA-A  5'-AACTGCAGCTCAGCGACTTCGCT PstI
GCGCTTC-3'
GTFIB-S 5-AACTGCAGAAATGACCGCCACAA Pstl
CCAGGGC-3'
. . . GTFIB-A 5'-GGAATTCTCAGGCGCTCAGTGGC EcoRI
the glycosylation pathway leading to the formation of serovar TCGTC-3'
8-specific GPL. ORF4-A  5'-GGAATTCCTAGGGCGCCAATTCG  EcoRI
ATGAG-3’
MATERIALS AND METHODS GTFB-U4 5 -ggc?AAC—-T—:TQ,—'QGGTCGACT CGACGAAG  EcoRI
Bacterial strains, culture conditions, and DNA manipulation. Table 2 shows DRRC-A  5'-GGAATTCTGCAGGCGGGGCGACT  EcoRI
the bacterial strains and vectors used in this study. MAC strains were grown in CCTGCT-¥

Middlebrook 7H9 broth (Difco) with 0.05% Tween 80 supplemented with 10%
Middlebrook ADC enrichment (BBL). Recombinant M. smegmatis strains used
for GPL production were cultured in Luria-Bertani broth with 0.2% Tween 80.
Isolation of DNA and transformation of M. smegmatis strains were performed as
previously described (32). The genomic regions of MAC strains were amplified
by a two-step PCR using TaKaRa LA Taq with GC buffer and the following
program: denaturation at 98°C for 20 s and annealing-extension at 68°C for an
appropriate time depending on the length of the targeted region. Escherichia coli
strain DHS5a was used for routine manipulation and propagation of plasmid
DNA. When necessary, antibiotics were added as follows: kanamycin, 50 pg/ml
for E. coli and 25 pg/ml for M. smegmatis; and hygromycin B, 150 pg/ml for E.
coli and 75 pg/ml for M. smegmatis. Oligonucleotide primers used in this study
are listed in Table 3.

Construction of expression vectors. The rtf4 gene was amplified from genomic
DNA of M. avium strain JATAS51-01 using primers RTFA-S and RTFA-A. The
PCR products were digested with each restriction enzyme and cloned into the
BamHI-Pstl site of pMV261 to obtain pMV-rtfA. To use the site-specific inte-
grating mycobacterial vector more conveniently, we constructed pYM301a con-
taining an Afill site in pYM301. The region encompassing gifTB, ORF3, 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 each
restriction enzyme and cloned into the PstI-EcoRI site of pYM301a to obtain
pYM-gtfTB-orf3-orf4 and pYM-gtfTB (Table 2).

Isolation and purification of GPLs. Harvested bacterial cells were allowed to
stand in CHCl;-CH;0H (2:1, volfvol) for several hours at room temperature.
After water was added, total-lipid extracts were obtained from the organic phase
and evaporated to dryness, Total-lipid extracts were subjected to mild alkaline
hydrolysis as previously described (32, 33) to obtain crude GPL extracts. For
analytical thin-layer chromatography (TLC), crude GPLs obtained from the
same wet weight of harvested bacterial cells were spotted on Silica Gel 60 plates
(Merck) using CHCL;-CH,;0H-H,0 (30:8:1, vol/vol/vol) as the solvent and were
visualized by spraying the plates with 10% H,SO, and charring. Purified GPLs
were prepared from crude GPLs by preparative TLC on the same plates, and

4 Underlining indicates restriction sites.

each GPL was extracted from the corresponding band. Perdeuteriomethylation
was carried out as previously described (6, 12, 17).

GC-MS and MALDI-TOF MS analysis. Crude and purified GPLs were hy-
drolyzed in 2 M trifluoroacetic acid (2 h, 120°C), and the released sugars were
reduced with NaBD, and then acetylated with pyridine-acetic anhydride (1:1,
volfvol) at room temperature overnight. The resulting alditol acetates were
separated and analyzed by gas chromatography-mass spectrometry (GC-MS)
with a TRACE DSQ (Thermo Electron) equipped with an SP-2380 column
(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 to
250°C at a rate of 3°C/min. To determine the total mass of the purified GPLs,
matrix-assisted laser desorption ionization—time of flight (MALDI-TOF) mass
spectra (in the positive mode) were obtained with a QSTAR XL (Applied
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
with an accelerating voltage of 20 kV and with operation in positive ion mode.

Nucleotide seq e accessi ber. The 4.6-kb genomic region amplified
from MAC serovar 8 strain ATCC 35771 using primers GTFB-U4 and DRRC-A
has been deposited in the DDBJ nucleotide sequence database under accession
number AB437139.

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 8-specific GPL, we compared and analyzed the genomic
regions likely to be responsible for GPL biosynthesis in several

TABLE 2. Bacterial strains and vectors used in this study

Strain or vector Characteristics Source or reference

Bacteria

E. coli DHSa Cloning host TaKaRa

M. smegmatis mc*155 Expression host 35

M. intracellulare ATCC 35771 MAC serovar 8 strain 29

M. avium JATA51-01 Source of rtf4 17
Vectors

pYM301 Source of pYM301a 30

pYM301a Site-specific integrating mycobacterial vector carrying an hsp60 promoter cassette This study

and AfllI site

pMV261 E. coli-Mycobacterium shuttle vector carrying an hsp60 promoter cassette 36

pMV-rtfA pMV261 with rf4 This study

pYM-gtfTB pYM301a with gifTB This study

pYM-gtfTB-orf3-orfd pYM301a with gifTB, ORF3, and ORF4 This study
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FIG. 1. Organization of the 4.6-kb genomic region isclated 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 gtfB 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 Gl 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
8 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; ORF1, a putative giycosyltransferase 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
GHfTB, showing high homology to Rv1516c 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 no. NC_008596.1); and ORF4, a putative O-methyl-
transferase similar to MSMEG_4739 of M. smegmatis (55%
identity) (GenBank accession no. NC_008596.1).
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 gtfTB (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-ttfA having the M. avium rtfA gene, which converts
nsGPLs to serovar 1-specific GPL (30). We then introduced the
integrative expression vector pYM-gtfTB possessing gff7B into
MS-S1 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 spots,
designated spots GPL-SG-U and -D, were observed in MS-S1/
pYM-gtfTB (Fig. 2, lane B), indicating that serovar 1-specific

J. BACTERIOL.
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GPL-SG-U
GPL-SG-D

GPL-S8
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FIG. 2. TLC of crude GPL extracts from recombinant M. smegma-
tis strains MS-S1/pYM301a (A), MS-S1/pYM-gtfTB (B), and MS-S1/
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:
8:1, voljvolivol).

GPL was converted to structurally different compounds by
expression of gifTB. Moreover, when the expression vector
pYM-gtfTB-orf3-orf4 containing gtfTB, ORF3, and ORF4 was
introduced into MS-S1, 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-O-methyl-Rha, in the profile of MS-
S1/pYM-gtfTB 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 gtf/TB gene
mediates the transfer of a Glc 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-O-
methyl-Glc, 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 gffTB. 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 gtfTB participates in the formation of a Glc
residue, it is not clear whether gtfTB encodes the glycosylirans-
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
gtfTB, we determined the linkage of sugar moieties of GPL-
SG-U and -D, which were produced by recombinant strain
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