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FIGURE 3. Caspase-|-dependent [L-18 prod on LM infection. A

and B, Adherent PECs were infected with wild-type LM. The cells were
cultured for an additional 24 h in the presence of gentamicin with or with-
out 2-YVAD-fmk. C and D, Adherent PECs from normal and caspase-|
knockout mice were infected with wild-type LM. Cells were cultured for
24 h in the presence of gentamicin and then the culture supernatants were
collected. The amounts of cytokines were determined by ELISA. Data
represent the mean of triplicate assays and SD. Similar results were ob-
tained in three independent experiments. », p < 0.01.

next analyzed the levels of IL-18 mRNA in macrophages infected
with each mutant strain. In contrast to the significant difference in
the production of mature [L-18 shown above, there was no signif-
icant difference in the ability to induce the expression of [L-18
among all of the LM strains used (Fig. 2). Therefore the difference
appeared to be dependent on the process that follows IL-18 gene
expression.

Involvement of caspase-1 in the production of IL-18 induced by
LM infection

Caspase-1, known also as IL-1B-converting enzyme, cleaves pro-
IL-18 into mature form (20, 26-28). When macrophages were pre-
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FIGURE 4. Expression and activation of caspase-l ~ § '
in macrophages infected with LM strains. A, Adherent <
PECs were infected with cach LM strain. The cells were % ol

cultured for an additional 5 h in the presence of genta-
micin. Total RNA was extracted and subjected to quan-
titative real-time RT-PCR for detection of mRNA for a0t
caspase-1. Data represent the mean of triplicate assays
and SD. B, The cells were cultured for an indicated
time, and the culture supernatants were then collected.
Adherent cells were lysed with 1% Nonidet P-40 lysis
buffer. Active casg 1 in the was immu-
noprec 1 and i blotted using a rabbit anti-
caspue | Ab. C, After cultivation for 20 h, the active
form of caspase-1 in the supemnatants of the cells in-
fected with each LM strain was detected. WT, Wild
type.
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treated with z-YVAD-fimk, a caspase-|-specific inhibitor, IL-18
production induced by wild-type LM was decreased in a dose-
dependent manner (Fig. 3A). A nonspecific inhibitory effect of
2-YVAD-fmk was ruled out, because the same concentration of
this inhibitor did not affect the production of TNF-a (Fig. 3B). To
further confirm the involvement of caspase-1 in LLO-dependent
IL-18 maturation, macrophages from caspase-1-deficient mice
were infected with wild-type LM and the levels of IL-18 in culture
supernatants were then compared with those in macrophages from
normal mice. As expected, there was a significant reduction of
IL-18 production in caspase-1-deficient macrophages, whereas the
same cells produced TNF-a at a level comparable to that produced
by the cells from normal mice (Fig. 3, C and D).

Caspase-1 activation in macrophages infected with LM strains

On the basis of the above resull, we have compared the expression
and processing of caspase-1 between recombinant LM mutants
producing either LLO or [LO. Quantitative real-time RT-PCR de-
tection of caspase-1 mRNA in the peritoneal macrophages showed
a constitutive expression even in the absence of infection, and
there was no significant level of further induction by infection with
any strain (Fig. 44). Caspase-| synthesized as an immature form is
converted into active caspase-1 composed of pl0 and p20 frag-
ments by proteolytic cleavage and is released from the cells soon
after the conversion (29, 30). To detect the active form of
caspase-1 efficiently, we enriched caspase-1 in the culture super-
natants by immunoprecipitation using anti-caspase-1 Ab, accord-
ing to our own modification of the method reported recently (29).
LLO-producing Ahly::hly strongly induced the processing of im-
mature caspase-1 as determined by the detection of a pl0 fragment
(Fig. 4B). A faint band could be observed also in lysate of mac-
rophages infected with Ahly::ilo, however, it never reached to the
level observed by Ahly::hly during 20 h of cultivation. Following
the detection of the p10 fragment in the cell lysate, the activated
form of caspase-1 became detectable only in the supernatant from
the culture of macrophages infected with Ahly::hly (Fig. 4B, bot-
tom). The very faint level of pl0 fragment induced by Ahly:ile
infection never increased even if the culture time was extended to
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FIGURE 5. Detection of caspase-
|-dependent cell death in macro-
phages infected with Ahlvihly or
Ahly::ilo. A and B, Adherent PECs
were infected with Ahlvihly or
Ahly::ilo. The cells were cultured for
an indicated time in the presence of
gentamicin. The culture supernatants
were collected and the LDH activity
was assayed. Daia represent the mean
of triplicate assays and SD, Similar
results were obtained in three inde-
pendent experiments. =, p < 0.01. C,
The cells were cultured for 21 b and
visualized by staining for Listeria
(red), fragmented DNA (green), and
total nucleus  (blue).  DAPI,
4" 6-Diamidino-2-phenylindole
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30 h or of the MOI was increased to 10 (data not shown). The
active form of caspase-1 was also detected in the supernatant from
wild-type LM-infected macrophages, but not from Ahly-infected
cells (Fig. 4C). These results clearly indicated that caspase-1 ac-
tivation induced upon infection with LM is dependent on not only
the entry of bacteria into the macrophage cytoplasm but also the
LLO molecule itself.

Caspase-1-dependent cell death of macrophages infected with
LM strains

It has been reported that LM causes an unigue type of cell death of
the infected host macrophages, which is distinguished as pyropto-
sis from other forms of programmed cell death by its requirement
of caspase-1 activation and the loss of plasma membrane integrity
(21, 31). Other intracellular bacteria, Salmonelia and Shigella, also
induce pyroptosis accompanied by the release of LDH in a
caspase- | -dependent manner only at an early phase of cell death,
but not in late phases (32, 33). To know whether caspase-1-de-
pendent events other than [L- 18 maturation occur during infection
with LLO-producing LM, we next determined LDH released from
infected macrophages. The amount of LDH released from normal
macrophages was higher than that from caspase-1-deficient mac-
rophages when infection was done with Ahly::hly (Fig. 5, A and B).
In contrast, Ahly:ilo induced a significantly lower level of LDH
release compared with Ahly::hly, and there was no significant dif-
ference in the amount of LDH released after infection with
Ahly:ilo between normal and caspase-1-deficient macrophages.
Upon pyroptotic cell death, DNA cleavage occurred and could be
detected by the TUNEL method (31, 34). Therefore we also tried
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to determine the level of pyroptosis by the visualization of frag-
mented DNA in Listeria-infected cells. As shown in Fig. 5C and
Table I, TUNEL-positive cells were observed frequently in normal
macrophages infected with Ahly::hly but not in those infected with
Ahly:ilo. The DNA fragmentation induced by Ahly:hly was
caspase-| dependent, because the number of TUNEL-positive cells
was fewer and similar to the control level in the absence of
caspase-1. These data indicated that LLO-producing LM, but not
ILO-producing LM, induces a caspase-1-dependent pyroptosis in
addition to the processing of IL-18 and supported our finding that
the delivery of bacteria into the cytoplasm is not sufficient but that
the presence of LLO is reguired for the induction of caspase-1
activation upon LM infection.

LLO-dependent caspase-1 activation does not require
TLR4-mediated signaling

Because LLO has been reported as a ligand for TL.R4 when added
from outside of the cells (35), we examined the involvement of
TLR4 in the production of TL.-18 and the activation of caspase-1 in
response to wild-type LM. Macrophages obtained from normal or
TLR4-deficient mice were infected with LLO-producing wild-type
LM and the culture supernatants were then subjected to cytokine
assays. As shown in Fig. 6, A-D, the levels of cytokines, including
IL-18, in supernatants of LM-infected TLR4-deficient macro-
phages were comparable to those of infected macrophages from
normal mice, indicating that TLR4 is not involved in the produc-
tion of TL-18 and other cytokines in response to the infection with
LM. Furthermore, wild-type LM induced similar levels of
caspase-1 activation in normal and TLR4-deficient macrophages
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Table 1. Percentage of TUNEL-positive (TUNEL™ ) cells in
Listeria-infected cells or to1al cells

TUNEL" /Listeria-Infected TUNEL " /Total

Cells (%) (GreewRed”  Cells (%) (Green/Blue %
Macrophage Bacteria Cell x 100y 100y
Normal None 1.95 = 0.40
Ahly::hly 28.80 = 1.83 15.83 = 0.76
Ahly::ilo 4.60 = 0.72 2.06 + 0.20
Caspase-1~ None 1.95 = 0.20
Ahly::hly 573 =055 3.30 = 036
Ahly::ilo 7.10 = 1.41 3.06 = 0.65

# Value represents means and SDs of three independent wells. Three hundred celis
were examined in cach well,

(Fig. 6E). From these results, it is indicated that the LLO-depen-
dent caspase-1 activation and the subsequent production of mature
IL-18 are not due to the recognition of LLO by TLR4.

Detection of the di
activation

in of LLO re ible for caspase-1

To further confirm the involvement of LLO in caspase-] activation
induced upon LM infection, we constructed a Ahly::ilo strain ad-
ditionally expressing the full-length LLO by using the pAT28 ex-
pression vector, The activation of caspase-1 was observed when
macrophages were infected with the Akly::ilo carrying full-length
LLO exp ion vector, wh Ahly::ilo ransformed with empty
vector could not induce caspase-1 activation (Fig. 78). Among the
four domains comprising the whole LLO molecule, domain 4 is
known as a cholesterol-binding domain and contains Trp-rich un-
decapeptide, which is highly conserved among cholesterol-depen-
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FIGURE 6. Cytokine production and caspase-l activation in TLR4
knockout macrophages. A-D, Whole PECs (A) and adherent PECs (B-D)
from normal and TLR4 knockout mice were infected with wild-type LM.
Cells were cultured for 24 h in the presence of gentamicin and then the
culture supernatant was collected. The amount of each cytokine was de-
termined by using ELISA specific for each cytokine. Data represent the
mean of triplicate assays and SD. Similar results were obtained in three
independent experiments, =, p < 0.01. £, Adherent PECs from normal and
TLR4 knockout mice were infected with wild-type LM. Cells were cul-
tured for 20 h in the presence of gentamicin and the culture supernatants
were collected. Active caspase-| in the supernatants was immunoprecipi-
tated and immunoblotied using a rabbit anti-caspase-1 Ab.
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FIGURE 7, Detection of the domain (d) of LLO responsible for
caspase-1 activation. A, Culure supernatants of Ahly:ile strains trans-
formed with each LLO-expressing vector were applied to SDS-PAGE and
subsequent Western blotting using anti-LLO Ab (upper panel) or anti-ILO
Ab (lower panel). B, Adherent PECs were infected with each Ahly:ilo
strain, cultured for 20 h in the presence of gentamicin and spectinomycin
(250 pg/ml), and culre supernatants w:re then collected. Active
caspase-1 in the supernatants was i iand i blotted
using a rabbit anti-caspase-1 Ab. C, Mlhcmt PECs were infected with
each Ahly:ilo strain, cultured for 3 h in the presence of gentamicin and
spectinomycin, and then bacteria and F-actin were stained and 300 bacieria
were d. The [ ge of bacierin positive for associating F-actin
was calculated for each strain. The filled bars represent the mean of three
independent wells, and the error bars indicate the SD.

dent cytolysins and essential for the binding to membrane choles-
terol (36). It has been previously reported that the domain 1-3
molecule of truncated LLO completely loses its cytolytic activity
and the substitution of the third Trp of the undecapeptide (amino
acid residue 492 of LLO holotoxin) with Ala severely attenuates
the cytolytic activity of LLO (36, 37). Therefore, we next con-
structed Ahly::ilo strains carrying each vector for the expression of
LLO W492A or domain 1-3 of LLO to know whether cholesterol-
binding and subsequent cytolysis by this cytolysin is required for
the activation of caspase-1 in macrophages infected with LM. The
production of different LLO molecules encoded by each plasmid
was confirmed by Western blotting using an anti-LLO polyclonal
Ab (Fig. 7A). The impaired ability of Ahly::ilo in caspase-1 acti-
vation was restored by the introduction of a plasmid harboring the
gene for full-length LLO, and such an effect was not affected even
by the elimination of cytolytic activity as clearly shown by LLO
W492A or LLO domain 1-3 (Fig. 7B). By contrast, complemen-
tation with a plasmid harboring the domain 4 of LLO, a molecule
capable of cholesterol binding without cytolytic activity (38),
never resulted in the acquisition of the ability for caspase-1 acti-
vation (Fig. 7B). As there was no significant difference in the level
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of F-actin-positive bacteria inside macrophages among these plas-
mid-carrying Ahly::ilo strains (Fig. 70), it was clearly indicated
that domain 1-3 is the region responsible for the activation of
caspase-1 in infected macrophages.

Discussion

We previously showed that an entry of bacteria into the cytoplasm
was not sufficient for the IFN-y response of mice to LLO-produc-
ing LM by both in vitro and in vivo experiments using two iso-
genic strains that differed only in LLO and [LO (11). In this study,
we examined the difference between Ahly::hly and Ahly::ilo in the
induction of IL-12 and IL-18, the two major [FN-y-inducing cy-
tokines, to elucidate the mechanism of LL.O-dependent IFN-7 re-
sponse to LM. It was noteworthy that LLO-producing LM, but not
ILO-producing LM, strongly induced the production of IL-18. Be-
cause mRNA expression did not depend exclusively on LLO, we
next examined the activation of caspase-1, which is essential for
the maturation and secretion of biologically active IL-18. It was
strongly suggested that the dependence of the [FN-vy response on
LLO is due to the LLO-dependent induction of caspase-1 activa-
tion and subseguent [L-18 production and that the IL-18 response
is dependent on not only the entry of bacteria into the macrophage
cytoplasm but probably also on the distinct activity of LLO as a
signaling ligand.

On the basis of a previous report (18) and our own similar ob-
servation (not shown) that IL-12 is not induced in mice deficient
for MyD88, an adaptor molecule of almost all TLRs, upon in-
fection with LM, it is clear that TLR-dependent recognition of
bacterial ligands is essentially required for the induction of
IL-12 production. By contrast, production of IL-18 is reported
to be induced regardless of the absence of MyD88 (39). Our
present finding that TLR4, a recognition receptor for LLO, was
not involved in the activation of caspase-1 and production of
[L-18 in macrophages infected with LM is consistent with these
previous observations. Generally, IL-18 is constitutively ex-
pressed, and the produced pro-IL-18 remains inside the cells
until being cleaved by activated caspase-1. Therefore both
MyD88-dependent production of IL-12 and TLR4- and MyD88-
independent cleavage of pro-IL-18 are likely the key processes
for the induction of IFN-y upon LM infection. Some distinct
activity of LLO appeared to be involved in the latier process
that cannot be induced by ILO.

Although the involvement of LLO in caspase- |-mediated [L-18
induction upon infection with LM was revealed clearly in this
study, the mechanism remains to be elucidated. One possibility to
be considered is the difference in the cytotoxic effect between LLO
and [LO. These two cytolysins are highly homologous and exhib-
ited a quite similar function regarding the contribution to the es-
cape of Listeria from phagosome into the cytoplasm. After the
escape of bacteria from the hazardous phagosome by means of
cytolysin into the cytosol, a nutrient-rich niche for multiplication,
it is important for the cytosolic bacteria to minimize further
cytolytic activity to prevent host cell damage. For that, two
mechanisms have been proposed: the dependency of cytolytic
activity on acidic pH (40) and the presence of an N-terminal
Pro-Glu-Ser-Thr (PEST)-like sequence, which is thought to tar-
get for phosphorylation and/or degradation in eukaryote cells
(41). Although both LLO and ILO exhibited a similar optimal
pH for cytolytic activity (42), the hemolytic activity of recom-
binant [LO was relatively higher than that of recombinant LLO
(17). Besides, the sequence analysis of the ilo gene revealed the
absence of the PEST-like sequence that is present in LLO (data
not shown). In the present experimental results, the level of
cytolysis induced by [LO-producing LM was marginal and
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rather lower than that induced by LLO-producing LM in
caspase- 1-deficient cells (Fig. 5). Moreover, these LM strains
induced similar levels of TNF-a and IL-12 production by mac-
rophages (Fig. 1). Therefore the above possibility could be
ruled out, and the difference in the ability to induce [L-18 be-
tween LLO-producing LM and ILO-producing LM should be
explained by other reasons. Construction of the Ahly strains
complemented with genes encoding chimeric proteins between
LLO and ILO and recombinant strains expressing cytolysins
mutated for PEST-like sequence, are under way, and the mo-
lecular basis for the LLO-dependent activation of caspase-|
should be clarified in the near future,

From our results using LLO-producing LM and [LO-producing
LM, there may be two major possibilities as follows: 1) LLO ac-
tivates some signaling pathway that leads to caspase-1 activation
without the participation of any other ligands; and 2) LLO induces
the activation of caspase-1 in cooperation with other bacterial Li-
gands or merely enhances that induced by other bacterial ligands.
If either of these possibilities is the case, ILO itself must have no
or less ahility to induce caspase-1 activation compared with LLO.
In our previous study using recombinant LLO and ILO, it was
shown that ILO is far less capable of inducing cytokines than LLO
when added from outside of the cells in vitro (17). Therefore our
assumption is that there is some molecular structure in LLO that
is exclusively important for caspase-1 activation in the cytosol
of macrophages. Indeed, our results using Ahly::ilo strains ad-
ditionally expressing the recombinant proteins of LLO mole-
cule (Fig. 7) clearly indicated that domain 1-3 is the region
responsible for such an activity after the escape of bacteria into
the cytosolic space and also that the ability of the LLO molecule
for membrane binding or membrane damage is not involved in
the activation of caspase-1. In a further study, experiments on a
transfection of macrophages with LLO- or ILO-expressing vec-
tor or an intracytosolic injection of recombinant cytolysin are to
be conducted.

Compared with virulence gene expression in broth-cultured LM,
the expression of LLO is believed to be up-regulated inside mac-
rophages (43). It is therefore reasonable that some cytoplasmic
sensor molecule, rather than a cell surface receptor, recognizes
LLO, resulting in caspase-1 activation. It has been reported that
LLO is recognized by TLR4 and activates a signaling pathway
downstream of TLR4 (35). Moreover, recombinant LLO protein
induced the production of various cytokines by splenocytes or PEC
cultures in a TLR4-dependent manner, whereas recombinant ILO
protein did not induce their production (17, 35). However,
our present results indicated that TLR4 was not involved in the
production of [L-18 and the activation of caspasc-1 in macro-
phages infected with LM (Fig. 6). Several recent reports have
shown that some bacterial ligands are recognized not only by
TLRs but also by NLRs such as Ipaf/CARDI2 and Nalp3/
cryopyrin/Pypafl, which are cytoplasmic proteins containing a
leucine-rich repeat domain, a nucleotide-binding domain, and
each signaling domain. Flagellin from Salmonella or Legio-
nella, which is known as a TLRS ligand (44), induces caspase-1
activation through an Ipaf-dependent pathway when it is in the
cytoplasm (45-47). The small antiviral compounds imiquimod
and R-848, which are TLR7 ligands (48), are also known to
induce the activation of caspase-1 in a Nalp3-dependent manner
(49), Moreover, Nalplb, an NLR protein, is involved in the
caspase- | -dependent cell death of mouse macrophages induced
by lethal toxin, which is a protein toxin produced by Bacillus
anthracis, suggesting that lethal toxin induces the activation of
caspase-1 through Nalp1b directly or indirectly (50). In the case
of infection with Listeria, caspase-1 activation in macrophages
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is reported to depend upon an apoptosis-associated speck-like
protein containing a C-terminal caspase recruitment domain,
ASC, an adaptor molecule that links upsiream NLRs to
caspase-1 (20). Furthermore, it is reported that potassium efflux
and the P2X7 receptor are not required for caspase-1 activation
induced by Listeria infection (22). On the basis of these recent
findings, it is highly possible that LM-induced caspase-1 acti-
vation is triggered by the recognition of cytosolic LLO by some
NLR protein. The experiments in this line will be conducted
also by using recombinant strains under construction,

In conclusion, this study has clearly indicated that LM-induced

IFN-y production in mice is ascribed mainly to the presence of
LLO due to a distinct activity of inducing the activation of
caspase-| after evasion into the cytosolic space of infected
macrophages.
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Serodiagnosis of Mycobacterium avium-Complex
Pulmonary Disease Using an Enzyme Immunoassay Kit
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Rationale: The diagnosis of avium-complex pulmo-
nary disease (MAC-PD) and/or its discrimination from pulmonary
tuberculosis (TB) is sometimes complicated and time consuming.
Objectives: We Investigated in a six-Institution multicenter study
whether a serologic test based on an enzyme immunoassay (EIA)
kit was useful for diagnosing MAC-PD and for distinguishing it from
other lung diseases.
Methods: An EIA kit detecting serum IgA antibody to glycopeptido-
lipid core antigen specific for MAC was developed. Antibody levels
mmumdhmmmmdmnmhm-?n,lsmm
Ination, 37 with pul y TB, 45 with other lung diseases,
mdutmnhy

Measurements and Main Results: Significantly higher serum IgA
antibody levels were detected in patients with MAC-PD than in the
other groups (P < 0.0001). Setting the cutoff point at 0.7 U/ml
resulted in a sensitivity and specificity of the kit for dlagnosing MAC-
PD of 84.3 and 100%, . Significantly higher antibody
levels were also found in patients with nodular-bronchiectatic
disease compared with fibrocavitary disease in MAC-PD (P < 0.05).
There was a positive correlation between the extent of disease on
chest computed tomography scans and the levels of antibody (r =
0.43, P < 0.05) in patients with MAC-PD,

Conclusions: The EIA kit is useful for the rapid diagnosis of MAC-PD
and for MAC-PD from TB and, if validated
by studies in other populations, could find wide application in clinical
practice.

Keywords: nontuberculous mycobacteria; Immunocompetence;
sensitivity and specificity

The prevalence of disease due to nontuberculous mycobacteria
has been increasing recently (1-5). In Japan, Mycobacterium
avium complex (MAC) accounts for approximately 70% of
nontuberculous mycobacterial disease (6). MAC is now widely
recognized as an important pathogen that causes chronic and
progressive pulmonary disease even in immunocompetent
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patients and not only in those who are imm

The diagnosis of MAC-PD is complicated because, in contrast
to Mycobacterium tuberculosis, MAC contamination of clinical
specimens can come from environmental sources such as water,
dust, and soil, and because this organism may colonize the respi-
ratory tract without any accompanying invasive disease (4).
Thus, isolation of MAC from sputa is often of no clinical
significance. Diagnosis of pulmonary discase due to MAC is
complicated and time consuming when made according to the
guidelines of the American Thoracic Society (ATS) (1), because
MAC is ubiquitous in nature and the diagnosis requires clinical
findings and its repeated isolation from sputum. In addition, it
is also difficult to discriminate MAC-PD from infection due to
other mycobacteria in the absence of culture results, because
clinical features, such as symptomatic or radiographic findings,
are very similar in mycobacterial diseases. In the context of
infection control, it is particularly important to distinguish be-
tween MAC-PD and pulmonary tuberculosis (TB).

To overcome these difficulties, we have developed a serologic
test for the glycopeptidolipid (GPL) antigen specific for MAC,
and have reported its clinical usefulness (7-9). The levels of
antibody to GPL core were measured by an enzyme immuno-
assay (EIA) using sera of immunocompctent patients with
MAC-PD. MAC-PD could be discriminated from
TB, Mycobacterium kansasii pulmonary disease and MAC
colonization/contamination using this serologic test. Healthy
subjects were seronegative. Of the different immunoglobulin
(Ig) subclasses, best results were obtained by the measurement of
IgA, with a sensitivity of 92.5% and specificity of 95.1%. These
results suggest that the test is useful as a diagnostic aid. In the
present study, to apply this test widely in clinical practice, we
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developed an EIA kit detecting serum IgA antibody specific for
GPL core and investigated its usefulness in a multicenter study.

METHODS
See the online suppl for additional methodologi

Patients and Serum Samples

Six institutions participated in this study. Between June 2003 and
December 2005, serum samples were collected from 70 patients with
MAC-PD, 18 with MAC contamination, 36 with p y TB, 45 with
other lung diseases, and 76 healthy subjects. All patients with MAC-PD
ruﬂm:ATngdahnu(l] O'ILI:?'DpumummMACPDMhad

details.

for mycob. | dis-
cases recommended by the ATS gnuelmu. “but had MAC-positive
cultures at the time of serum coll y TB was confi

wmmmuwtyfwumwmhmmmmmmm
had an underlying pulmonary disease or past history of treatment for
;ulhmmryTBwrtcxduchd. Individuals with MAC contamination
howed a single cul for MAC in small amounts, but were
uympmmmcmdhndnomﬁmlchu&mpmedtmm(ccn
ﬁndmanlﬁntmsnmumymhngm!mmgdsulm;m
included chronic obstructive pul li (n = 15), idiopathi
mlnmlpn:tmnwu(u =11), llmgcanmr(n‘- ll) Induulpn:umma
(n = 4),pul dosis (n = 2), and (n=2). Allsera

were stored at N’Cumilamyeﬂl’wleGH.mmlibody None of
I]wpuimuwnmpmuwfmlﬂVtypelurZ.TbepmmuuthAC
PD were classified into two groups on the basis of the chest radi

RESULTS

Study Subjects

The characteristics of the subjects are shown in Table 1. Patients
with pulmonary TB and healthy subjects were younger than
patients with MAC-PD (P < 0.001), and there was a larger
proportion of females in the latter group (P < 0.001). Of the 70
patients with MAC-PD, 15 had underlying pulmonary disease,
all of which were the sequelac of pulmonary TB. Of the 18
individuals with MAC contamination, 15 had underlying pulmo-
nary diseases (8 patients with the sequelac of pulmonary TB, 2
with lung cancer, 2 with chronic obstructive pulmonary disease, 1
with emphysema, 1 with pneumoconiosis, and 1 with sarcoidosis.
Of the patients with MAC-PD, 19 were classified as having
fibrocavitary disease, and 35 as having NBE disease, with 16
patients unclassifiable. The MAC-PD group included infections
with M. avium (n = 56), Mycobacterium intracellulare (n = 12),
or both (n = 2). The MAC contamination group included M.
avium (n = 16) and M. intracellulare (n = 2).

Level of GPL Core IgA Antibody

The level of serum IgA antibody to GPL core was quantified
using the EIA kit (Figure 1). As expected, patients with MAC-
PD had significantly higher levels than patients with MAC
contamination, those with pulmonary TB, those with other lung

ﬂbmmwy d.luue and nodu!u-bmmuc (NBE) disease (1]
was defined as the p of cavitary forms

muppuiobes. NBEdmmwdcﬁ.nedulheptmmolm
ectasis and multiple nodular shadows on CCT. Disease conforming to
neither of these types was considered unclassifiable. Forty-five patients
underwent CCT and serodiagnosis at the same time. A correlation
between the extent of disease and antibody levels was investigated. The
extent of disease was expressed as the number of MAC-involved CCT
segmenis, as described in the previous study (9).

The studies in human subjects were approved by the research and
ethical committees of the NHO National Toneyama Hospital, and
written, informed consent was obtained from all subjects,

EIA Kit

The EIA kit was developed by Tauns Laboratories, Inc. (Shizuoka,
Japan), with a slight modification of the method described pfe\'lously
(8). Results are given as arbitrary U/ml in relation to a dard

that was construcited by mixing sera from three patients with MAC PD
as a reference. The intra- and interplate coefficients of variation were
227-929% and 0.57-8.86%, respectively, which indicated good re-
producibility. The lincarity of measurement was emﬂ.mmt The in-
fluence of blood el and was i

good stability. The assay mpeﬂmmedbylluhndugsl vnr.h no prior
knowledge of the clinical data.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 4
(GraphPad Software, Inc., San Diego, CA). Antibody levels in patient
groups are expressed as means = SD. For comparison of the mean
values of multiple groups, data were compared by analysis of variance
and nonp ic analysis. A probability value of less than 0,05 was
regarded as significant.

TABLE 1. CHARACTERISTICS OF STUDY SUBJECTS

di , and healthy subjects—namely, 10.7 £ 7.9,0.2 £ 0.1, 0.1
=0.1,00 = 0.1, and 0.0 = 0.0 U/ml, respectively (P < 0.0001).
A receiver operating characteristic (ROC) curve was con-
structed for MAC-PD and the other groups to establish the
best cutoff value (Figure 2). Setting the cutoff value at 0.7 U/ml
resulted in 100% specificity, at a sensitivity of 84.3% (Table
E1). Using the EIA kit allowed clear discrimination between
patients with MAC-PD and MAC contamination, pulmonary
TB, and other lung diseases, as well as healthy subjects.

Next, we compared levels of serum IgA antibody to GPL
core in fibrocavitary disease and NBE disease of MAC-PD.
Significantly higher levels were found in NBE (P < 0.05)
(Figure 3). With the cutoff value set at 0.7 U/ml, positivity in
NBE and fibrocavitary disease was 91.4 and 63.2%, respectively.
In contrast, in patients with MAC-PD, no significant differences
between M. avium and M. intracellulare as causative agents
were observed (P = 0.403). The erythrocyte sedimentation rate
in MAC-PD was 32.6 = 28.6 mm/hour and there was a signif-
icant positive correlation between the erythrocyte sedimenta-
tion rate and antibody levels in patients with MAC-PD (r =
0.294, P < 0.05).

Radiographic Severity and the Level of GPL Core Antibody
Forty-five patients with MAC-PD (10 with fibrocavitary disease,
26 with NBE disease, and 9 with unclassifiable type disease)
underwent CCT and serodiagnosis at the same time. Four
patients with unclassifiable type disease were excluded from
the investigation because it was hard to discriminate between
MAC lesions and underlying pulmonary disease. There was
a positive correlation between the extent of disease and the

MAC-PFD  MAC Contamination Pulmonary TB Other Lung Disease Healthy Subjects

Mumber 70 18 36 45 76
Age, mean yr = 5D 68.0 = 9.6 64.6 = 11.6 52.9 = 16.6* 66.3 = 10.9 381 =120*
Age range, yr 50-90 28-78 24-76 29-82 20-65
Sex, no. male/no, female 25/45 10/8 26/10* 4me 4135
Duration of disease, mean yr = SD 4.8 = 4.6 031=02 22*24

* P < 0.001.
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151 Figure 1. The level of serum IgA antibody to glycopepti-
E dolipid (GPL) core antigen. Serum samples from six
S 101 different institutions included 70 patients with Mycobac-
- terium avium complex pulmonary disease (MAC-PD), 18
el ! 8 with MAC contamination, 37 with pulmonary tuberculosis
g 207 (TB), 45 with other lung diseases, and 76 healthy subjects.
8 . Antibody levels in MAC-PD were significantly higher than
= 454 . in the other groups (P < 0.0001). All results are expressed
& as individual data, and horizontal bars indicate geometric
S 1.0 4 . means,
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contamination TB disease subjects

levels of the antibody (r = 0.43, P < 0.05) (Figure 4). The total
numbers of involved segments were not different (7.8 = 4.9 and
7.9 = 4.2 in fibrocavitary and NBE disease, respectively). Of 26
patients with NBE disease, 9 had small thin wall cavities. A
tendency toward elevated GPL core antibody levels was found
in NBE patients with cavities compared with those without, but
this trend was not statistically significant (P = 0.08).

DISCUSSION

We previously established a serologic test for MAC-PD using
a mixture of GPLs and GPL core antigen, and reported the
clinical application of the EIA method for quantifying antibody
levels (7, 8). GPL is an antigen located on the surface of the
MAC cell wall and determines the serotype. At present, 31
distinct serotype-specific GPLs have been identified, of which
the complete structures of 14 have been identified (10-12). GPL
consists of a core common to all MAC serotypes and a serotype-
specific oligosaccharide. In the initial study to establish the
serodiagnosis of MAC-PD, we used the whole GPL antigen,
a mixture of 11 serotype-specific GPLs (7). We then found that
the GPL core was the dominant antigenic epitope of GPL, and
subsequently developed a serologic test using GPL core antigen
(8). In the previous study, GPL core antibody (IgG, IgA, and
IgM) levels were found to be elevated in sera of patients with
MAC-PD, but not pulmonary TB, M. kansasii-PD, MAC
colonization/contamination, and healthy subjects. The study
showed that this serologic test was useful for diagnosing MAC-
PD and for differentiating it from pulmonary TB and M.
kansasii-PD. Consistent with this, Fujita and colleagues (13)
reported elevated levels of antibody against the GPL core
antigen in patients with MAC-PD but not in those with pulmo-
nary TB. In our previous study (8), of the different Ig classes, best
results were obtained by IgA, including an association with CCT
findings. Thus, a higher level of serum IgA antibody to GPL core
indicated a wider extent of MAC disease and larger nodule
formation on CCT (9). Therefore, we have attempted to develop
and to assess an EIA kit for quantifying serum IgA antibody to
GPL core in the present study. Optical density levels were
converted to U/ml using standard serum samples, which pro-
vided reliable and reproducible results. In this multicenter study,

using the EIA kit, it was confirmed that patients with MAC-PD
could be clearly differentiated from those with pulmonary TB,
those with MAC contamination, those with other lung discases,
and healthy subjects. Similar to our previous studies (7-9), the
sensitivity and specificity for diagnosing MAC-PD by the kit was
high and the level of the antibody correlated with the extent of
MAC-PD assessed using CCT.

Distinguishing pulmonary TB from MAC-PD in clinical
practice using the EIA kit has proven useful. Differentiating
TB from MAC is difficult because symptoms and radiographic
findings are often similar among patients with pulmonary myco-
bacterial diseases. Patients with pulmonary TB require immedi-
ate treatment and isolation, whereas the diagnosis of MAC-PD
does not necessitate rapidly starting antimicrobial therapy (1),
and isolation is not required. GPL antigens, which are major cell
surface antigens of MAC, are not present in the cell wall of M.
tuberculosis complex (11). On the basis of this observation,
patients with TB do not produce anti-GPL antibody. Indeed
most patients with TB did not possess serum antibodies against
GPLs (Figure 1) (7, 8). However, we cannot exclude the
possibility that disease in patients with TB was of too short
duration (MAC-PD, 4.8 = 4.6 yr, vs. TB, 0.3 = 0.2 yr) to have
allowed immune responses and shed mycobacterial antigen. In
this present study, with a cutoff level of 0.7 U/ml, all patients with
TB were classified as seronegative, The levels of GPL core
antibody in patients with pulmonary TB were very low or absent

o

-
w
T

Figure 2. Receiver operat-
ing characteristic curve
constructed for  patients

with Mycobacterium avium-
complex pul ydi
and the other groups.
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p<0.05
25- i 1 Figure 3. Levels of IgA anti.
204  “eeet e, body to glycopeptidolipid
154 oelfhee b core antigens in nodular
10 - q-.:-:'i— s bronchiectatic (NBE) and
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g 20 :

1.51 disease (MAC-PD). Signifi-
1.0 .. cantly higher levels were
0.5+ 4 . found in patients with MAC-
P e PD with NBE compared with
0.0 d i disease (P <

NBE Fibrocavitary g gs),

disease disease

(0.1 = 0.1 U/ml). In contrast, in previous studies (7, 8, 13), GPL
seropositivity in patients with pulmonary TB ranged between 5.2
and 25%. One possible explanation for this previously reported
lack of specificity may be that there was latent coinfection of
MAC in patients with pulmonary TB. In the present study,
however, we attempted to exclude patients with such latent
coinfection because the entry criteria precluded patients having
underlying lung disease or past history of pulmonary TB. Patients
with lung diseases such as chronic obstructive pulmonary disease
associated with smoking,. bronchiectasis, previous mycobacterial
disease, cystic fibrosis, and pneumoconiosis are prone to have
MAC coinfection (1). In addition, future studies are needed to
verify the cutoff value obtained from the ROC analysis using
another sample of cases and controls on a much larger scale.
MAC-PD has recently been classified into two distinet
subtypes: fibrocavitary disease and NBE disease (1). Fibrocavi-
tary disease, the most common manifestation of MAC-PD, is
usually secen in middle-aged or elderly men predisposed to lung
disease due to smoking and alcohol drinking. This subtype of
disease, generally progressive, is similar to pulmonary TB on

— 18
16 . .
14 o .0 o
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Figure 4. Correlation between antibody levels and radiographic severity
using chest computed tomography in 41 patients with Mycobacterium
avium-complex pulmonary disease. There was a positive correlation
between the extent of disease and the levels of antibody (r = 0.43,
P < 0.05). Closed circles represent patients with nodular-bronchiectatic
disease, open circles represent patients with fibrocavitary disease, and
open squares represent patients with unclassifiable type disease.

nonetheless be better to enroll chemotherapy-naive palicnts
from diverse ethnic and racial populations and different geo-
graphic areas in future studies.

At present, the diagnosis of MAC-PD is usually made ac-
cording to the ATS guidelines, which include clinical, radio-
graphic, and microbiological criteria (1). The latter requires
multiple positive cultures for MAC from sputum, a positive
culture from bronchial lavage or a lung biopsy specimen,
together with the other diagnostic features. Although it is easy
to meet the criteria in MAC-PD, it is often
difficult in early-stage disease. In clinical routine, it is imprac-
tical to obtain multiple sputum samples or perform bronchos-
copy to obtain bronchial washings or lung tissue in all patients,
It is also time consuming, because a long duration is required
before the results of multiple cultures are available. There are

chest radiography. If left untreated, it can lead to extensive lung
destruction and death. In contrast, NBE disease is mostly seen
in nonsmoking middle-aged or elderly women without predis-
posing lung disease. The clinical course is usually slower and
less dramatic. Patients with NBE are presumed to have had
a long subclinical period before appearance of disease manifes-
tations. Significantly higher levels of GPL core antibody were
seen in NBE than in fibrocavitary disease (P < 0.05) and higher
seropositivity was found in patients with the former (91.4%
compared with 63.2%). There were no significant differences of
extent of discase between the two groups in patients who
underwent CCT and serodiagnosis at the same time. Therefore,
the results suggested the possibility that the antibody levels tend
not to elevate in patients with fibrocavitary disease. This may
reduce the utility of serodiagnosis for discriminating cavitary
MAC from cavitary TB. However, the antibody would probably
be present at high levels in patients with extensive lesions in fi-
brocavitary disease as was indeed found in three patients (17.9
5.9 U/ml) who had extensive lesions (more than 13 segments)
(Figure 4). Further investigations are required for confirmation
of this notion in a larger study.

Of the 70 patients with MAC-PD, 64 had previously received
combination chemotherapy, as recommended by the ATS guide-
lines (1). However, all had MAC-positive cultures at the time of
serum collection, and were considered to have active MAC-PD.
Thus, antibody levels were not changed by the failure of chemo-
therapy—that is, there was no conversion lo seronegative from
seropositive status (8); therefore, effects of the previous treat-
ment on antibody levels were limited. Obviously, it would

1 rapid methods for identification of MAC, but they have
some limitations. The liquid culture-based system using radi-
ometry and fluorometry allows the detection of mycobacterial
growth at an early stage, fewer than 7 days for nontuberculous
mycobacteria. However, limitations of this system include the
inability to observe colony morphology, difficulty in recognizing
mixed cultures, overgrowth by contaminations, cost, and radio-
isotope disposal. Rapid identification of MAC is also possible
using DNA hybridization, nucleic acid amplification, or high-
pressure liquid chromatography (1). The use of molecular bio-
logical technology has shortened the time required to identify
mycobacteria from several weeks to as little as 1 day. The overall
sensitivity for detecting MAC varies between 70 and 100%, with
a specificity greater than 98%. However, the inability to distin-
guish live and dead organisms precludes nucleic acid amplifica-
tion for definite diagnosis of active disease (14).

The EIA kit is a rapid (within a few hours) and noninvasive
assay with high sensitivity (84.3%) and specificity (100%) for
diagnosing MAC-PD. Using the EIA kit, as reported here,
MAC-PD could be efficiently differentiated from MAC contam-
ination. “MAC contamination” defined in the present study was
considered to represent contamination from the environment,
because patients were asymptomatic and mcal:d no significant
CCT findings indicating active disease. Most of
those people classified into the MAC contamination group were
so categorized based on a single positive MAC culture by chance
during the follow-up period after completion of chemotherapy
for pulmonary TB or at routine examination on admission for
other diseases. It is difficult to be certain that MAC contamina-
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tion, as defined here, does not indicate subclinical infection
because no confirmatory pathology was obtained. However, if
MAC contamination does reflect subclinical infection, it is of
little clinical importance and does not mandate therapy.

There were 15.7% false-negative EIA determinations in
patients with MAC-PD. In such cases, diagnosis of MAC-FD
should be made according to the ATS guidelines, as previously
described. There are several possible explanations for these
false-negative results, including the following: (1) recently diag-
nosed disease; (2) change of GPL core antigenicity after chemo-
therapy; or (3) diversity of immune responses to GPL core in
individual patients, potentially governed by HLA genes (15).
Therefore, it might be expected that not all patients with MAC-
PD are capable of producing antibody to GPL core. Although
the specificity determined here for the EIA kit was high, there
remains also the possibility of false-positive results in patients
wuth disease due to other mycobacteria, such as Mycobacterium

iturm, Mycobacterium chels Mpycobacterium abscessus,
a.nd Mycobacrenum scrofulaceum, because these organisms also
possess GPL on their cell wall surface (10, 11, 16). Indeed, we
have detected seropositivity in several patients with culture-
positive M. fortuitum (data not shown). The incidence of pul-
monary disease due to these other mycobacteria is relatively
low (<5%) in Japan and the United States (6, 17), but a report
from South Korea documented a high incidence of pulmonary
infection by M. abscessus or M. fortuitum (33 and 11%, re-
spectively (18). Therefore, caution is necessary when interpret-
ing the results of the EIA kit in locations where other myco-
bacterial infections are endemic.

A recent study using high-resolution CT documented that
characteristic findings with multiple small nodular shadows
combined with bronchiectasis are predictive for culture-positive
MAC with a relatively high probability. Swenson and colleagues
(19) reported that, of 15 patients with these characteristic
findings, 8 (53%) had cultures positive for MAC. Tanaka and
coworkers (20) reported that, of 26 similar patients, 13 (50%)
had positive cultures for MAC in bronchial washings. There-
fore, combining positive results obtained by the EIA and the
characteristic findings of high-resolution CT should yield a de-
finitive diagnosis of MAC-PD even in patients with sputum
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culture-negative results for MAC. This approach may be useful
especially in elderly patients with complications, in whom
bronchoscopy cannot be performed.

In summary, the EIA kit for detection of serum IgA
antibody specific for GPL core antigen is useful for rapid and
accurate serodiagnosis of MAC-PD. Taken together with
clinical, radiographic, and microbiological criteria, the kit may
be a valuable tool for the diagnosis of MAC-PD. Validation of
the EIA kit in the diagnosis of MAC-PD requires a larger
controlled study in diverse populations,
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The Mycobacterium avium complex is distributed ubiquitously in the environment. It is an important cause
of pulmonary and extrapulmonary diseases in humans and animals. The species in this complex produce polar
glycopeptidolipids (GPLs); of particular interest is their serotype-specific antigenicity. Several reports have
described that GPL structure may play an important role in bacterial physiology and pathogenesis and in the
host immune response. Recently, we determined the complete structure of the GPL derived from Mycobacterium
intracellulare serotype 7 and characterized the serotype 7 GPL-specific gene cluster. The structure of serotype
7 GPL closely resembles that of serotype 12 GPL, except for O methylation. In the present study, we isolated
and characterized the serotype 12-specific gene cluster involved in glycosylation of the GPL. Ten open reading
frames (ORFs) and one pseudogene were observed in the cluster. The genetic organization of the serotype
12-specific gene cluster resembles that of the serotype 7-specific gene cluster, but two novel ORFs (orf4 and
orfB) encoding putative methyltransferases are present in the cluster. Functional analyses revealed that orfA
and orfB encode methyltransferases that synthesize O-methyl groups at the C-4 position in the rhamnose
residue next to the terminal hexose and at the C-3 position in the terminal hexose, respectively. Our results
show that these two methyltransferase genes determine the structural difference of serotype 12-specific GPL

from serotype 7-specific GPL.

The Mycobacterium avium complex (MAC) consists of two
species, M. avium and Mycobacterium intracellulare, which are
opportunistic pathogens of humans and animals. Human ex-
posure to the MAC is common because organisms of this
complex are ubiquitous in the environment: they have been
isolated from water, soil, plants, house dust, and other sources.
In fact, the MAC is the most common cause of disease attrib-
utable to nontuberculous mycobacteria in humans (9). The
majority of MAC infections are acquired environmentally, and
person-to-person transmission is considered to be rare. The
treatment of MAC infection is diflicult because the organisms
are often resistant to standard antituberculosis drugs.

Many antigenic or immunoregulatory glycolipids with struc-
tural diversity are expressed on the mycobacterial cell wall,
These molecules are considered to be involved in bacterial
virulence through host immune responses (5, 14, 22, 23). It is
necessary to elucidate the molecular structure, biochemical
characteristics, and biological functions of the lipid compo-
nents 1o better understand the mechanisms of pathogenesis
and drug resistance of the MAC. The most prominent feature
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of the MAC is the presence of antigenic glycolipids, the gly-
copeptidolipids (GPLs), which are present on the cell surface
(1). The standard method for differentiation of MAC strains is
serologic typing based on the oligosaccharide (OSE) residue of
the GPL. GPLs contain a tetrapeptide-amino alcohol core,
p-phenylalanine-p-allo-threonine-p-alanine-L-alaninol (p-Phe-
p-allo-Thr-p-Ala-L-alaninol), with an amido-linked 3-hydroxy
or 3-methoxy C,4-10-C,, fatty acid at the N terminus of p-Phe
(4). The p-allo-Thr and terminal L-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 present in
all species of the MAC and shows a common antigenicity (1).
Tn the serotype-specific GPLs, a haptenic OSE is linked with
the 6-d-Tal residue. To date, 31 distinct serotype-specific polar
GPLs have been identified biochemically; the complete struc-
tures of GPLs are partly defined for serotype 1 t0 4, 7,8, 9, 12,
14, 17, 19 to 21, 25, and 26 GPLs (7, 10). On the other hand,
it has been reported that serotype-specific GPLs participate in
pathogenesis and immunomodulation in the host (2, 13). Mod-
ification of the GPL structure might play an important role not
only in antigenicity but also in host immune responses and
bacterial physiology (18). Recently, chemical synthesis of var-
ious haptenic OSEs was demonstrated, and the genes encoding
glycosylation pathway enzymes for the biosynthesis of GPLs
were identified and characterized (8, 12, 19, 21). However,
genes responsible for serotype-specific glycosylation have yet
to be analyzed for most of the serotypes.
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FIG. 2. Comparison of genetic organization of GPL biosynthesis clusters. (a) M. avium strain AS organization, based on the annotated sequence
obtained from GenBank (accession no. AYIMJ (b) M. intracellulare ATCC 35762 (NF 103), .wqmmd in this study. (c}M intracellulare ATCC
35847 (NF 027), sequenced in our previous study (GenBank accession no. AB274811). The orientation of each genc is shown by the arrow
direction. The black arrows represent mobile elements, and the gray arrow represents a pseudogene. Mutually homologous ORFs and sequences

are indicated with dotted lines.

clongated from p-allo-Thr was released as described plmﬂ, (i, I‘i) Bntﬂy
GPL was treated with § mg/ml sodium barohydrid 05N
mdlmhydmﬂk—nh-ml{ll(vdhul]jllmlorlbh,wﬂhlﬂ:mm
ulcﬁonmmwmh:dm Dowex 50W X8 beads (The Dow Chem-
ical Company, Midland, MI). The sup was and d
under nitrogen to remove boric acid. The dried mlduempummlmnm
layers, using chloroform-methanol (2:1 [vol/vol]) and water. The upper aqueous
phasc was d and cvap d. Tn these p the OSE was purified
as an oligoglycosyl alditol.

MALDI-TOF MS and MALDI-TOF/TOF MS analyses, The molecular spe-
cies of the intact GPLs were d i using matrix-assisted laser desorp
ionization—time-of-flight mass spectrometry (MALDI-TOF MS) with an
Ultraflex IT s ph (Bruker Dal Billerica, MA). Each GPL
was dissolved in chlorofl I (2:1 [volivol]) at a concentration of 1
mg/ml; 1 pl of a sample was then applied directly to the sample plate,
followed by the addition of 1 ul of 10-mg/mi 2,5-dihydroxybenzoic acid in
chloroform-methanol (1:1 [vol/vol]) a5 a matrix. The intact GPL was analyzed
in the reflectron mode, with an ing voltage of ing in posi
mode at 20 kV (3). The OSE was lnllmd by the fragment plmrm wi:h
MALDI-TOF/TOF MS to determine the glycosyl composition. The OSE was
dissolved with cthanol-water (3.7 [volivol]): the matrix was 10 mg/ml 2,5-
dihydroxyt ic acid in ethanol-water (3:7 [volivol]). The OSE and matrix
were .ulchd to the sample plate by the same method as that for intact GPL.
They were then analyzed in the lift-lift mode.

GC-MS mbﬂdlﬂhdmnmoummpw (GC) and
GC-MS lyses of p thylated alditol acetate derivatives were per-
formed 1o o i 1 and linkage positions. Perdeuterom-
cthylation was amdmul uu-; a rnndlfrod procedure of Hakomord, as described
previously (10, 11), Briefly, the dried OSE was dissolved with & mixture of
dimethyl sulfoxide and sodium hydroxide, and d yl iodide was added.
The reaction mixture was stirred at room temp for 15 min, followed by the

of water and ch fi After ifuga a1 2,400 g for 15 min,
Ihenypermhmwdkur&ul Tb:dhmfmmhyﬂmwdﬁmm
water and evap pletely. To prep P ially d d alditol
i OSE was I ly m;znmnmmam-c

add-tl?ﬂt!w!hmdumdﬁdtﬂngﬁmlmdumhumdmmdunmfm
2 h, and acetylated with acetic anhydride at 100°C for 1 h (6, 10, 16). GC-MS was
then performed using a benchtop lon-trap mass spectrometer (Trace DSQ GC/
MS; Thermo Electron Corporation, Austin, TX) equipped with a fused capillary
column (30 m; 0.25-mm internal diameter) (Equity-1 or SP-2380; Supelco, Belle-
fonte, PA), Helium was used as the carrier gas, and the flow rate was | mlimin.
The SP-2380 column was used for the analysis of alditol acetate derivatives. The
lemperature program was started at 60°C, with an increase of 40°C/min to 260°C
and a hold at 260°C for 25 min. The Equity-1 column was used for analysis of
perdeuteromethylated alditol acetate derivatives. The was
mhlmﬁlhlnmdmmhlulmhﬁwtdbyIHMMof
§*C/min to 280°C,

The leotid

RESULTS

Cloning and sequence of the serotype 12 GPL biosynthesis
cluster, To isolate the serotype 12-specific GPL biosynthesis gene
cluster, a genomic cosmid library of an M. intracellulare serotype
12 strain, NF 103, was constructed. DNA was extracted from each
clone by boiling. Using colony PCR with rft4 primers, the positive
clone 161 was isolated from the E. coli transductants. Sequencing
analysis revealed that cosmid clone 161 carried the DNA region
from gifB to drC. Ten ORFs and one pseudogene other than gifB
and drrC were observed in the cluster (Table 1 and Fig. 2). The
genetic organization between the gifB and drrC genes (15.6 kb) of
M. intracellulare NF 103 (serotype 12) closely resembled that of

- Top

¢ Ry
v @@
0.0

+ Origin

12 34587 8810
NFOZ7  NF 112

é}"‘ﬁé’fﬂd’f

FIG. 3, TLC of alkaline-stable lipids derived from M. in-
tracellulare scrolype 7 transformants. GPL 7 and GPL 12 were purified
from M. intracellulare serotype 7 strain ATCC 35847 (NF 027) and

here has been deposited in the NCBI GenBank datab Uﬂdﬂ. i lnm-

ype 12 strain ATCC 35762 (NF103). TLC was developed with a

ber AB353739,

system of chloroform-methanol-water (65:25:4 [volivolivol]).
Circled spots indicate prominent GPLs.
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FIG. 5. Fragment patterns of MALDI-TOF/TOF MS spectra of OSEs in GPLs derived from M. intracellulare serotype 7, serotype 12, and

serotype 7 transformants. The MALDI- TOI-;’I‘OI’-‘ MSspu:mwrc acquired using 10 mg/ml 2,5-dihydroxy
d as [M + Na]* in lift-lift mode. The assigned fragment pat

[vol.lwl])nlhe matrix; the molecularly rel
are depicted. a.u., absorbance units,

d ions were

mants were assigned as listed in Table 2. Altogether, the func-
tions of the two genes were defined. The orfd product transfers
a methyl group to the C-4 position of Rha next to the terminal
sugar, and the orfB product transfers a methyl group to the C-3
position of the terminal sugar (Fig. 7). The results demon-
strated that GPL 7 in the serotype 7 strain was changed com-
pletely to GPL 12 by introduction of the orfA-orfB gene cluster.

DISCUSSION

Nontuberculous mycobacteria, including the pathogenic spe-
cies belonging to the MAC, have serotype-specific GPLs that
are important components of the outer layer of the lipid-rich
cell walls (5). Structural analyses of some serotype-specific
GPLs derived from predominant clinical isolates have been

c acid in ethanol-water (3:7

reported (20). We recently determined the complete structure
of serotype 7 GPL and the nucleotide sequence of the serotype
7-specific GPL biosynthesis cluster (10). In this cluster, Orfs 1,
3, and 9 might engender transfer of the two molecules of L-Rha
and the terminal Hex of serotype 7 GPL (10). Orfs 4, 5, 7, and
8 are homologous to an aminotransferase, a carbamoyl phos-
phate synthase protein, a metallophosphoesterase, and an acyl-
transferase, respectively, md possibly relate to the biosynthesis
of 2’-hydroxyprof lamido in the terminal Hex. Based on
analysis of sequence homology these ORFs are probably re-
sponsible for the glycosylation of serotype 7 GPL. Serotype 12
GPL has a similar structure to that of serotype 7 GPL, except
for O methylation (Fig. 1). In the present study, we cloned the
serotype 12 GPL biosynthesis cluster and analyzed its se-
quence. Although the genetic organization of the gtfB-to-dmC
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FI1G. 7. Synthesis of Q-methyl groups specific for GPL 7 and GPL 12 in the terminal disaccharide. The structures asterisked in the figure were
nol detected in this study. Serotype 12-specific O methylations and ORFs responsible for their syntheses are indicated by black arrows.

indicating that these two ORFs were responsible for producing
the serotype 12-specific structure. The TLC patterns showed
that the migration of GPL 7-orfB was different from that of
GPL 7, although the MS data showed that they had the same
molecular weight and the same number of methyl groups. A
possible explanation for this is that a difference in the position
of O methylation could influence hydrogen bond formation
and the polarity of the whole molecule and consequently result
in a different TLC migration pattern. GPL 7-orfB had an
O-methyl group at C-3 but not at C-2 in the terminal Hex,
indicating that the reaction of O methylation at C-2 by the
2-O-methyltransferase in serotype 7 is strongly inhibited by
O-methylation at C-3, In addition, NF 027 transformed with
orfA produced a trace of serotype 7-specifc GPL (Fig. 3, lane
4), and NF 027 transformed with orf4 and orfB produced only
serotype 12 GPL (Fig. 3, lane 6), suggesting that O methylation
at C-2 in the terminal Hex might hinder the reaction of O
methylation at C-4 in Rha next to the terminal Hex or that O
methylation at C-3 in the terminal Hex might promote the
reaction of O methylation at C-4 in Rha.

Because it is not likely that M. intracellulare serotypes 7 and
12 independently acquired different methyltransferase genes in
the same genetic location between orfl and orf3, the common
ancestor for these two serotypes possibly had all three genes
and activated them as the occasion demanded. However, our
results showed that reactions of O methylation at C-3 and C-2

in the terminal Hex were competitive (Fig. 3, lane 5, and Table
2). Tsang et al. (26) reported that the frequency of isolation of
MAC organisms from AIDS or non-AIDS patients varied
among serotypes and that M. intracellulare serotype 12 was
isolated more often than serotype 7. These two serotypes of M.
intracellulare might have evolved to adapt to certain environ-
ments by losing orf2 or orfA-orfB.

Actually, GPLs are among the immunogenic molecules of
the MAC. Tassel et al. reported that the core GPL seems to
play a role in suppression of a mitogen-induced blastogenic
response of spleen cells (25); furthermore, our previous study
showed that sera of patients with MAC disease contain anti-
bodies against GPLs and that the antibody level reficcts dis-
case activity (17). In addition, the immunomodulating activity
of GPLs on macrophage functions is serotype dependent (13,
24). Elucidation of the structure-activity relationship of GPLs
is necessary to better understand the pathogenesis of MAC
infection.
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Mycobacterium avium-Mycobacterium intracellulare complex (MAC) is the most common 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-0-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-i-hexose-
(1—3)-4-0-methyl-a-L-rhamnose-(1—3)-a-L-rhamnose-(1 —3)-a-L-rhamnose-(1—2)-6-deoxy-x-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 The cell envelope of mycobacteria is a complex and unusual
due to nontuberculous mycobacteria (NTM), are still among  structure. The key feature of this structure is an extraordinarily
the most serious infectious discases in the world. The incidence high lipid concentration (6, 10). To better understand the
is increasing because of the spread of drug-resistant mycobac- pathogenesis of MAC infection, it is necessary to clucidate the
teria and the human immunodeficiency virus (HIV) infection/  molecular structure and biochemical features of the lipid com-
AIDS epidemic (16, 17, 30). Mycobacterium avium-Mycobacte- ponents. Among MAC lipids, the glycopeptidolipid (GPL) is of
rium intracellulare complex (MAC) is the most common among particular importance, because it shows not only serotype-
isolates of NTM and is distributed ubiquitously in the environ- specific antigenicity but also immunomodulatory activities in
man_MAC causes puln_'mnary and extrapulmonary diseases in the host immune responses (2, 9, 23). Structurally, GPLs are
both immunocompromised and competent hosts. It compoged of two parts, a tetrapeptide-amino alcohol core and
?ﬂ’ﬂ:ls primarily patients with advanced HIV infection, MAC a variable oligosaccharide (OSE). Cy-Ca, fatty acyl-n-phenyl-
llm:ludes at least two mycobacterial species, M. avium and M. 100 b onn threonine-p-alanine-L-alaninol (p-Phe-p-aflo-Thr-
wfn.-nc:ffuhm.. that cannot be dllﬂ'er:nllated on the basis of tra- p-Ala-L-alaninol) is further linked with 6-deoxy talose (6-d-Tal)
ditional physical and biochemical tests (1, 41). and 3,4-di-O-methyl rhamnose (3,4-di-O-Me-Rha) at p-alio-

Thr and the terminal L-alaninol, respectively. This type of core
" * Corresponding author, Mailing address: Department of Host De-  ‘GPL s found in all subspecies of MAC, shows a common
fense, Osaka City University Graduate School of Medicine, 1-4-3 antigenicity, and is further glycosylated at 6-d-Tal to form a
Asahi-machi, Abeno-ku, Osaka 545-8585, Japan. Phone: B1 6 6645  serotype-specific OSE.

3746. Fax: B1 6 6645 3747. E-mail: fujiwara@med.osaka-cuac.jp. s - :
t Supplemental matenal for this article may be found at htip/fjb g Al_prescnt. 31, distinct serolype spulfli.: GPLs have been
.asm.org/. identified serologically and chromatographically (9). Although
¥ Published ahead of print on 7 March 2008, 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 patients, 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-
pathogeniaity 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. imrracellulare serotype 16 strain
ATCC 139507 (NF 115) was purchased from the Ameri

J. BACTERIOL.

GC and GC-MS of carbohyd and N-acylated short-chain fatty
acid. To determine the glycosyl comg and linkage p gas chroma-
tography (GC) and GC-MS analyses ofpmull;r methylated alditol acetale de-
rivatives were perf J. Perd: was conducted by the modified
P | uf:‘ k i as described ty (18, 20). Briefly, the dricd OSE
was dissolved with a mi of dimethyl sulfoxide and sodium hydroxide, and
deuteromethyl jodide was added. The resction mixture was stirred at room
temperature for 15 min and then water and chloroform were added. The chlo-
roform-containing perdeulemmalnyllwd OSE layer was collected, washed with
water two times, and then compl P d I’-rmlly hylated
aiditol acetates were prepared from p hylated OSE by hydrolysi
with 2 N trifluoroscetic acid at 120°C for 2 h, reduction with 10 mg/m! sodium
borodeutenide at 25°C for 2 b, and with acetic anhydride ar 100°C for
1 h (8 18, 25). To identify amino-linked fatty acids, acidic rn::hlnulym n!
serotype 16 GPL was performed with 1.25 M hydrog hil in
(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 & 5890 series 11 gas chromatograph (Hewlett Packard, Avondale, PA)
equipped with a fused SPB-1 capillary column (30 m, 0.25-mm inner diameter;
Supelco Inc.. Bellefonte, PA). Helium was used for electron impact (EI}-MS and

b for chemical ionization (CI)-MS &s a carrier gas. A JMS SX102A
double-focusing mass (JTEOL, Tokyo, Japan) was connected to the
gas chmmllns:laph s n mass detector. The molecular separator and the jon
source energy were 70 ¢V for El and 30 eV for C1, and the mlcnlins \'l:lltl.ge

lection (Manassas, VA). Three clinical isolates of M. fhal, 16

Type Culture Col- was 8 kV. The p and o of Rha residues were d by
Vi c ive GC-MS analysis of hylsilylated (S)-(+)-sec-butyl glycosides
and (R)-(~)sec-butyl glycosides prepared from an i L-Rha

(NF 116 and 117) and M. avium serotype | (NF 113) were maintained in The
Research Institute of Tuberculosis, Japan Anti-Tuberculosis Association. The

of GPL was f d as described previously (18, 24, 26). Briefly,
:m‘:ll strain of M. bum:dev serotype 16 was grown in Middlebrook THS broth
(Difeo lem'llcncs. Detroit, MI) with 0.5% glycerol and 10% Middiebrook
oleic acid-albumi ich (Difco) at 37°C for 2 1o 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, alkaline-stable lipids were partitioned by a
two-layer system of chloroform-methanol (2:1, wI.M:I} and water. The organic

phase was recovered, evap d, and p ',‘ d with to remove any
AN, ; containing phospholipids and glycolipids. The
was col d by ifugation, dried, and then treated with a

Sep-Pak silica dge (Waters Corp Milford, MA) with washing (chlo-
roform-methanol, 95:5, volivol) and elution (chloroform-methanol, 1:1, volivol)
for partial purification. GPL was completely purified by preparative thin-layer
chromatography (TLC) of Silica Gel G (20 by 20 em, 250 wm; Uniplate; Anal-
tech, Inc., Newark, DE), The TLC plate was repeatedly developed with chloro-
form-methanol-water (65:25:4 and 60:16:2, volivolivol) until & single spot was
obtained. After exposure of the TLC plate to iodine vapor, the 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, el of GPL was perf d with alkali
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 hydride or t j ide in 0.5 N sodium
hydroxide was added and then stirred at 60°C for 16 h. The reaction mixture was
decationized with Dowex S0W-X8 beads (Dow Chemical Company. Midland,
MI), collected, and evap d under nitrogen to boric acid. The
dried residue was partitioned in two layers of chloroform-methanol (2:1,
vol/vol) and water. The upper aqueous phase was recovered and evaporated.
In these processes, the serotype 16-specific OSE was purified as an oligogly-
cosyl alditol.

MALDI-TOF and MALIN-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 11 (Bruker
Daltonics, Billerica, MA). The GPL was dissolved in chlorofi hanol (2:1,
volivol) at a concentration of 1| mg/ml, and | pl was applied directly to the sampie

(19).
NMR analysis of GPL. The GPL was dissolved in chloroform-d (CDCly)-
methanol-d, (CD,0D) (2:1, volivol). To define the anomeric configurations of
each glycosyl residue, 'H and '*C nud:.lr magnetic resonance (NMR) was
loyed. Both b Jear ry (COSY) and 'H-de-
tected I'H, C] ¢ {ear multi lation (HMQC) were
recorded wnh a Bruker Avance-600 (Btuln:r BioSpin Corp.. Billerica, MA), as
described previously (9. 18, 24, 34)
C of M. tHuuls
of M. i flulare serotype 16 st

type 16 cosmid library. A cosmid library
in ATCC 1 SOS(IT was constructed as described

previously (18). Bacterial cells were disru hanically, and genomic DNA
wis J with phenol-chloroform and then p d with cthanol.
G ic DNA randomly sh d into 30- 1o 50-kb fragments in the extraction

process was fi i and el luted from agar gels using a Takara
Recochip (Takara, Kyow Japan), These DNA t‘rl;m:nls were rendered blunt
ended using T4 DNA p and d wide triphosph and then
were ligated 1o depholpbnrymed arms of pYUBd:IZ (Xbal- -EcoRY and EcoRV-
Xbal), which were the kind gifis of William R. Jacobs, Jr. (Department of
Microbiology and Immunology, Albert Einstein College of Medicine. Bronx,
NY). The cosmid vector pYUB412 is an Escherichia coli-Mycobactenum shuttle
vector with the inr-anP sequence for integration imo a mycobacterial chromo-
some, oriE for replication in E. coli, a hygromycin resisiance gene, and an
ampicillin resistance gene. After in viro packaging using Gigapack m Gu!d
extracts (Stratagene, La Jolla, CA), rec i ids were duced into
E. coli STBL2 [F~ merd A{mcrBC-hsdRMS-mrr) recAl endAl lon gyrA96 thi
supEdd relA] | A(lac-praAR)| and stored at —B0PC 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-ml wbe containing 50 ul of water, and then
heated at 98°C for 5 min. Afier cemtrifugation at 14,000 rpm for 5 min, the
supernatant was used as the PCR template. PCR was used to isolate cosmid
clones carrying the rh Itransferase (rfA) gene with primers rifA-F (5T
TTTGGAGCGACGAGTTCATC-¥') and nfA-R (5-GTGTAGTTGACCACG
COGAC-Y'). nf4 encodes 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 sequencing kit (Applied Biosysiems,

plate, and then 1 ul of 10 mg/ml 2.5-dihydroxyt ic acid in

methanol {1:1, volivol) was added as a matrix. The intact GPL was Iyzed in
the reflectron mode with an lerating 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, volivol), and the
matrix was 10 mg/ml 2.5-dihydroxybenzoic acid in ethanol-water (3:7, volivol).
The OSE and the matrix were applied 1o the sample plate according to the
method for intact GPL and analyzed in the lift-lift mode.

Fciler C-ly. CA) and an ABI Prism 310 gene analyzer (Applied Biosy ). The
hlorof p ion of each open reading frame (ORF) was identified by similarity
hes b the deduced amino acid and known proteins using

BLAST (hitp:/fwww.nebi.nim.nih gov/BLAST/) and FramePlot {hnp </ fwww nih
go )p.f-lun.frp bm}[rameploi pl) with the DNASIS computer program (Hitachi
ing. Yokob Japan).
Transformation of M. avium serotype 1 strain with cosmid clone no, 253. An
M. avium serotype | strain (NFIIS] was transformed with pYUB412-cosmid
clone no. 253 by electrop and b in-resistant colonies were iso-




VoL 190, 2008

(A) CMH,0;80:16:2 C/MM,0, 85254 (B)

STRUCTURE AND BIOSYNTHESIS OF SEROTYPE 16 GPL 3615

?‘1“ Ty T
2 GPL16 (ATCC 13950
- 1e [M“Nlr m 1
-]
e B :
as g & 5
= ' . I i ¥ 3
8z g z I ] H
- o0 Sl i —
3 4 i GPL1B (NF118)
.. ! -
TRILEY T’ .
PP
s w
4 200
f‘ f./‘f. C o GPL18 (NF117)
= 005
P
3000
§ e 3
Ongin-+ +Origin 100t g
1 i, e e
2o - R . a0 00 il het 000 020 040 080 ki

FIG. 1. TLC patterns and MALDI-TOF MS spectra of serotype 16 GPL. (A) Serotype 16 GPL purified from M. intracellulare ATCC 139507
(NF 115) and the alkaline-stable lipids denved from ATCC 13950" and two clinical isolates (NF 116 and 117) from left to nght were developed
on TLC plates with solvent systems of chloroform-methanol-water (65:25:4 and 60:16:2, volivolivol). (B) The MALDI-TOF MS specira were
acquired using 10 mg/ml 2,5-dihydroxybenzoic acid in chloroform-methanol (1:1, volivol) 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 prod GPLs were ined
by TLC and MALDI-TOF MS analyses.

Nast The ide seq .
here has been deposited in the NCBI GenBank d; under on no.
AB355138.

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 (.35 and 0.56
when developed with chloroform-methanol-water (60;16:2 and
65:25:4, volivolivol, 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 13950". The serotype 16 GPL of M. intra-
cellulare strain ATCC 13950 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, 4-0-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,
miz 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
([M]"), 145 ([M-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-
parnison to the GC spectrum of serotype 4 GPL shows that serotype 16
GPL 15 composed of 3,4-di-0-Me-Rha, 4-0-Me-Rha, Rha, 6-d-Tal,
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-rhamnitol (m/z 121, 134, 205, 240, and
253); 2-O-deuteromethyl-4-O-methyl-1,3,5-tri-O-acetyl-rham-
nitol (m/z 121, 131, 202, and 237); and 2,4-di-O-deuteromethyl-
1,5-di-O-acetyl-3-2'-methyl-3'-0-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-TOF/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 1 absolute configuration by com-
parative GC-MS analyses of trimethylsilylated (5)-(+)-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)-4-0-Me-Rha-(1—3)-L.-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 54.93, 4,92, 492, 484,465 (J,, = 2 10
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 specira 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.

'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 B 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. intraceliulare serotype 16 strain
ATCC 13950" was constructed. Primers were designed to am-
plify the region corresponding to the rf4 gene. More than 300
cosmid clones were tested using colony PCR with rif4 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
gtfB-drr(C region. The 22.9-kb region of M. intracellulare sero-
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type 16 ATCC 13950" 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 B3.7% DNA identities with those of M.
intracellulare serotype 7 ATCC 35847, respectively. In the
DNA region berween gifi 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 13950" 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

gl e ki
3 el

itol (D).

possibility that the functions of ORF 3 and ORF 6 are 10
encode methyltransferase and aminotransferase, respectively.
The deduced amino acid sequences of ORF 4 and ORF 5
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 glycosyltransferases. 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 1o 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-




