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The nontuberculous Mycobacterium avium-Mycobacterium intracellulare complex (MAC) is distributed ubiqui-
tously in the environment and is an important cause of respiratory and lymphatic disease in humans and animals.
These species produce polar glycopeptidolipids (GPLs), and of particular interest is their serotype-specific antige-
nicity. Structurally, GPLs contain an N-acylated tetrapeptide-amino alcohol core that is glycosylated at the C
terminal with 3,4-di-O-methyl rhamnose and at the p-alfo-threonine with a 6-deoxy-talose. This serotype nonspecific
GPL is found in all MAC species. The serotype-specific GPLs are further glycosylated with a variable haptenic
oligosaccharide at 6-deoxy-talose. At present, 31 distinct serotype-specific GPLs have been identified on the basis of
oligosaccharide composition, and the complete structures of 14 serotype-specific GPLs have been defined. It is
considered that the modification of the GPL structure plays an important role in bacterial physiology, pathogenesis,
and host immune responses. In this study, we defined the complete structure of a novel serotype 7 GPL that has a
unique terminal amido sugar. The main molecular mass is 1,874, and attached to the tetrapeptide-amino alcohol
core is the serotype 7-specific oligosaccharide unit of 4-2'-hydroxypropanoyl-amide-4,6-dideoxy-2-O-methyl-B-hex-
ose-(1—3)-c-L-rhamnose-(1->3)-a-L-rhamnose-(1—3) -a-1-rhamnose-(1—2)-a-L-6-deoxy-talose. Moreover, we iso-
lated and characterized the serotype 7-specific gene cluster involved in glycosylation of the oligosaccharide. Nine
open reading frames (ORFs) were observed in the cluster. Based on the sequence homology, the ORF's are thought

to participate in the biosynthesis of the serotype 7 GPL.

About 10% of mycobacterial discases are caused by nontu-
berculous mycobacteria. Among them, the closely related My-
cobacterium aviwm and Mycobacterium intrucellulare are com-
monly grouped as M. avium-intracellulare complex (MAC).
Organisms of this complex are ubiquitous in nature and have
been isolated from water, soil, plants, house dust, and other
environmental sources. MAC infections have become increas-
ingly common, and MAC is the most common cause of disease
due to nontuberculous mycobacteria in humans (13). These
organisms have distinctive laboratory characteristics, are not
communicable from person to person, and are often resistant
to standard antituberculosis drugs. )

The mycobacterial cell wall contains numerous antigenic ot
immunoregulatory glycolipid molecules with great structural
diversity that are considered to be involved in the bacterial
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virulence through host immune responses (6, 19, 31, 33). The
polar glycopeptidolipids (GPLs) produced by MAC species are

-of particular interest because of their serotype-specific antige-
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nicity (9). To better understand the mechanisms of pathogen-
esis and drug resistance of MAC, it is necessary to elucidate
the molecular structure and biochemical characteristics of the
lipid components. '

Structurally, GPLs contain a tetrapeptide-amino alcohol core,
p-phenylalanine-p-allo-threonine-p-alanine-t-alaninol (D-Phe-D-
allo-Thr-p-Ala-L-alaninol), with an amido-linked 3-hydroxy or
3-methoxy C26-C34 fatty acid at the N-terminal of D-Phe (5). The
p-allo-Thr and terminal 1-alaninol are further linked with 6-
deoxy-talose (6-d-Tal) and 3,4-di-O-methyl-rhamnose (3,4-di-O-
Me-Rha), respectively. This core GPL is found in all species of
MAC and shows a common antigenicity (1). The serotype-specific
GPLs are further glycosylated with a variable haptenic oligosac-
charide at 6-deoxy-talose. At present, 31 distinct serotype-specific
polar GPLs have been identified biochemically, and the complete
structure of GPLs is partly defined by the serotype 1104, 8,9, 12,
14, 17,19 to 21, 25, and 26 GPLs (9). The standard technique for
classification of MAC strains has been serologic typing based on
the oligosaccharide (OSE) residuc of the GPL. More recently,
advanced chemical synthesis of various haptenic OSEs was dem-
onstrated, and the genes encoding the glycosylation pathways in
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biosynthesis of GPL were identified and characterized (10, 17,
26).

We have established a rapid method for serodiagnosis of
MAC disease using the GPL and GPL core antigens of MAC
and have also shown that the levels of GPL and GPL core
antibodies reflect disease activity (12, 14, 22, 23). Otherwise, it
has been reported that serotype-specific GPLs participate in
the pathogenesis and immunomodulation in the host (2, 18). It
is reasonable to hypothesize that modification of the GPL
structure plays an important role not only in antigenicity but
also in host immune responses and bacterial physiology. In this
study, we exploréd the complete OSE structure of serotype 7
GPL, which has a unique terminal amido sugar and is charac-
terized by a serotype 7-specific gene cluster involved in the
glycosylation of the OSE, using the cosmid hibrary technique.

MATERIALS AND METHODS

Bacterial strain and preparation of GPL. M. intraccllulare serotype 7 strain
(ATCC 35847) was purchased from the American Type Culture Collection
(Manassa, VA). Two clinical strains (NF 111 und NF 112) of M. intraccliulare
serotype 7 were isolated and kindly provided by Ryoji Maekura (National Hos-
pital Organization, Toneyama National Hospital, Osaka, Jupan). GPL was pre-
pared as described previously (20, 22). Briefly, the ATCC 35847 strain of M.
intracellulare serotype 7 was grown in Middiebrook 7H9 broth (Difco Laboruato-
ries, Detroit, M1) with 0.5% glycerol and 109 Middlebrook oleic acid-ulbumin-
dextrose-catalase enrichment (Difco Laboratories) at 37°C for 2 to 3 weceks.
Heut-killed bacteria were collected by centrifugation at 2,400 X g {ov 15 min,
somicated, and extracted with chioroform-methanol (2:1, volivol). The extrsct-
able lipids were dried and hydrolyzed with 0.2 N sodiam hydroxide in methanol
at 37°C for 2 h. The alkzline-stable lipids were dissolved in chloroform-methanol
(2:1, volvol). GPL was purified by preparative thin-layer chromatography (TLC)
of silicagel G (Uniplate; 20 X Z0 cm, 250 pm; Analtech, Inc, Newark, DE). The
TLC plate was repeatedly developed with chloroform-methanol-water (65:25:4
and 60:16:2, volvolivol) until a single spor was obtained. To reveal the GPL
bund, the TLC plate was exposed to jodine vapor after development. The GPL
band was murked, and then the silicagels were scraped to eiuze the GPL with
chloroform-methanol (2:1, volvol) through a small glass colamn.

Preparation of OSE moiety. The OSE moiety clongated from p-allo-Thr was
released from GPL by ulkaline borohydride reductive B-elimination (7, 20). GPL
was dissolved in ethanol with 5 my/ml sodium borohydride and 0.5 M sodium
hydroxide, followed by stirring at 60°C for 16 h. The reaction mixture was
decationized with Dowex SOWX8 beads (Dow Chemicsl Compuny, Midland, MJ)
and centrifuged at 2,400 X g for 15 min. The supernatant was collected snd
coevaporated with 10% acetic acid in methanol under nitrogen to remove the
boric acid. The dried residue was partitioned in two layers in chloroform-meth-
anol (2:1, volvol) and water. The upper aqueous phase was recovered and
evaporated. In these processes, the serotype 7-specific OSE was purified as an
oligoglycosyl alditol.

Derivatization of perdenteromethylated and perdeuteroacetylated OSE. Per-
deuteromethylation was conducted by the modified procedure of Hakemori
(16). The dried OSE was dissolved in a mixture of dimethyl sulfoxide (1 mi)
and sodium hydroxide (1 mg), and 1 ml of deuteromethyl iodide was added.
The reaction mixture was stiried at rooni temperature for 15 min, followed by
the addition of 1 ml of water and 1 w1l of chloroform. After centrifugation at
2,400 X g {for 15 min, the upper water layer was discarded. The chlornform
Jayer was washed repeatedly with water to remove sny water-soluble compo-
nents and then evaporated to dryness. Pevdeuntervacetylation of OSE was
performed by reacting OSE with pyridine-deuteroacetic anhydride (1:1, vol/
vol) for 16 h, and the product was dried completely to remove the pyridine.

FAB/MS anpalysis of intact GPL and OSE. The molecular weight was deter-
mined by fast atom bombardment-mass spectrometry (FAB/MS) with a JMS
SX102A double-focusing mass specirometer {JEOL, Tokyo, Japan). The target
gas was xenon, and the accelerating voltage was 8 kV. Intact GPL was unalyzed
by FAB/MS in both positive and negative ion mode with m-nitro-benzyl alcoho!
us the matrix. The perdeuteroacetylated derivative of OSE was analyzed by
FAB/MS i positive ion mode with m-nitro-benzyl alcohol as the matrix.

GC and GC/MS analyses of OSE. To determine the glycosyl composition and
linkage position, gss chromatography (GC) and GC/MS analyses of partially
methylated aldito] acetate derivatives were performed. Pastially deateromethy-
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lated aldito] acetates were prepared from perdeuteromethylated OSE by hydro-
lysis with 2 N trifluoroacetic acid at 120°C for 2 b, reduction with 10 mg/in]
sodivm borodeuteride ut 25°C for 2 h, and acetylation with acetic anhydride at
100°C for 1 h (8, 21). GC was performed using a 5890 series Il gas chromato-
graph (Hewlett Packard, Avondale, PA) equipped with the fused cupillary col-
umn SPB-1 (30 m, 0.25-mm inside diameter; Supelco, Inc,, Bellefonte, PA).
Helium was used for electron impact (EI/MS and iso-butane was used for
chemical fonization (C1)Y/MS as the carrier gus. The JMS $X102A double-focus-
ing mass spectrometer was connected 10 GC as the mass detector. The molecular
sepatator and the jon source energy were 70 eV for ELand 30 ¢V for CL, and the
accelerating voltuge was 8 kV. The pr configurations of Rha residues were
determined by comparative GC/MS analysis of trimethylsilylated ()-(—)-2-butyl
glycosides and (5)-(+)-2-butyl glycosides prepared from an authentic 1-Rha
standard (15). .

NMR analysis of OSE. The GPL was deuterium dissolved in chloroform-d
(CDCla)/methanoi-d, (CD;0D) (2:1, volivol). To define the anomeric configu-
rations of each glycosyl residue, 'H snd *C nuclear magnetic resonance (NMR)
was empioyed. Both homonuclear correlation spectrometry, snd 'H-detected
{'H, "*C} heteronuclear muitipie-quantum correlation (HMQC) were recorded
with a Bruker AVANCE-600 spectrometer (Brucker BioSpin K.K., Osaka,
Japany), as described previously (9, 20, 27).

Construction of the M. intracellulare cosmid library. Genomic DNA of M.
intracellulare serotype 7 strain’ ATCC 35847 was prepared by mechanical disrup-
tion of bucterial cells, which was accomplished by homogenizing a bacterial pellet
with glass beads in phospbate-buffered saline, followed by phenol-chloroform
extraction and precipitation with ethanol. Genomic DNA fragments randomly
sheared to 30- to 50-kb fragments during the extraction process were fraction-
ated and electroeluted from aguarose gels using a Recochip (Takara, Bio, Inc.,
Kyoto, Jupan). These DNA fragments were rendered blunt-ended using T4 DNA
polymerase and deoxynucleoside triphosphates, followed by ligation to dephos-
phorylated arms of pYUB412 (Xbul-EcoRV and EcoRV-Xbal), which was
kindly given by William R. Jacobs, Jr. (Department of Microbiology and lmmu-
nology, Albert Einstein Coliege of Medicine, New York, NY). After in vitro
packaging using Gigapack 3 Gold extracts (Stratagene, La Jolla, CA), recom-
binant cosmids were introduced into the Escherichia coli STBL2 [F™ merA
A(mcrBC-hsdRMS-mrr) end4l recAl lon gyrA96 thi supE44 reld]l N~ A(lac-
proAB)} and stored at —80°C in 50% glycerol.

1sclation of cosmid clones carrying the rif4 gene and sequence analysis. PCR
was used to isolate cosmid clones carrying the rthamnosyltransferase (rf4) gene
with primers #fA-F (5'-TTTTGGAGCGACGAGTTCATC-3') and nfA-R (5'-
GTGTAGTTGACCACGCCGAC-3"). rfA encodes sn enzymwe responsible for
the transfer of Rha to 6-d-Tal in OSE (11, 26). The insert of cosmid cione 49 was
sequenced using a BigDye Terminator, version 3.1, Cycle Sequencing Kit (Ap-
plied 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 searches between the deduced amino acid sequences
and known proteins using BLAST (http:/www.ncbi.nim.nih.gov/BLAST/) and
FramePlot (http:/Avww.nibh.go.jp/~jun/cgi-binframeplor.pl) with the DNASIS
computer program (Hitachi Software Engineering, Yokobama, Jupan). To con-
firm the presence of ORFs in clinical strains of M. intracelludare serotype 7, PCRs
were performed by using the primers of each ORF (Tabie 1).

Nucleotide sequence accession number. The nucleotide sequence reported
here has been deposited in the NCBI GenBunk databuse under accession num-
ber AB274811.

RESULTS

Purification and molecular weight of intact GPL. Serotype 7
GPL of M. intracelfulare was purified repeatedly by silica gel
TLC and showed as a single spot on the TLC plate (Fig. 1A).
The R, values of serotype 7 GPL were (.42 and (.24 on TLC
with the developing solvents (chloroform-methanol-water at
65:25:4 and 60:16:2, volivolivol, respectively). The main
pseudomolecular ions of positive and negative FAB/MS were
mjz 1897 for [M+Na]*and m/z 1873 for {M-H]™ (Fig. 1B).
These results showed that the main molecular weight of sero-
type 7 GPL was 1874 and differed from the molecular weights
of other GPLs (9, 25), implying that it has a novel carbohydrate
chain elongated from p-allo-Thr.
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TABLE 1. Sequences of primers used for amplifying ORFs

in this study

ORF Forward sequence (5'-3°) Reverse sequence (5'-3")

ORF1 GTGAAATTTGCCCTGG TCAGCCAAAGCGCCT
CGAG CGTIGT

ORF 2 GTGGTATTGAATACAC TCAAACCTCCGCCGA
GCAT TTTCG

ORF3 GTGCCCGAAGTTCCIT TCAACGGGTGCGGTG
CCGA TCGCG

ORF 4 ATGCCTGCTGAGATCC CTATGTGCTCACTTTC
CGTT TTAA

ORF5 TTGGCAGCCTGGAGCG TCACAGTTGCGTTCC
ACCG GTCAC

ORF 6  GITGACGCGCCITGACA TCATGCGATIGCGCC
CGGG CTGTT

ORF 7 GTGGCAATICGCGCCG TCACCCAAACTTGCG
CGCC GCCCT

ORF 3 GTGGCGTTGGGCGCCC TCAGCCGCTGATAAA
CTAG CGCTC

ORF9 ATGAGCGAGCCGGCTG CTATTIGGGACGGACC
GCCG CCTGA

Glycosyl composition of OSE. To determine the glycosyl

composition of OSE, alditol acetate derivatives from serotype
7 GPL were analyzed by GC and GC/MS. The structurally
defined serotype 4 GPL was used as a reference standard (9,
28). From the comparison of the retention time and spectra on
GC and GC/MS (Fig. 2), the alditol acetate derivatives of
serotype 7 GPL showed the presence of 3,4-di-O-Me-Rha,
Rha, 6-d-Tal, and an unknown sugar residue (X1) in a ratio of
approximately 1:3:1:1. The alditol acetate of X1 was eluted
with a retention time (22.9 min) greater than that of glucitol
acetate on SPB-1 columns. The CI/MS spectrum of X1 showed
[M-+H]" at m/z 420 as a parent ion and m/z 360 as a loss of 60
(acetate). The fragment ions of X1 sugar showed characteristic

+~—Ongin

% | positive

iM+Nal*
50 1897

40 -

30 -

20 1

10

0

patterns in EI/MS. m/z 332 and 87 indicated the cleavage of
C-4-C-5, and m/z 290, 272, 230, and 170 were fragmented as a
loss of 42 (ketene) or 60 (acetate). Similarly, m/z 302 and 117
indicated the cleavage of C-2-C-3, and m/z 200 was fragmented
as a loss of 42 and 60 (Fig. 3). These results indicated that X1
was 4,6-dideoxy-hexose (Hex). The molecular weight, 419, of
X1 and fragment ions 115 and 87 were consistent with the
presence of one amido group attached to 2'-hydroxypropanoic
acid. Taken together, X1 was structurally determined to be
4-2'-hydroxypropanoyl-amido-4,6-dideoxy-2-O-methyl-Hex.
Linkage and sequence analyses of OSE. To determine the
glycosyl linkage and sequence of OSE, GC/MS of perdeutero-
methylated alditol acetates and FAB/MS of deuteroacetylated
oligoglycosyl alditol from serotype 7 OSE were performed. The
EI/MS spectra of perdeuteromethylated alditol acetates (Fig. 4)
were assigned to the three major peaks, 1,3,4,5-tetra-O-deu-
teromethyl-2-O-acetyl-6-deoxytalitol (rn/z 109, 132, 154, 167, and
214), 2,4-di-O-deuteromethyl-1,3,5-tri-O-acetyl-rhamnitol  (m/z
121, 134, 205, 240, and 253), and 3-O-deuteromethyl-1,5-di-O-
acetyl-4-2’-O-deuteromethyl-propanoyl-deuteromethylamido-
4,6-dideoxy-2-O-methyl-hexitol (m/z 87, 105, 165, 222, and 300).
These results demonstrated that the 6-d-Tal residue was linked at
C-2, Rha was linked at C-1 and C-3, and the nonreducing termi-
nus, 4-2'-hydroxypropanoyl-amido-4,6-dideoxy-2-O-methyl-Hex,
was 1-linked. The FAB/MS spectrum of deuteroacetylated oligo-
glycosyl alditol from serotype 7 OSE afforded the expected ro-
lecular ions [M-+Na]™ and [M+H]™ at m/z 1398 and 1376, re-
spectively, together with the characteristic mass increments in the
series of glycosyloxonium ions formed on fragmentation at m/z
322, 558, 794, and 1030 (Fig. 5). The fragment ion, m/z 322, was
in accord with a 4-2'-O-deutercacetyl-propanoyl-amido-
4,6-dideoxy-2-O-methyl-3-O-deuteroacetyl-hexosyl residue at the
nonalditol terminus. In addition, each fragment and parent ion
(m/z 558, 794, 1030, and 1376) showed three additional molecular

o, | Negatve

M-Hf
&0 1873
50
40
30

20

10

0

1800 1800

2000mz 1800 1900 maz

FIG. 1. TLC patterns (A) and FAB/MS spectra (B) of intact serotype 7 GPL derived from M. intracellulare strain ATCC 35847. The TLC
solvent systems were chloroform-methanol-water (a, 65:25:4: b, 60:16:2, by volume). The TLC plate was sprayed with 10% sulfuric acid in ethanol
and was charred at 180°C for 5 min. The FAB/MS spectra were acquired using an m-nitro-benzyl alcohol matrix, and the pseudomolecular ions
were detected as [M+Na} " in positive mode and [M-H]} "~ in negative mode.
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FIG. 2. GC spectra of the alditol acetate derivatives from serofype 4 and 7 GPLs. Total ion chromatograms are shown. GC was conducted on
an SPB-1 fused silica column with a temperature program of 160°C for 2 min, followed by a rise of 4°C/min to 220°C and then maintained at 220°C

for 13 min.

Rba and 6-d-Tal residues. Rha residues were determined to be
in the L absolute configuration by comparative GC/MS anal-
ysis of trimethylsilylated (R)-(—)-2-butyl glycosides and (§)-
(+)-2-butyl glycosides (see Fig. Sl in the supplemental
material). Taken together, these results established the se-
quence and linkage arrangement: 4-2'-hydroxypropanoyl-
amido-4,6-dideoxy-2-O-methyl-Hex-(1—3)-L-Rha-(1->3)-L-
Rha-(1-3)-L-Rha-(1—2)-1-6-d-Tal, exclusively.

NMR analysis of serotype 7 OSE. The 'H NMR and 'H-'H1
correlation spectrometry analyses of GPL revealed six distinct
anomeric protons with corresponding H1-H2 cross-peaks in
the low field region at 85.01, 4.98, 4.96, 4.88, 4.69 (J,_, 2-3 Hz,
indicative of a-anomers), and 4.55 (a doublet, J, , 7.8 Hz,
indicative of a B-hexosyl unit). When further analyzed by 'H-
detected ["H->C] two-dimensional HMQC, the anomeric pro-
tons resonating at 85.01, 4.98, 4.96, 4.88, 4.69, and 4.55 have

C-1s resonating at 8101.66, 101.17, 95.80, 102.40, 99.87, and
103.21, respectively. The J. values for each of these protons
were calculated to be 171, 169, 171, 175, 171, and 159 Hz by the
measurement of the inverse-detection nondecoupled two-di-
mensional HMQC shown in Fig. 6. These results are summa-
rized (see Table Si in the supplemental material), and estab-
lish that the terminal amido-Hex was a 8 configuration and the
others were «-anomers.

Cloning and sequence of the serotype 7 GPL biosynthesis
cluster. To isolate the serotype 7 GPL biosynthesis cluster, the
genomic cosmid library of an M. intracellulare serotype 7 strain,
ATCC 35847, was constructed. Primers were designed for arpli-
fication of a region corresponding to the rftd gene. DNA was
extracted from each clone by boiling. By using colony PCR with
fiA primers, more than 100 cosmid clones were tested, and the
positive clone 49 was isolated from the E. coli transductants. The

Serotype 7 X1 H 170
i~ C~Ohc 50
EIMS W7 H-c-0tH, s 230
l "AO(‘:H - BC‘. , 42
oo e Lon, D072
L T i
IOETE
2 420 [M+HJ*
£ %
Q@
2
=
T 5@ A
T [M+H)*-60
] 360
1 69 117 . 143 172 184 232 27e 382 3 480
e"v]‘r;-|r]'|'1'1'!’T'F'I'T""TL'"I‘I‘1'|¥1 T Ay
202 kiz2) 489
189 m/z 503

FIG. 3. EI'MS and CI/MS spectra of the alditol acetate derivative from X1. The patterns of prominent fragment ions are illustrated. The alditol
acetate derivative was resolved on an SPB-1 fused silica column with a temperature program of 160°C for 2 min, followed by a rise of 4°C/min to

220°C and then maintained at 220°C for 13 min.
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FI1G. 4. EI/MS spectra of individual perdeuteromethylated alditol acetate derivative devived from serotype 7 OSE. The formation of
prominent fragment ions is illustrated, and they were assigned to 1,3,4,5-tetra-O-deuteromethyl-2-O-acetyl-6-deoxytalitol (A), 2,4-di-O-

deuteromethyl-1,3,5-
amido-4,6-dideoxy-2-

tri-O-acetyl-rhamnitol (B},
O-methyi-hexitol (C).

38.4-kb insert of cosmid clone 49 was sequenced. The 19.7-kb
region in this clone was deposited in the NCBI GenBank data-
base (accession no. AB274811). The r1f4 gene in cosmid clone 49
from M. intracellulare serotype 7 had 98.4% DNA identity with M.
intracellulare strain 5509-Borstel (serotype 13) and around 84%
DNA identity with M. avium strains. The understanding of gene
function was based on the comparison of this sequence informa-
tion to homologous regions in the genome sequence data from M.
avium strain AS (serotype 4, NCBI GenBank AY130970) (24).
The gene order from mifB (encoding methyltransferase) to gffB
(encoding glycosyltransferase) including rif4 was identical to that

and 3-O-deuteromethyl-1,5-di-O-acetyi-4-2’-O-deuteromethyl-propanoyl-denteromethyl-

of the M. avium strain A5 cluster (Fig. 7A). The DNA region
between ORF 1 and ORF 9 (11.0 kb) was unigue to M. intrucel-
lulare serotype 7 strain ATCC 35847, and nine ORFs were ob-
served. In this region, the insertion of IS elements and trans-
posons was not detected. To confirm that the region of ORF 1 to
ORF 9 is specific to M. intrucellulare serotype 7, we showed the
presence of the nine novel ORFs in two clinical isolates of M.
intracetlulare serotype 7 by PCR using the nine ORFs as primers.
Al ORFsin the ATCC 35847 strain were conserved in the clinical
serotype 7 strains, although ORF 6 in the NF 112 strain was
detected with a band about 1.3 kb longer (Fig. 7B). Sequence
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FIG. 5. FAB/MS spectrum of the devteroacetylated derivative of serotype 7 OSE. The formation of the characteristic increment of fragmen-

tation ions is illustrated. The matrix was m-nitro-benzyl alcohol.

analysis of the ORF 6 region in the NF 112 strain showed the
insertion of a transposon. Almost none of the ORFs of serotype
7 strains were detected in the reference strains of seratypes 2, 4,
8, 12, 16, and 17, although the PCR bands of some ORFs were
positive in other serotype strains. Based on the alignments of
genetic maps and comparison to the database provided by NCBI
GenBank, these ORFs were homologous to the regions involved
in the glycosylation of OSE (Table 2). The deduced amino acid
sequence of ORF 1 had much similarity to three putative glyco-
svltransferases, GtfA, GtB, and RUfA, of 3. avium strains. The
similatity of the deduced amino acid sequences suggested the
possibility that the function of ORF 2 and ORF 3 was to encode
methyltransferase and glycosyltransferase Rv1516c (GtfTB).
Moreover, from the similarity of the deduced amino acid se-
guences, ORFs 4; 8, and 9 seem to be -aminotransferase, acyl-
transferase, and glycosyltransferase Rv1518, respectively. Al-
though the homology score was not very high, the deduced amino
acid sequences of ORFs 5, 6, and 7 were similar to those for
carbamoyl phosphate synthase, nucleotide sugar epimerase, and
metallophosphoesterase, respectively. These results suggest that
this region of DNA is responsible for the biosynthesis of serotype
7-specific GPL..

DISCUSSION
Nontuberculous mycobacteria, including the pathogenic spe-

cies belonging to MAC, have serotype-specific GPLs that are
important components of the outer layer of the lipid-rich cell

walls (6). Structural analyses of some serotype-specific GPLs
derived from the predominant clinical isolates have been re-
ported (28), but further structural analyses remain to be per-
formed. The present study describes the chemical structure of
the serotype 7 GPL derived from M. intracellulare.

We determined the glycosyl composition, linkage positions,
and anomeric and ring configurations of glycosyl residues in
serotype 7 GPL, which suggested that its OSE is 4-2'-hy-
droxypropanoyl-amido-4,6-dideoxy-2-O-methyl-g-Hex-(1->3)-
o-L-Rha-(1—3)-¢-1-Rha-(1—-3)-«-1-Rha-(1-2)-L-6-d-Tal (Fig. 8).
Chatterjee and Khoo have classified the structures of surface
GPLs of MAC based on divergent biosynthesis (9). Serotype 7
GPL was assigned to polar GPL group 2 by its chemical struc-
ture. Serotype 12, 17, and 19 GPLs have been classified into
group 2 GPL, which is commonly composed of R—a-1-Rha-
(1—-3)-a--Rha-(1-2)-L-6-d-Tal (R, variable region). The ex-
ternal sugar of serotype 7 GPL was a characteristic amido
sugar that is composed of 4-2'-hydroxypropanoyl-amido-4,6-
dideoxy-2-O-methyl-Hex. The presence of an amido sugar has
been reported in only four GPLs, serotypes 12, 14, 17, and 25
(8, 9). Bozic et al. demonstrated that the OSE structure of
serotype 12 GPL is 4-2'-hydroxypropanoyl-amido-4,6-dideoxy-
3-O-methyl-8-p-Glu-(1—-3)-4-O-methyl-o-1.-Rha-(1 —3)-0-1.-
Rha-(1-»3)-a-L-Rha-(1->2)-a-6-d-Tal (4), which closely resem-
bles the serotype 7 GPL. Comparing the detailed carbohydrate
structure of serotype 7 GPL to that of serotype 12 GPL revealed
that the acylated-amido group and linkage position-bound termi-
nal sugar were the same, but the position of the O-methyl group
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was different. Moreover, a-L-Rha was next to the terminal Hex in
serotype 7 GPL, whereas this position was occupied by 4-0-Me-
o-1-Rha in serotype 12 GPL. It was difficult to determine the
species of acylated-amido sugar because no reference standard
was available. In a previous study by Bozic et al, the terminal
amido sugar of serotype 12 was assigned as glucose by the proton
configuration in "H-NMR (4). It is possible that the terminal Hex
of serotype 7 GPL is a gluco- or galacto-configuration.

Next, we attempted to elucidate the biosynthetic mechanism
of GPL by molecular genetics, because very little is known of
how the carbohydrate chain elongates in sereotype-specific
GPLs. Belisle et al. first identified the ser2 gene cluster respon-
sible for biosynthesis of OSE in the serotype 2 GPL derived
from M. avium serotype 2 strain TMC 727, which is mapped to
a 22- to 27-kb functional region (3). Krzywinska and Schorey
isolated and sequenced a 27.5-kb DNA fragment responsible
for the carbobydrate portion of serotype 4 GPL from M. avium
strain A5 (24). Recently, enzymatic characterization of the
glycosyltransferase and methyltransferase in M. smegmatis,
which can synthesize only nonpolar GPLs, has been reported
(29, 30).

As in the serotype-specific polar GPL biosynthesis of MAC,
only the rif4 gene present in the ser2 gene cluster was func-
tionally clarified to encode the rhaninosyltransferase responsi-
ble for the transfer of 1.-Rha to 6-d-Tal (11). The precise gene
loci correlated to O-methylation and glycosylation are poorly
understood. In this study, we cloned the serotype 7 GPL bio-

synthetic cluster and analyzed its sequence. The genetic map of
the serotype 7 GPL biosynthetic cluster was compared to that
of serotype 4 GPL from M. avium strain A5 (24). Although the
mtfB-gtfB region was fully counserved, significaut differences
appeared in the neighborhood of this conserved region. Nine
novel ORFs were detected only in the serotype 7 strains con-
taining clinical isolates, which strongly suggested that this re-
gion is related to the biosynthesis of serotype 7-specific GPL.
On the other hand, ORF 6 may not be necessary to serotype 7
GPL biosynthesis because of the insertion of a transposon in a
clinical isolate, the NF 112 strain. Based on the analysis of
sequence homology (Table 2 and Fig. 7A), the ORFs may be
responsible for the glycosylation of serotype 7-specific GPL.
From the structural analysis of the serotype 7 GPL and sc-
guence of cosmid clone 49, it is possible to predict the refa-
tionship between the biosynthesis of serotype 7 GPL and the
function of each ORF (Fig. 8).

rifA functions to catalyze only the addition of Rha to 6-d-Tal
(26), and which gene cluster transfers additional sugars to
L-Rha elongated from 6-d-Tal is unclear. ORFs 1, 3, and 9 have
high homology to the glycosyltransferases GtfA, Rv1516¢, and
Rv1518, respectively. We have analyzed similar gene clusters in
M. intracellulare serotype 12, 16, and 17 strains in addition to
the M. intracellulare serotype 7 strain. The sequence homology
of the region of ORF 1 to ORF 9 was highly conserved be-
tween only M. intraceilulare serotype 7 and 12 strains (unpub-
lished data). ORFs 1, 3, and 9 may lead to transfer of the two
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FIG. 7. Genetic map of the GPL bjosynthetic cluster and detection of novel serotype 7-specific ORFs. Nine ORFs were observed, and they were
homologous to the regions involved in the glycosylation of OSE from the alignment of genetic maps and comparison to the database provided by
NCBI GenBank (A). The ORFs in M. intracellulare serotype 7 strain ATCC 35847 were serotype 7 specific and preserved in clinical strains (B).
The arrow indicates the band of ORF 6 in strain NF 112 that was inserted a transposon. For the genetic map of M. avium strain A5 (serotype 4),
see (he study of Krzywinska and Schorey (24).

—308—



VoL. 189, 2007

SEROTYPE 7 GLYCOPEPTIDOLIPID OF M. INTRACELLULARE

1107

TABLE 2. Similarity to protein sequences of ORFs in cosmid clone 49 derived from M. intracellulare serotype 7 strain ATCC 35847

Predicted

Predicte Amino acid identity
redicted A S . R v
ORF molecular 1 Simitar protein (GenBank uccession no.) E value (% mazched/total
mass (kDa) P no. of residues)”
MiB 30.5 5.09 Methyltransferase MuB (QIWVW?2) E-143 90.4/272
Gtia 46.5 5.84 Glycosyltransferase GtfA (068999) 0.0 90.7/421
RtfA 46.9 7.76 Rhamnosyltransferase A (Q6US48) 0.0 98.6/419
MC 30.0 5.6l Methyltransferase MtfC (Q8GEA1) E-142 92.1/265
MtfD 329 489 Methyltransferase MtfD (QOWW56) E-147 91.5/272
DhgA 273 5.96 Dehydrogenase DhgA (AY130970) E-120 85.8/260
GtfB 45.5 6.35 Glycosyltransferase GtfB (QYWW66) 0.0 §5.4/419
ORF 1 45.1 6.10 Glycosyltransferase GtfA (O68999) E-137 58.6/420
ORF 2 30.9 8.14 Methyltransferase (Q885B6) 5E-47 44.3/237
ORF 3 36.6 6.0] Putative glycosyltransferase Rvi516c (P71795) E-118 66.4/307
ORF 4 40.4 4.92 Aminotransferase/DegT_Dnr]_EryCl (Q50723) E-154 75.5/351
ORF 5 36.1 6.43 Putative enzyme, similar to large subunit of carbamoyl 1E-39 36.1/321
phosphate synthase protein (Q92VH3)
ORF 6 338 548 Putative nucleotide sugar epimerase (Q92VH2) 2E-32 30.0.297
ORF 7 27.6 591 Metallophosphoesterase (QOHMYV3) 5E-16 27.5/1218
ORF 8 78.5 891 Putative acyltransferase (Q735R3) 0.0 49.1/721
ORF 9 37.6 8.77 Putative glycosyltransferase Rv1518 (Q50590) E-101 61.8/304
DrrC 285 11.69 Daunorubicin resistance protein C (Q9XCFY) E-123 83.7/263

“ Identity vaiues were calculated by using BLASTX searches.

additional molecules of L-Rha and terminal amido-Hex. ORF
2 was assigned to methyltransferase and may be correlated
with the synthesis of the O-methyl group at the C-2 pesition in
the terminal amido-Hex. ORFs 4, 5, 7, and 8 were homologous
to aminotransferase, carbamoyl phosphate synthase protein,
metallophosphoesterase, and acyltransferase, respectively, and
possibly relate to the biosynthesis of 2’-hydroxypropanoyl-
amido in the terminal Hex. Taken together, this gene cluster
may participate in the biosynthetic pathway of serotype 7 GPL,
but further study will be required to define the function of each
ORF that we have shown for the first time in this study.
GPL is one of the immunologically active molecules char-
acteristic of MAC. Tassel et al. have reported that the core
GPL seems to play a role in suppression of a mitogen-induced
blastogenic response in spleen cells (35), and our previous
study has shown that sera of patients with MAC disease con-
tain immunoglobulin G (IgG), IgA, and IgM antibodies against

the core of the GPL molecule (23). In addition, the immuno-
modulating activity of GPL on macrophage functions is sero-
type dependent (18, 34). The serotype 4 GPL promotes phago-
cytosis and inhibits phagosome-lysosome (P-L) fusion, whereas
the GPLs of serotypes 9 and 16 exhibit no effect on phagocy-
tosis and P-L fusion. The scrotype 8 GPL shows concomitant
stimulation of both phagocytosis and P-L. fusion. The OSE of
GPL may be involved in the mechanism of inhibition of P-L
fusion, which is mediated through mannose receptors of mac-
rophages (32). The serotype 4 GPL inhibited lymphoprolifera-
tive response (o mitogens (18). Thus, host responses to GPLs
vary with the MAC serotype.

The pathogenicity of GPL may comprise both a common
peptide core and an OSE elongated from 6-d-Tal. GPL is a
pleiotropic molecule and participates in the pathogenesis of
MAUC disease. Elucidation of the structure-activity relationship
of GPL is required to better understand the pathogenesis.
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FIG. 8. Proposed structure of serotype 7 GPL and its predicted relationship to the genetic cluster.
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ENAT)F 4 ¥, HEEUECE - CHE

RRETHDDHYA 287 79 THERE (BT DDHiE
E¥%), BMETHHE (PR SHMER oDNAL

PCRIBICHEET 2T ¥ Sy ay={ ans 7)) 7 s
BB ORNAZ MR EER TDNAKL LTHET 5
Mycobacteriuni tuberculosis Direct test (MTD) 19 72 & & &

7 xR (RIDOM) T1X69.6%, rpoB@faT—
168 TRNA ¥ — 27 £ ¥ X (RIDOM) CidREIE T X

7 EY RT3 HEETIETH - 7.

@ﬁMWmﬂ&”Hﬁﬁ%mwﬁﬁ%?“5N~

7 IV A T S M tuberculosis Tt & 12 BT % 5
F5ILBRTERP oz, DDHEFHEH O 38 BRI M heckeshornense, M.branderi?z E21 M & L
TREER, WHOFELHAELEDLI EIZE > T4 BRETETH o 7

V=2 I VA, RIDOM, rpoBREF, DDHEHZEFREE

EFRE, EXEIABLNAITEBEBTHLINE I »
OHENISHFTTTEZREFEI/I OV TG T4 FEDF Y
Y7 TR R EFITLR TS, TREFROFEITIE
BB S0, BEIMERELVIAMCEESRS LY
ol LELeAs, RBELR IS OHEEH
WTHEETELWRENLEBEZ L HFAET S, Slibh
bhﬁw&%um<ﬁbhfwémwmmvw¢ly
A @ RIDOM 7 — ¥ v< = & BRI & DNAR %
RNAK 1 % F — %ﬂ%Vﬂw/b Pa—FLTw3
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BEOBWRBEOFRE* RAd .

HEEHE
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1124k (BEHEBHAE | Type steain VL 99 #K) % 1% /MBS #C
FEEIECHREMEE L, A2 L, 1%/MIEhIcE

MEEFHREMTTRRREL 7y LY R v Y —

M RERT. BETHRWBIMARRBEEL 7 7L 2
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Table 1 Mycobacteria and other organisims used for the16S rRNA and rpoB sequence database in this study
Species Strain Species Strain
1. M. abscessus ATCC19977 57. M. komossense ATCC33013
2. M. acapulcensis ATCC14473 58. M.kubicae ATCC700732
3. M. africanum ATCC25420 59.  M.lactis ATCC27356
4. M. agri ATCC27406 60. M. lentiflavum ATCCS51985
5. M.aichiense ATCC27280 61. M. leprae Thai53+*
6. M.alvei ATCC51304 62. M.madagascariense ATCC49865
7. M. asiaticum ATCC25276 63. M.mageritense ATCC700351
8. M. aurum ATCC23366 64.  M.malmoense ATCC29571
9. M. austroafricanum ATCC33464 65.  M.marinum ATCC927
10. M. avium subsp. avium ATCC25291 66.  M.microti ATCC19422
11. M. avium subsp. paratuberculosis ATCC19698 67.  M.montefiorense ATCCBAA-236
12, M. avium subsp. “suis” ATCC19978* 68.  M.moriokaense ATCC43059
13. M. avium subsp. silvaticum ATCC49884 69.  M.mucogenicum ATCC49650
14. M. botniense ATCCT00701 70. M. neoaurum ATCC25795
15. M. bovis ATCC19210 71. M. nonchromogenicum ATCC19530
16. M. branderi ATCC51789 72. M. novium ATCC19619*
17. M.brumae ATCC51384 73. M.obuense ATCC27023
18.  M.celatum ATCCS51131 74.  M.paraffinicum ATCC12670*
19. M.celatum 11 ATCC51130% 75. M. parafortuitum ATCC19686
20. M. chelonae chemovar niacinogenes ~ ATCC35750* 76. M. peregrinum ATCC14467
21. M.chelonae subsp. chelonae ATCC35752 77. M. petroleophilum ATCC21497
22. M. chitae ATCC19627 78. M.phlei ATCC11758
23.  M.chlorophenolicum ATCC49826 79. M. porcinum ATCC33776
24. M.chubuense ATCC27278 80. M. poriferae ATCC33087
25. M. confluentis ATCC49920 81. M. pubveris ATCC35154
26. M. conspicuum ATCC700090 82. M.rhodesiae ATCC27024
27. M. cookii ATCC49103 83. M.scrofulaceum ATCC19981
28. M.diernhoferi ATCC19340 84. M.senegalense ATCC35796
29.  M.duvalii ATCC43910 85. M. septicum ATCC700731
30. M.engbaekii ATCC27353 86. M.shimoidei ATCC27962
31, M. fallax ATCC35219 87. M.shinshuense ATCC33728
32. M. farcinogenes ATCC35753 88.  M.simiae ATCC25275
33. M flavescens ATCC14474 89.  M.smegmalis ATCC19420
34. M. fortuitum sabsp. acetamidolyticum ATCC3393] 90. M.smegmatis ATCC700084%
35. M. fortuitum subsp. fortuitum ATCC6841 91. M. sphagni ATCC33027
36. M. fortuitum subsp. fortuitum ATCC49403 92. M szulgai ATCC35799
37. M. fortuitum subsp. fortuitum ATCC49404 93. M.terrae ATCC15755
38. M. gadium ATCC27726 94. M.terrae DSM43540+
39. M. gallinarum ATCC19710% 95. M.terrae DSM43541+
40. M. gastri ATCC15754 96. M.terrae DSM43542+%
41. M.genavense ATCCS51233 97.  M.thermoresistibile ATCC19527
42. M. gilvum ATCC43909 98.  M.tokaiense ATCC27282
43. M. goodii ATCCT00504 99. M. triplex ATCC700071
44. M. gordonae ATCC14470 100.  M.triviale ATCC23292
45. M. gordonae group B+* KK33-08* 101, M. tuberculosis H3TRv ATCC27254
46. M. gordonae group C** KK33-53# 102. M. ulcerans ATCC19423
47. M. gordonae group D** KK33-46% 103. M.vaccae’ ATCC15483
48. M. haemophilum ATCC29548 104. M. valentiae ATCC29356
49. M hassiacum ATCCT00660 105. M. wolinskyi ATCC700010
50. M. heckeshornense DSM44428 106.  M.xenopi ATCC19250
51. M.heidelbergense ATCCS51253 107.  Nocardia asteroides ATCC19247
52. M.hiberniae ATCC49874 108.  Rhodococcus equi ATCC6939
53.  M.interjectum ATCC51457 109.  Gordona aichiensis ATCC33611
54.  M.intermedium ATCC51848 110.  Gordona aurantiaca ATCC25938
53, M.intracellulare ATCCI3950 111, Gordonu bronchialis ATCC25592
56. M.kansasii ATCC12478 112.  Gordona terrae ATCC2359%4
*These are nol type strains.
*Refer to ref 16).
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7 B 72 8 BR i3 Middlebrook THO TR IS CHER L
M. leprae & DNAHIHIBE 2 5 S o e vz
Table LW BEORRER L.
(1) DNAOH

LSmIBOY—X AN 9 AF v 2 Fa—=T7I, 10%
Sodium dodecyl sulfate (SDS) 600 pl% AfL, /MIIEEhSE
FHOIHEH 2 MA, FEERRETE IR LR L
wokBELEMA, 95T, 10%?‘11}[1%51 Lize ZHITE00 ul
D7/ h-runRVIEBERAETMA, 08
MHEYE U, 25104200 pm 5 FHISOIEE. LS00
ul% b o TR OEBITHEBL, 27 3kl 4500 plliz
THRF, 3.000rpm S 7 LB, Lif %360 plB O
BHBICBL, 27095k VA360ulllz, 10,000 pm 10
SR, EW250 uiT ¥ — v S00 ul iR,
—80CIC 204 M#HE. 10,000 rpm 10 75 Rl 350 Ph B,
Ty - EBC, BEL, TEI0pIEBESHET
DNAHH# L LCRER L2,

(2} 168 tRNA ¥ 2 £ ¥ X < RIDOM 7~ ¥ X — 2§
ﬁli)

168 IRNABZFILEBADNAD VL0WOBRET, &
EF#H1500pid sy, -2z vy AZHAELL
DIEZDI HD6bp TH 5.

DNA HHRR D 7/ A DNA2.S gl % vy T PCR O JUE
#1772 PCREUSITIZ 104% Buffer 5 ul, 10 mM dNTP 2
ul, WA K38 pul, Arapli Tag Gold {Roche Diagnostics,
HE) 0.5 pl 25 wnits}, 7942 BRLTR
L Lz, Bl 7y 4 < — 264 (5 -TGC ACA
CAG GCCACAAGGGA-3 ) BLTFTF4~—285 (5
-GAG AGT TTG ATC CTG GCT CAG-3"} 4 4 0.1 nmol
BHLZY PCREUS &L, 94°C308 M, 60T 308
B, 72C 1 53088 £40% 1 2 Vi o7z PCREY &
TH O A7 VERIKENTCHRREER, MERAY VYT
2 {SUPREC TM-02, TAKARA, TAKARA SHUZO Co.
LTD) ZHwiz. ¥4 L 27 Py —2x v Xk Big Dye
terminator (ABI 4303153 Big Dye Terminator cycle Fs Ready
Reaction Kit 1,000) 4 xl, 3.2 pmol 75 4 < — 285 % 2 pl,
SXBuffer 2 p/, WEHAEE K11 #h W e PCREW
pwlBBRL, BRO7ora-AEs ‘) 297wy, ABI
30 TERML, 150 /A EHERM 7 - % 1X Ribosomal
Differentiation of Microorganisms (RIDOM) (hitp://www.
ridom-rdna.de/) 2 CAHEE 2 X, 989 DL L o—B kb o
T, FOWE@EE LTRZEL,

(3} rpoBBIZF Y — 7 VR - ppoB BIZFT— F X —
ARAT

M. tuberculosis O rpoB B2 T 1 X 2K 3519 hpd .
RNARY AG—H¥D ¥ 72y FEI-FLTnwE, &
D% 2 FIEEH O EE IR Lz, Kim S ORE
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i2& % rpoBBIET EDT I /BTH4D 5454 FH (K
S T OFE, O Highly conserved regions {HCR} 5 Hi
WIC7 T4 ~—Pl, 547% & 577%F B HCR 6 RN
K794 P2ai&kEtL, 306 bpDY—2 2V ADik
ErfT o7,

PCR IS HERIL16S IRNA Y — 7 LV ADFHEICEL
7zo rpoB OBEDIET 5 4 < P1 (5 -CGA CCA CTT
CGG CAACCGS3 ) BL U794 <—-P2 (5 -TCG
ATC GGG CACATC CGG-3" 1 & % 32 pmol I L 7z¢
PCR RUC %Mk, 94C 150, 66C14H, 12C1 5K
404 2 VfTol, PCREYRHRR HEEIAY
YASEERY, ¥AVI NI LV ARTIA =
— P1 & P2#NZF N % Big Dye terminator & V> T ABI
3O CEBL 720 rpoB#RT ¥ — 7 LY 20D Ti
GENETYX-WIN Ver.5.2 (Software Development#1) T
MRS TR LAz rpoB BB T- 77 4 X~ X &4 [
L, GENETYX-PDB Ver.4.1 (Software Development#t) T
HEE 2R, 9% EOBEERNO-H% b - CHA
wFE L7,

(4) DDHE®

HlFy bOFEHEEE (DDHA 357507 8
B OOBRER ook, Jx /A2 0U
FNAREF Y Lo TDNARMHL, €350 T
BE, 1 AT L2, ThARFOTfIu S L b
BEENRTwEUTOISHBOLERE 28N, 7
JEFAL -V arvaeffol. BEENRTHDEHEIL,
M. tuberculosis complex (¥ 1% B B . BCG), M. kansasii,
M. marinum, M.simiae. M.scrofulaceum. M. gordonae,
M. szulgai, M. avium, M.intracellulare, M. gastri, M. xenopi,
M. nonchromogenicum. M.terrae, M.triviale, M.fortuitum.
M. chelonae, M.abscessus, M.peregrinum T&H %, ?LET%’;’
BoEL, BERELINA, 630 nm TERGE 2 HIE
1%%(%@Ltﬁl»k2§5Kﬁ<%ébtvlw
OBRFEOHMEPNERT0%UT o L &, 1 FMHL
BALLY D VOEERL ERANF LEETHL LY
EL, BEEOI SO 1 D20BEACREL L, &8,
CDEE, 1FRLBALALYIAVDOREE B YT

V (REBBE @ DNA) OBRSEOZN1LIERT IR S
v, FEMEYREL, L2 o0&t EBRLS v
¥é. DDHIEHIELREE LB L7,

#® R

(1) 168 IRNA ¥ — % T ¥ & « RIDOM F— ¥ ~\— 2 &
M oER

Table 1 D 1128 @ 9 H RIDOM 7 -+ ¥ X A T i
M. kansasii & M. gastri D X 9 12 100% — 8T & 72 44t
HIEWNTE o728 % Table 2 & Table 31278 L7z,
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Table2 Comparison of homology by 168 rRNA and rpoB sequencing
168 rRNA sequencing (RIDOM) rpoB sequencing
Homology Homology

i
¥

100% M. kansasii and M. gastri
100% M. abscessus and M. chelonae
100% M. fortuitum ATCC49404 and M. porcinum
00% M. peregrinum and M. septicum
100% M. farcinogenes, M. senegalense and M. fortuitum
ATCC49403

R

100% M. kansasii vs 93.8% M. gastri

100% M. abscessus vs 97.1% M. chelonae

100% M. fortuitum ATCC49404 vs 96% >M. porcinum

100% M. peregrinum vs 97.4% M. septicum

100% M. farcinogenes vs 94% > M. senegalense/98 % M. fortuitum
ATCC49403

Table 3 List of unidentified strains by 168 tRNA and rpoB sequencing

100% same Homology

M. marinum and M. ulcerans

Ealih ol o

M. tuberculosis, M. bovis, M. africanum and M. microti
M. avium subsp. avium, M. avium subsp. silvaticum. M. aviwmn subsp. “suis” and M. avium subsp. paratuberculosis

M. fortuitum (ATCC6841) and M. fortuitum subsp. aceiamidolyticum

Table 212 RIDOM 7 ¥ X— XX o THITT & cc o
72 rpoB BIZF T ¥ N R BVTHBRETRET
@ o 72BE T, Table 31 RIDOM 7 — & X— R k rpoB &
BFF—FN—ROWAEEHVTHIHTHLOTE
RVADDT V—T Thb, Table 2L 3D RIDOM D4
Fi Tueme 52 LB U THo o ESI M celatum 1
{ATCCS51130), M.chelonae chemovar niacinogenes. M.
montefiorense, M. lactis, M. novium {Z RIDOM 7 & X — X
IBBENTORGED IR 2FETHIEIRITER
Vo072 N.asteroides, R. equi, G. aichiensis, G.aurantiaca,
G.bronchialis, G.terrae X PLBE W T v/ H PCRT
DNABEWBER S Wi o .

T Table 1D 128D % B, HMEMEA100%— L
TWhH DG F 5 R v 23 8k (Table 2 & 3) & RIDOM
KEHIN TRV S8, ZLTIREBRECIE v 6 %3
MBBEETE 2D okD, FETIER KR Table 1
BRI TV ERHED 69.6% Th o o

(2} rpoBBIRTFV—2 2V R - rpoB BIEFF— & <—
AR OFE

RIDOM 7 — & <~ — A TiXF T & %\ Table 20 11
%Pﬁﬁéﬁﬁ&wﬁﬁémwﬁﬁ%fwﬁwaf
AR HTE, L LRSS, Table 30 128k
ow’ﬂ:ﬁ‘lﬂré LIZTE Loz, Table 10112
BROH B rpaB@{r\'—T"T‘" F X AT BT LSRR
THoDIZ893% TH o7

(3) DDH#EIC X W HZERBETH o IR MR O 5
7

IR 2ORY - LY RARRET L HEY i
DDH B AR50 38 R SRR O EESE R T Table 412
iR L 720 Teble 4 @ RIDOM 7~ ¥ X~ X D% Fid MFEH
B98% LLLE, rpoBBET 7 & X ZITB W T 99%

U oWRE AR L7,

Lgl, bbb rpeBBREF V-7 2V A2 HWT
M.gordonae 4 D0 7 Jv -~ T T 0, SEIOM
gordonae 5 ¥ (No. 60, 330, 353, 469, 528} 1% RIDOM 7 -
5 R— AT M.gordonae & B FE L 2235, rpoB BIRTF 3 —
7LV R % B 5T ATCC14470 (ATCC Type
Strain} & - HAF, BT 18, CT V-T2,
DIV T2HTH oI

No.728 1% RIDOM 7 — & «X- 2T & - T M. malmoense
& M szulgai FMER & % o 72085, rpoBRET 7 ¥ < —
A T1399.7% M. malmoense T M. szulgai & DRI 90.5
%o k129 M. szulgai BRI & 1172, No. 600 1k RIDOM 7
& X — A T M. porcinum (ATCC33776) & M. fortuitum
{ATCCA9404} DT 5 & 99.76% IR 253 L. H
B 100%TH o e DBRETE ol LRL,
rpoB BARF 7 — ¥ X — R BT M foruitum (ATCC
49404} L O —FH#I1294.12% LK, M. fortuitum VR
niz,

L L, RIDOMF—F N—AR X > CRIETHETH
o723, rpoBMIBF F— 5 N—-RITBWTHFRAE 4o
7= B8 B > 725 No. 660 1k RIDOM 57— & X~ X K -
T99.7% M.terrae & B E B 7205, rpoB BET 7 %
7= 2T ATCC15755 (ATCC Type Strain: M. terrae) &
£96.1% TH 72, Table 51T No. 660 & ATCC15755 D3
FEEFIOHE %R Lz No. 660 (L&) X ATCCI5755
(TECZR2AFTOEERIIZECED Y, 3063EHE

5 H—H LB 294 % 96.1%) TH f'uz\T—
BEHB L 2o TLTCHICD Z0%kER BB L
REEAE L, BEAE 2o,

RIDOM 7 & R A B TESER L E p o1 ¥R

(No. 481), MBR TR Loz H PCRTE P
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Table 4 Candidate mycobacteria determined by DNA sequencing analyses of the 16S tRNA
gene and rpoB in unidentified ones with DD method.

355

Strains 168 rRNA (more than 98%) rpal (more than 99%)
808 M. branderi (99.53) M. branderi (100)
481 None M. celatum 11 (99.7)
374 M. chelonae and M. abscessus (100) M. chelonae chemovar niacinogenes (100)
405  M.chelonae and M. abscessus (100) M. chelonae chemovar niacinogenes (100)
211 M. conspicuum (100)/M. szulgai (98.1) M. conspicuum (100)
661 M. conspicuum (100) M. conspicuum (100)
521 M. engbaekii, M. hiberniae and M. lactis (99.73)/M. terrae (98.55) M. hiberniae and M. lactis (99.3)/M. engbaekii (99.0)
353 M. gordonae (99.77) M. gordonae B-group (99.7)
469 M. gordonae (100) M. gordonae C-group (99.7)
528 M. gordonde (100) M. gordonae C-group (99.7)
60 M. gordonae (99.32) M. gordonae D-group (99.7)
330 M. gordonae (100} M. gordonae D-group (99.7)
50 M. heckeshornense (100) M. heckeshornense (99.7)
759 M. heckeshornense (100) M. heckeshornense (100)
727 M.intermedium (99.77) M. intermedium (99.7)
718 M. lentiflavum (100) /M. simiae (98.79) M. lentiflavum (100)
739 M. lentiflavum (99.76) /M. simiae (98.56) M. lentiflavum (99.4)
902 M lentiflavum (100) /M. simiae (98.77) M. lentiflavum (100)
667  M.mageritense (99.08) M.mageritense (99.7)
686 M. mageritense (99.52) /M. wolinskyi (98.07) M. mageritense (100)
396  M.malmoense (98.64) M. malmoense (100)
728  M.malmoense (99.47)/ M. szulgai (99.21) M. malmoense (99.7)
242 M.mucogenicum (100)/ M. farcinogenes (99.52) M. mucogenicum (99.3 )
277 M.mucogenicum (99.03)/M. farcinogenes (98.54) M. mucogenicum (99.7)
298 M. mucogenicum (98.83) /M. farcinogenes (98.36) M. mucogenicum (99.0)
692  M.mucogenicum (99.73) /M. farcinogenes (98.32) M. mucogenicum (99.0)
221 M. neoaurum (100} /M. lacticola (99.79) M. neoaurum (99.3)
229 M. neoaurum (100) /M. lacticola (99.79) M. necaurum (99.3)
55 M. paraffinicum (99.77) /M. scrofulaceum (99.40) M. paraffinicum (99.7)
600 M. porcinum and M. fortuitum (99.76) M. porcinum (99.7)
85  None Gordona aichiensis (99.7)
538  M.shimoidei (100) M. shimoidei (100)
312 M.szulgai (98.90) M. szulgai (99.7)
660 M. rerrae (99.70) None*
394 M.triplex (100) /M. genavense (99.01) M. triplex (99.7)
431 M.triplex (100) /M. genavense (98.77) M. triplex (99.7)
482 M.triplex (99.3) /M. genavense (98.37) M.triplex (99.3)
520 M. wolinskyi (100) M. wolinskyi (99.3)

(%) Similarity
*See to Table 5

Query:

Shjct:

Query:

Sbjet:

Query:

Shjet:

Query:

Shjet:

Query:

Sbjct:

Query:

Shjct:

1

I
61
61
121
121
181
181
241
241
301
301

Table 3 Comparison of rpoB gene sequences between a clinical isolate and M. ferrae type strain

TGCUCAC IGGGICIGAGCTGATCCAGAACCAGATCCGGGTCGGGICITGTCCCGGATGGAGC
TGCGCAC;ﬁTGGG[EAGCTGATCCAGAACCAGATCCGGGTCGGGETGTCCCPGATGGAGC
TGGTCCGCGAGCGGATGACCACCCAGGACGTCGAGGCCATCACGCCGCAGACCCTGA
I s TGGTCCGCGAGUGGATGACCACCCAGGACGTCGAGGCCATCACGCCGCAGACCCTGA
TCAACATCCGCCCGGTGGTCGCCGCGATCAAGGAGTTCTTCGGCACCAGCCAGCTCTCTF
TCAACATCCGCCCGGTGGTCGCCGCGATCAAGGAGTTCTTCGGCACCAGCCAGCTCTCGC
AGTTCATGGACCAGAACAACCCGCTGTCGGGTCTGACCCACAAGCGCCGCICTGTCGGLGL
AGTTCATGGACCAGAACAACCCGCTGTCGGGTCTGACCCACAAGCGCCGGICTGTCGGCGE
TGGOGICCGGGCIGGTCTGTCGICGTGAGCGGGCCGGGCT) GTTICGTGACGTGCACCCGT
TGGGCCCGGCT G1CTC]L:kGTUAGCGGGCCUGGCTEEQ@ETQCGTGACGTGCACCCGT
CCCACT 306
CCCACT 306

Query: Clinical isolate: No.660
Shjct: M. terrae ATCC15755
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60
120
120
180
180
240
240
300
360



18 (No.85), € L CHEEFHEUBERFERD-7/-4
#: (No.374, 405,521,600} #F%, 4HO DDHAHED
38 BRHI32 4% (84.29%) BHETRETH o720 F 72 rpoBif
BFF IR R TEBEIPOHE R LE oz 1 4
{No.660} & A8 CEFIFBED o 72 No.521 2
W7z 368k (94.7%) BT RETH » 72, % LT RIDOM
T8 N—=R L& poBMEFT—FX= DM, F/i
BWThPrCRETEZD97.4% Th o 72,

% =

RIDOM 7 — & X~ A THETE DB HIT 1548
(109 LHBBADECREHET A LHNTE, 4V
F— Ry FTCHTIT 7 LATEL-DWRIIEN -
Twade BEFEREORNSE LT, OfRECLLRE
BECIEIA2E L. LIL, ¥y—2 TV RAFRE
FTHIERNESoTIH~ 2 ATHREMSRELZBL M
TS5, QERBICRXBEOEB P LELTHIM
malmoense D L 3 \ZIR BRI BT BT OE MD B
h, LELZEBFBLALRVI LSS, BETFRED
PTLMCPCRE ERFAT 56, METRENT
BTHH, OMERBRENED~OBEET2HE - HIE
HEUGE V) REED DN, BEFREEIREN<
ZaT7MESRTWE. BERBIFLRE,

L Lahs, fERED-DERETLHIEITER
Vo RIDOM 7% X~ R & rpoB BIET T~ & < 2T
FIETE 2B ERETHETRRESVH 5, Hlx
\E, M. shinshuense \ M. marinum * M.ulcerans £ 13 1 3
EWTIEITHE {, RIDOM 7 NX— A & rpoB #IEF
F=FRXR—=RHWTH RS DSBS 2 b
Tapwl, CRERR BEFEEE - 7TUNVALT 7 ¥
—VERER - EANTHT BRI Y — VR AR 8
E%EB0, 2, 16SIRNAY 2 LY ATHT LI E
DT B2\ M. kansasii & M. gastri R RBRER L S
TREBVKESHEE LB, L L, BETFHRELERE
ORAV—ET 5 LB S 3 (M cheronae chemovar
niacinogenes (ATCC35750) 3 F A 7Y Y5 R FBET
& > 7z 4%, Table 4 D M. cheronae chemovar niacinogenes
FEEENT No3T4 & 40513 CH - 72), FRickkH
WREEREONE 230 o TR A Yt
BACFRIMEIR - BARERRRO Y — U PR B
BEMB LB OHBETLLEN D S,

rpoB MAETF 7 — & N—ZiL, (DRIDOM 7 — F < — X
TROTHIEOTERD Table 2B ZFHETX 5.
QRIDOM 7 & N~ A THEDOBEHHEH TS Nz M
lentiflavum % £ % 1T LIZS S EBAHETH 5, DM
celatum 0 (No.481) & M. chelonae chemovar niacinogenes

{No.374, 403) L HUER & Tid %2\ G. aichiensis (No. 85)

M 81 B 9E 200649 F

D& T RIDOM 7 R ZIIBRENR TV VR
DREICRL D, DEE, b3 M gordonae &
rpoBBIEF V= VAR X o T 4DDT V—TI5
M. gordonae (W GRIBFHIS TN HH L E 2 . 2L
T M.terrae il b M. gordonae O X %) 724 B4 O W g4 A%
HBEEZ LR, Mierrae 9 DSM43540, DSM43541 &
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IDENTIFICATION OF MYCOBACTERIA BY SEQUENCING
OF rpoB GENE AND 16S rRNA

Yuko KAZUMI, Shinji MAEDA,, and Isamu SUGAWARA

Abstract [Purpose] To classify a specific Mycobacterium
among various mycobacteria utilizing sequencing of rpoB
gene. To classify mycobacteria not identified by DNA-DNA
hybridization (DDH) using sequencing of 7poB and 168 rRNA
gene.

[Objects and methods] Classification of 106 Mycobacteria
strains, one Nocardia strain, one Rhodococcus strain, four
Gordona strains was made by using partial sequencing of
rpoB and 168 rRNA (RIDOM). Thereafter, 38 mycobacteria
clinical strains not identified by DDH were classified utilizing
the DNA sequencing data.

[Results] Pairs of M. kansasii and M. gastri, M. abscessus
and M. chelonae, M. fortuitum (ATCC49404) and M. polcinum,
M peregrinum and M.septicum, M. farucinogense and M.
senegalense and M. fortuitum (ATCC49403). Rhodococcus,
Nocardia and Gordona strains were classified using sequenc-
ing of rpoB gene. Even though sequencing of rpoB and 168
rRNA gene was utilized, it was impossible to classify M.
tuberculosis complex, M. avium family, M. marinum and M.
ulcerans, and M. fortitum subsp. fortuitum and M. fortuitum
subsp. acetamidolyticus.

The 38 mycobacteria clinjcal strains not identified by DDH
were successfully classified using sequencing of both rpoB
and 168 rRNA. These sequencing analyses showed that M.
heckeshornense, M. branderi, M.intermedium, M. shimoidei,

M. wolinskyi, M.malmoense and M. lentiflavion could be
identified. Thirty six clinical isolates (94.7%) and 32 clinical
isolates (84.2%) were identified by rpoB sequencing and 16S
TRNA sequencing (RIDOM), respectively.

[Conclusion] The classification ratio of mycobacteria
including Nocardia, Rhodococcus and Gordona is 69.6%
for sequencing of 16S rRNA and 89.3% for sequencing of
rpoB gene. Sequencing of rpoB is useful for classification
of mycobacteria due to its genetic diversity, but has some
limitation in its application. In order to classify mycobacteria
more accuralely, it is important to combine sequencing of
rpol3 and 16S rRNA and biochemical/biological tests.

Key words : Identification of mycobacteria, 16S IRNA,
Sequence, RIDOM, rpoB gene, Unidentified strain
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