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nucleosomes (Fig. 4B). These results clearly indicated that
z-VAD-fmk inhibited the apoptotic process induced by infec-
tion with H37Rv. On the other hand, though the infected cells
were not stained with PI for 2 days after infection, irrespective
of z-VAD-fmk treatment, the fluorescence intensities in both
groups increased at day 4 postinfection (Fig. 4C and D). In the
absence of z-VAD-fmk treatment, cells were stained interme-
diately with PI and could be divided into two populations based
on fluorescence intensity. Since the number of cells expressing
the brighter fluorescence reached 32.2% of the total number of
cells and 32% of the infected cells exhibited necrotic morphol-
ogies (Fig. 3), it seemed that the cells stained highly with PI
represented the cells undergoing necrosis. On the other hand,
most of the z-VAD-fmk-treated cells were stained strongly
with PI 4 days after infection, while z-FA-fmk treatment did
not increase the number of damaged cells in the population
(Fig. 4E). Pl-stained cells were never observed in noninfected
cells treated with z-VAD-fmk alone (Fig. 4F). In addition,
z-VAD-fmk treatment caused a lower but a significant level of
LDH release from the infected cells 2 days after infection, and
the release was dramatically enhanced on day 4. Again, there
was no LDH release at all from the cells treated with z-VAD-
fmk alone even after 4 days in the absence of M. tuberculosis
infection (Fig. 4G). Furthermore, z-FA-fmk treatment did not
induce LDH release from the infected cells. These results
strongly suggested that H37Rv induced the activation of
caspases, resulting in not only the induction of apoptosis but
also the inhibition of necrosis of infected cells.

Involvement of ROS accumulation in z-VAD-fmk-induced
necrosis of infected cells. Vercammen et al. have shown that
1.929 fibrosarcoma cells treated with z-VAD-fmk rapidly died
from necrosis after treatment with TNF-a. Necrotic cell death
was induced also by overexpression of cytokine response mod-
ifier A (CrmA), a serpin-like caspase inhibitor (12, 32). In
these reports, they indicated that the necrosis was provoked by
ROS that was generated by inhibition of caspases. Since
H37Rv infection induced severe necrosis of infected cells when
the cells were treated with a caspase inhibitor, we examined
whether z-VAD-fmk treatment triggers ROS generation in
H37Rv-infected cells by using DCFH-DA, a fluorescent detec-
tor of ROS. RAW 264 cells were infected with H37Rv for 2
days in the presence or absence of z-VAD-fmk and treated
with DCFH-DA for 15 min. The fluorescence of DCFH emit-
ted in cytoplasm after oxidization by ROS was measured by
FACSCalibur. The fiuorescence intensity of the infected cells
was increased significantly by treatment with z-VAD-fmk (Fig.
5A). However, enhancement of fluorescence was diminished
by addition of BHA, a scavenger of ROS generated intracel-
lularly, indicating that z-VAD-fmk treatment induced the gen-
eration of ROS in the infected cells (Fig. 5B). We further
found that BHA treatment suppressed the z-VAD-fmk-in-
duced necrosis of H37Rv-infected cells, because both the flu-
orescence intensity of the PI-stained cells and the LDH release
from the cells were decreased markedly by BHA (Fig. 5C and
D). In addition, though treatment with z-VAD-fmk inhibited
the intracellular growth of H37Rv, the inhibitory activity was
cancelled appreciably by treatment with BHA (Fig. 5E). Fur-
thermore, our data showed that the low level of intracellular
ROS that was generated by H37Rv alone did not affect the
bacterial growth, because BHA treatment did not influence the
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FIG. 5. Involvement of intracellular ROS accumulation in induc-
tion of necrosis and inhibition of intracellular bacterial growth.
(A) RAW 264 cells were infected with H37Rv and cultured for 2 days
in the presence or absence of z-VAD-fmk. Cells were treated with 5
uM DCFH-DA, and the fluorescence intensity of the oxidized DCFH
was measured. (B) RAW 264 cells were infected and cultured for 2
days with or without z-VAD-fmk and an antioxidant reagent, BHA (25
uM). The cells were treated with DCFH-DA, and fluorescence inten-
sity was measured. (C) Two days after infection, the cells were col-
lected and cell permeability to PI was measured. (D) RAW 264 cells
were infected and cultured for 4 days. The culture supernatant was
collected, and the LDH activity was measured. (E) RAW 264 cells
were infected and cultured for 7 days with or without z-VAD-fmk and
BHA. The cells were lysed, and the number of intracellular bacteria
was determined. Data represent the means * standard deviations for
triplicate assays and are representative of three independent experi-
ments. *, P < 0.05.

intracellular bacterial number. These results indicated that in-
hibition of caspase activities by z-VAD-fmk induced the high
level of ROS generation in the cytoplasm of H37Rv-infected
cells. The intracellular ROS appeared to contribute to the
induction of necrosis and the arrest of intracellular growth of
H37Rv.

Critical involvement of caspase-9 in the inhibition of necro-
sis. Because z-VAD-fmk is a broad-spectrum caspase inhibitor
capable of inhibiting the activity of caspases in general (23, 27),
we next tried to identify the particular caspase involved in
the inhibition of necrosis of infected cells. To address this
point, we employed specific inhibitors for caspase-1, caspase-2,
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FIG. 6. Effects of inhibitors (120 wM) for caspase-1, -2, -3, -8, and
-9 on induction of necrosis and intracellular bacterial growth. RAW
264 cells were infected with H37Rv and incubated with or without
inhibitors specific for caspase-1 (A), caspase-2 (B), caspase-3 (C),
caspase-8 (D), or caspase-9 (E). After 3 days of cultivation, membrane
permeability was assessed by PI staining. (F) The caspase-9 inhibitor
does not affect membrane permeability. (G) RAW 264 cells were
infected and cultured for 2 days with or without z-LEHD-fmk, and the
cells were stained with DCFH-DA and measured for fluorescence
derived from oxidized DCFH. (H) RAW 264 cells were infected and
cultured for 2 days with or without z-LEHD-fmk. Caspase-9 activity
was measured by a Caspase-Glo assay. (I) Seven days after infection
and cultivation with z-LEHD-fmk, the number of intracellular bacteria
was determined by a CFU assay. Data represent the means * standard
deviations for triplicate assays and are representative of three inde-
pendent experiments. *, P < 0.05. RLU, relative light units.

caspase-3, caspase-8, and caspase-9 (10, 17, 31) instead of
z-VAD-fmk and determined the effect of each inhibitor on
necrosis of H37Rv-infected cells by measuring membrane
permeability. Although inhibitors of caspase-1, caspase-2,
caspase-3, and caspase-8 did not change the Pl-staining pattern
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FIG. 7. Effects of caspase inhibitors on necrosis of H37Rv-infected
macrophages and intracellular growth of bacteria. Peritoneal exudate
macrophages were infected with H37Rv at an MOI of 5 in the presence
or absence of caspase inhibitors. (A) Culture supernatants were col-
lected 1 day after infection, and LDH activity was assayed. (B) Cells
were infected with H37Rv and incubated for 7 days in the presence or
absence of caspase inhibitors. The number of intracellular bacteria was
determined by a CFU assay. Data represent the means * standard
deviations for triplicate assays and are representative of three inde-

pendent experiments. *, P < 0.05.

of the infected cells (Fig. 6A to D), only the caspase-9 inhibitor
(z-LEHD-fmk) enhanced the fluorescence intensity (Fig. 6E).
The inhibitor itself did not affect the membrane permeability
(Fig. 6F). Furthermore, we found that z-LEHD-fmk enhanced
the fluorescence intensity of oxidized DCFH in the infected
cells (Fig. 6G) and inhibited the intracellular growth of H37Rv
(Fig. 61). Activation of caspase-9 in H37Rv-infected cells was
significantly abolished in the presence of z-LEHD-fmk (Fig.
6H). These results suggested that caspase-9 which was acti-
vated by H37Rv infection contributed to the inhibition of ne-
crosis through regulation of intracellular ROS generation.
Detection of caspase-9-dependent inhibition of bacterial -
growth and necrosis in peritoneal macrophages. To analyze
whether caspase-9-dependent inhibition of necrosis is a gen-
eral intracellular event after H37Rv infection, we infected thio-
glycolate-induced peritoneal macrophages with H37Rv in the
presence or absence of z-VAD-fmk or z-LEHD-fmk and mea-
sured LDH release. Similar to H37Rv infection in RAW 264
cells, H37Rv induced only a low level of LDH release from the
infected macrophages and z-FA-fmk did not augment the re-
sponse (Fig. 7A). However, treatment with z-VAD-fmk and
z-LEHD-fmk caused a high level of LDH release from the
infected macrophages compared to treatment with caspase
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inhibitor alone or H37Rv infection without treatment with
these inhibitors (Fig. 7A). In addition, we found that treatment
with z-VAD-fmk or z-LEHD-fmk significantly reduced the in-
tracellular number of bacteria (Fig. 7B). These data are con-
sistent with those obtained from RAW 264 cells, suggesting
that caspase-9 generally contributes to inhibition of necrosis in
macrophages after M. tuberculosis infection.

Difference between the abilities of H37Rv and H37Ra to
induce necrosis and apoptosis and activate caspase-9. We next
investigated the abilities of H37Rv and H37Ra in induction of
apoptosis and necrosis and activation of caspase in RAW 264
cells to determine whether H37Rv-induced responses are as-
sociated with the virulence of M. berculosis. Two days after
infection, H37Rv induced LDH release from the infected cells
while such a level of LDH release was not detected in the
supernatant of cells infected with H37Ra (Fig. 8A). In con-
trast, a significant number of oligonucleosomes was detected in
the lysate of H37Ra-infected cells, which was higher than that
in the H37Rv-infected cells (Fig. 8B). In addition, we found
that H37Ra induced a higher level of caspase-3/7 and
caspase-8 activation than H37Rv. These results indicated that
H37Rv but not H37Ra caused. necrosis of RAW 264 cells and
that H37Ra had a higher ability in induction of apoptosis than
H37Rv. In this experimental model, as described formerly,
H37Rv induced a high level of LDH release from the cells
cultured in the presence of z-VAD-fmk, while H37Ra caused
only a moderate level of LDH release (Fig. 8A). In contrast to
the strong activities of caspase-9 and the active caspase-9 frag-
ment in the lysate of H37Rv-infected cells (Fig. 8C and D),
H37Ra could not induce such levels of caspase-9 activation.
The amount of the active form of caspase-9 detected in H37Ra
infection was smaller than that induced by H37Rv infection
(Fig. 8C and D). It may be suggested that virulent M. tubercu-
losis has the ability to cause necrosis of the infected macro-
phages but, at the same time, is capable of activating caspase-9
in order to evade immediate necrotic cell death after infection
in host cells where M. tuberculosis must reside for a longer
period.

DISCUSSION

In the present study, we showed that H37Rv induced the
activation of various caspases and that some of the infected
cells underwent apoptosis 2 days after infection. Our initial
presumption was, therefore, that the addition of the broad-
spectrum caspase inhibitor z-VAD-fmk might simply block the
apoptosis of RAW 264 cells infected with H37Rv and facilitate
the bacterial growth inside. Indeed, generation of oligonucleo-
somes, which is a representative parameter for apoptosis, was
significantly inhibited by the addition of z-VAD-fmk. To our
surprise, however, the treatment instead caused necrosis in a
very high proportion of the infected cells. These results
strongly suggested that some caspases contribute to the inhi-
bition of necrosis of RAW 264 cells induced by H37Rv infec-
tion. By using a panel of inhibitors specific for each caspase, we
were able to find that caspase-9 is responsible for such an effect
through inhibition of intracellular ROS generation. The less
virulent strain H37Ra hardly induced caspase-9 activation, and
necrosis of infected cells could not be observed even in the
presence of ‘z-VAD-fmk. It was suggested that caspase-9-de-
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FIG. 8. Differences between the abilities of the M. tuberculosis
H37Rv and H37Ra strains to induce apoptosis, necrosis, and caspase
activation in RAW 264 cells. RAW 264 cells were infected with H37Rv
or H37Ra at an MOI of 5 in the presence or absence of z-VAD-fmk.
(A) The culture supernatant was collected 4 days later, and LDH
activity was measured. Two days after cultivation, cells were lysed and
the DNA ladder was detected by agarose gel electrophoresis (B) and
caspase activities were measured by a Caspase-Glo assay (C). (D) The
cell lysate was applied on a sodium dodecyl suifate-polyacrylamide gel
electrophoresis gel, and the amount of active form of caspase-9 was
analyzed by Western blotting with caspase-9-specific antibody. The
relative intensities of the bands are indicated in the lower graph. Data
represent the means * standard deviations for triplicate assays and are
representative of three independent experiments. *, P < 0.05.
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pendent inhibition of necrosis is related to the virulence of M.
tuberculosis.

Based on our preliminary study, we selected concentrations
of caspase inhibitors suitable for suppression of caspase activ-
ities. Schaible et al. used the caspase inhibitor z-VAD-fmk at
the same concentration for their investigation (25). Although
the appropriate concentration might be high, it might not be
high, and it probably differs on the basis of experimental con-
ditions. In the presence of a broad-spectrum caspase inhibitor
or caspase-9-specific inhibitor, the growth of H37Rv was lim-
ited in RAW 264 cells that underwent necrosis. The current
consensus is that apoptosis of macrophages results in the lim-
itation of intracellular survival of M. tuberculosis but that ne-
crosis does not affect the intracellular bacteria and helps M.
tuberculosis in dissemination to other macrophages. Recent
evidence further demonstrates that virulent M. tuberculosis
possesses some inhibitory mechanisms of apoptosis that can be
easily induced by less virulent strains (6, 15). In the present
experiments, using RAW 264 cells, we observed that H37Ra
induced a higher level of DNA fragmentation than H37Rv. In
contrast, H37Rv infection caused a significant level of LDH
release whereas H37Ra hardly induced LDH release during
the initial period of infection. These results are consistent with
observations published elsewhere (6, 15). In addition, we
found that intracellular growth was inhibited in RAW 264 cells
in which severe apoptosis was induced by treatment with acti-
nomycin D (data not shown). As shown here, z-VAD-fmk and
z-LEHD-fmk treatment caused severe necrosis of infected
cells and the magnitude of necrosis was markedly different
from that induced by H37Rv infection alone. It appears that
induction of an excessive level of necrosis or apoptosis may
eliminate the favorable niche for bacterial growth, resulting in
the inhibition of bacterial multiplication in host cells. Our
finding is not against the consensus, and we believe that this
study could give insight into the role of caspase-9 in the fate of
intracellular M. tuberculosis. Although the present data did not
reveal whether necrosis of the infected macrophages affected
bacterial replication in vivo, it has been reported that uncon-
trolled mycobacterial growth was observed in necrotic regions
in the lungs of sst1° mice and TNF-a or gamma interferon
knockout mice (4, 8, 11, 19, 24). Because activation of the
necrosis pathway may allow acceleration of bacterial growth
and exacerbation of mycobacterial infection, the caspase-9-
dependent necrosis inhibition that was presented in this study
may be of additional importance in host defense against infec-
tion with virulent M. tuberculosis.

It has been shown that several kinds of caspase species
contribute to inhibition of necrosis (18). Vercammen et al.
have reported that TNF-a-stimulated L929 cells undergo ne-
crosis when the cells are treated with a caspase inhibitor. They
suggested that caspase-1 and caspase-3 might play a role in the
inhibition of both ROS generation and necrosis (12, 31). On
the other hand, other reports have shown that interaction of
FasL and Fas induces necrosis if caspase-8 is inhibited (13, 17,
31). It is reported that caspase-8 inhibits necrosis by inhibition
of binding of receptor-interacting protein to the death domain
of the Fas receptor (13). In the present study, using M. tuber-
culosis infection in vitro, we found that caspase-9, but not
caspase-1, -3, or -8, exerted a critical role in the inhibition of
necrosis. Since there were differences in the requirements of
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particular caspases to inhibit necrosis of infected cells, it ap-
peared that distinctive signal pathways were activated. One
possible interpretation for the caspase-9-dependent inhibition
of necrosis is that caspase-9 contributes to stabilization of the
mitochondrial membrane and inhibition of ROS production
from mitochondria. It has been shown that an excessive gen-
eration of ROS was induced from mitochondria in L929 cells
after stimulation with TNF-a in the presence of an inhibitor
for caspase-1 or caspase-3 (12, 31). Matsumura et al. have
shown that a reduction of mitochondrial transmembrane po-
tential (Aym) was observed in JmF cells treated with FasL and
z-VAD-fmk (17) and that pyrrolidine dithiocarbamate, a
metallo chelator and antioxidant, efficiently inhibited FasL-
induced necrosis. Our preliminary study also showed that z-
VAD-fmk treatment caused a reduction of Aym in H37Rv-
infected cells (data not shown). Since the intracellular
concentration of ROS was increased when cells were infected
with H37Rv in the presence of the caspase-9 inhibitor, caspase-9
might contribute to the inhibition of mitochondrial membrane
damage. Further studies are needed to determine the precise
mechanism.

It has been reported that various bacterial components are
involved in apoptosis induction in cells infected with M. tuber-
culosis. There are several reports showing that 19-kDa lipopro-
tein and lipomannan derived from M. tuberculosis induced the
apoptosis of macrophages or neutrophils (1, 5, 6, 9, 16). It was
also reported that TNF-a was produced after infection with M.
tuberculosis and caused apoptosis of macrophages (2, 22). On
the other hand, other reports demonstrated that M. tuberculo-
sis possesses an activity inhibiting apoptosis induction. Sly et al.
showed that H37Rv had a weaker activity in induction of apop-
tosis than the attenuated H37Ra strain, and this was due to
up-regulation of antiapoptotic gene expression in H37Rv-in-
fected cells (28). Because the intracellular growth of H37Ra in
RAW 264 cells was limited compared to that of H37Rv (data
not shown), it is possible that activation of the inhibitory pro-
cess facilitates the intracellular replication of H37Rv. On the
other hand, H37Rv caused necrosis when infected cells were
treated with the caspase-9 inhibitor. However, H37Ra hardly
induced necrosis of cells treated with the inhibitor. Further-
more, we found that caspase-9 was not activated by infection
with the attenuated H37Ra strain. Hsu et al. have shown that
a mutant strain of H37Rv which is deficient for the RDI (re-
gion of difference 1) region is attenuated for virulence and
necrosis-inducing abilities (14). In addition, Park et al. have
shown that virulent clinical isolates of mycobacteria strongly
induced necrosis of infected macrophages (20). Taken to-
gether, these results and our findings suggest that necrosis-
inducing activity is associated with the virulence of M. tuber-
culosis and that caspase-9 activation is probably linked with
some mycobacterial virulence determinant.

In conclusion, our present study clearly demonstrated that
caspase-9 has a pivotal role in regulation of necrosis induced by
infection with H37Rv. We are now trying to address how
caspase-9 is activated and how the caspase inhibits necrosis of
infected cells. In addition, because necrosis induction appears
to be associated with the virulence of mycobacteria, further
analysis on the bacterial factor responsible for caspase-9 in-
duction may provide some novel insight for further under-
standing of host-M. berculosis interaction.
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Mycobacterfum tuberculosis, the causative agent of tuberculosis,
has two distingulshing characteristics: its ability to stain acld-fast
and its ability to cause long-term latent infections in humans.
Although this distinctive stalning characteristic has often been
attributed to its lipid-rich cell wall, the specific dye-retaining
components were not known. Here we report that targeted dele-
tion of kasB, one of two M. tuberculosis genes encoding distinct
B-ketoacyl- acyl carrier protein synthases involved In mycollc acid
synthesis, results in loss of acid-fast staining. Biochemical and
structural analyses revealed that the AkasB mutant strain synthe-
sized mycolates with shorter chain lengths. An additional and
unexpected outcome of kasB deletion was the loss of ketomycolic
acid trans-cyclopropanation and a drastic reduction in methoxy-
mycolic acid trans-cyclopropanation, activities usually associated
with the transcyclopropane synthase CmaA2. Although deletion
of kasB also markedly altered the colony morphology and abol-
Ished classic serpentine growth (cording), the most profound effect
of kasB deletion was the abllity of the mutant strain to persist in
Infected immunocompetent mice for up to 600 days without
causing disease or mortality. This long-term persistence of AkasB
represents a model for studying latent M. tuberculosis infections
and suggests that this attenuated strain may represent a valuable
vaccine candidate against tuberculosis.

mycolic acid | Ziehl-Neelsen stain | cording | persistence | FAS-II

he Ziehi-Neelsen stain-based microscopic detection of My-

cobacterium tuberculosis, which relies on the acid-fast at-
tribute of the tubercle bacillus, remains the cornerstone of
diagnosis of tuberculosis (TB), particularly in poor countries
where the infection is highly prevalent (1). This staining method
was developed by Zichl and Neelsen who improvised on the early
work of Koch, Rindfleisch, and Ehrlich (2-4). Acid-fastness has
been attributed to a number of mycobacterial cell wall compo-
nents, including outer lipids, arabinogalactan-bound mycolic
acids (MAs), and free hydroxyl and carboxylate groups of cell
wall lipids (5-7). The underlying theme in all of the proposed
mechanisms was the presence of a lipid-rich, hydrophobic barrier
that could be penetrated by phenol-based stains but was resistant
to decolorization by acid-alcohol. However, the precise molec-
ular component responsible for this unique staining property has
never been identified.

Early studies on the effects of isoniazid on the staining
characteristics of tubercle bacilli demonstrated a loss of acid-
fastness after growth in the presence of the antibiotic (8).
Because isoniazid was known to inhibit the synthesis of MAs, the
major class of lipids composing the cell wall of mycobacteria, this
result suggested that these molecules may be the components
responsible for the acid-fast staining characteristic and that
mutants defective in MA biosynthesis would be reasonable
candidates to study the phenomenon of acid-fastness. MAs are

www .pnas.org/cgl/doi/10.1073/pnas.0608654104

very-long-chain a-alkyl B-hydroxy fatty acids that are either
esterified to peptidoglycan-linked arabinogalactan or present as
a part of the interspersed glycolipid, trehalose dimycolate
(TDM) (9, 10). The long mero-MA chain is synthesized by a
multienzyme fatty acid synthase II complex (FASH) from acyl
carrier protein (ACP)-bound substrates that are elongated by
repetitive reductive cycles, the first step of which is catalyzed by
a B-ketoacyl-ACP synthase. In M. tuberculosis and other myco-
bacteria, two genes, kas4 and kasB, encode distinct FASII
B-ketoacyl-ACP synthases (11). Whereas kas4 is an essential

gene (12), kasB is not essential for normal mycobacterial growth-

in Mycobacterium marinum and Mycobacterium smegmatis (12,
13), suggesting that kasB might be an accessory gene that is not
essential for MA biosynthesis. Previous in vitro (14) and in vivo
(13) results had indicated that whereas KasA is involved in the
initial elongation of the mero chain, KasB might be responsible
for its extension to full-length mero-MAs.

Before this work, the effects of kasB deletion in M. tuberculosis
were unknown, and the role of KasB in pathogenesis had not
been investigated in an animal model of infection. In this work,
we have shown that the deletion of kasB caused alterations in
MAs that resulted in a loss of acid-fastness. Furthermore, the M.
tuberculosis AkasB mutant was analyzed after infections of both
immunocompromised and immunocompetent mice, which re-
vealed a marked attenuation of in vivo growth in the mutant that
led to a long-term persistent infection that resembled latent
tuberculosis. These results provide msights into the nature of the
clinically important feature of acid-fast staining in M. tubercu-
losis and are also relevant to understanding and modeling latent
tuberculosis.

Resuits

Deletion of kasB Caused a Change in Mycobacterial Colony Morphol-
ogy and Loss of Cording and Acid-Fastness. A specialized transduc-
ing phage, phAkasB, containing an allelic exchange substrate
designed to replace kasB with a hygromycin resistance cassette
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Fig. 1.

Generation of a M. tuberculosls kas8 mutant. (A) Map of the M. tuberculosis kasB region in WT and AkasB strains. [a-32P}dCTP-labeled probes were

derived from ~500-bp upstream and downstream flanking sequences that were used to construct the knockout plasmids, and they are indicated by thick lines
with square ends. The Pvuli-digested fragments expected in a Southern blot are indicated by gapped lines with sizes. (B) Southern blot of Pvull-digested genomic
DNA from WT and AkasB strains. Only one representative band pattem s shown for each mutant strain of H37Rv and CDC1551; res, y5-resolvase site; hyg,

hygromycin resistance gene.

(hyg), was transduced into two virulent M. muberculosis strains,
H37Rv (laboratory strain) and CDC1551 (clinical isolate).
Southern blot analysis of genomic DNA isolated from hygro-
mycin-resistant (HygR) colonies confirmed replacement of kasB
with hyg (Fig. 1). For further studies, we chose the kasB mutant
generated in the clinical strain CDC1551; the CDC1551 parental
strain, the AkasB mutant strain, and the complemented strain
will be referred to here as WT (wild-type), AkasB, and
AkasB(pMV261kasB), respectively. Deletion of kasB resulted in
a striking alteration in colony morphology, with the mutant
strain forming colonies much smaller than those of the parental
strain (Fig. 2). In addition, colonies of mutant strain appeared
to have a different surface texture. The smaller size of the
colonies was not the result of a slower growth rate because the
CDC1551 AkasB mutant had a doubling rate similar to that of its
parental strain when cultured in 7H9 broth (data not shown).
WT colony morphology could be restored in the AkasB mutant
upon introduction of kasB on a multicopy-replicating plasmid
(Fig. 2), indicating that the observed change was due solely to the
loss of KasB and not because of a polar effect on the expression
of accD6 located downstream from kasB. On the other hand, no
complementation was observed with a kas4-containing plasmid,
indicating that extra copies of kas4 could not compensate for the
loss of kasB (data not shown).

A change in colony morphology suggested an altered cell enve-
lope in the AkasB mutant, and a microscopic examination of
cultures grown in 7H9 broth showed that the AkasB mutant was
defective in cording, a classical serpentine growth (Fig 3). A change
in the cell wall composition was further confirmed by acid-fast

AkasB

AkasB{pMV261kasB)

Fig.2. Colonies of M. tuberculosis CDC1551 parental (WT), kasB null mutant
(AkasB), and complemented kas8 mutant [AkasB(pMV261kasB)] strains on
7H10 plates after incubation at 37°C for 4 weeks. (Scale bar, 2 mm.)

5138 | www.pnas.org/cgl/dol/10.1073/pnas.0608654104

staining of cultures by two different methods (Kinyoun stain or
TB-fluorescent stain), which revealed that the AkasB strain had lost
the ability to retain the primary stain after washing with the
acid-alcohol decolorizer (one staining method is shown in Fig. 3).
These results suggested that the change in morphology was likely
due to a change in the cell wall MA content and correlated well with
the increased sensitivity of the AkasB strain to the lipophilic
antibiotic rifampicin (data not shown). The mutant strain was also
more sensitive to the KasA/KasB inhibitor thiolactomycin [mini-
mum inhibitory concentration (MIC) <1 pg/mi] than the WT strain
(MIC = 5 pg/ml).

MA Chain Length and Cyclopropanation Are Altered in the AkasB
Mutant. The changes in cording and in the acid-fast staining
property of the AkasB strain prompted us to investigate the MA
composition of the mutant strain. M. tuberculosis produces three
classes of MAs: a-, keto-, and methoxy-MAs, each differing in
modifications of the mero chain that are catalyzed by distinct
cyclopropane synthases, isomerases, and methyl transferases

wT . AkasB(pMV261kasB)
A "f*'“&f -

Phase contrast

Fluorescene

Fig.3. Light microscopy of M. tuberculosis cultures grow static in 7H9 broth
at 37°C for 7 days. Cultures were fixed on glass slides, and add-fast staining
was performed on the fixed smears by using the 8D TB fluorescent kit-T.
(Upper) Phase-contrast microscopy Images of M. tuberculosis WT, AkasB, and
AkasB(pMV261kas8) strains stained with TB-auramine-rhodamine and then
treated with add-alcohol decolorlzer. (Lower) Fluorescent micrographs of the
same fields. (Magnification, ~400.)
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Fig. 4. TLC of "“Clabeled MAMEs from M. tuberculosis WT, AkasB, and
AkasB(pMV261kasB) strains. (A) Single-dimension HPTLC of MAMEs. (B-D)
Two-dimensional argentation TLC of WT, AkasB, and AkasB(pMV261kasB),
respectively. O, origin; §, first dimension; il+Ag, second dimension impreg-
nated with AGNO1; o, a-MAMES; M, methoxy-MAMEs; K, keto-MAMEs; F, fatty
add methyl esters. The two unknown spedes in the AkasB strain, M2 and K2,
are indicated by arrows.

(15-22). A preliminary analysis of ['*Clacctate-labeled MA
methyl esters (MAMEs) obtained from total MAs by TLC
showed that methoxy- and keto-MAMESs obtained from AkasB
migrated at a slightly lower but reproducible Ryvalue than those
from WT or complemented strains (Fig. 44), suggesting a
change in the MA chain lengths. Also, there were differences
between the WT and mutant strain with regard to the relative
abundance of the three classes of MAMESs: the relative percent-
ages for a-, methoxy-, and keto-MAMEs in total MAME:s from
WT strain were 41.5%, 33.5%, and 25%, respectively, and those
for the mutant strain were 52%, 32%, and 16%, indicating a
decrease in the amount of keto-MAs in the kasB mutant
[supporting information (SI) Fig. 7). These defects in MA
composition, and the migration in TLCs, were corrected on
complementation of AkasB (Fig. 44 and SI Fig. 7). These
changes in Ry values and relative abundances of MAs were
similar to those observed carlier in a M. marinum transposon-
disrupted kasB mutant (13). Further analysis of MAMEs by
two-dimensional argentation TLC (23) (Fig. 4 B-D) revealed
accumulation of two spots in AkasB that migrated slightly more
slowly than keto- and methoxy-MAME spots in the second
dimension (M2 and K2, shown by arrows in Fig. 4C). The
retarded migration in the second, silver-impregnated, dimension
suggested that these spots corresponded to unsaturated MAME
species. Similar results were obtained when MAMESs obtained
from cell wall-bound MAs and extractable MAs were analyzed
separately by two-dimensional TLC, indicating that the altered
MAs were esterified to both arabinogalactan and to trehalose
(data not shown). No changes in the profiles of other lipids (polar
and apolar) were detectable on TLC plates (SI Fig. 8), indicating
that the observed phenotypes of AkasB were likely due to the
effects of altered MAs.

Bhatt et al.

Individual MA species were purified from WT, AkasB, and
AkasB(pMV261kasB) and analyzed by MALDI-TOF MS. Spec-
troscopic data revealed shortened MAs in AkasB (SI Table 1).
The longest a-, methoxy-, and keto-MA species detected in the
WT strain were Cga:2, Coz:1, and Cgg:1, respectively, whereas in the
AkasB strain the corresponding longest species were Ceo:2, Ces:1,
and Cgy., respectively (SI Table 1). In addition, the chain lengths
of the most abundant MA species were different in the mutant
strain (SI Table 1). Detection of the a-branch by pyrolysis GC
revealed that the shortening of chain length was not in the
a-branch, but in the mero-MA moiety (SI Fig. 9).

The two accumulated species that were detected by two-
dimensional TLC in the AkasB strain were cach found to have
a mass identical to the corresponding oxygenated MAME (SI
Fig. 10). A more detailed study of purified MAs by 'H NMR
analysis revealed the presence of normal levels of cis-
cyclopropanated methoxy-MAs but diminished resonances for
trans-cyclopropanated methoxy-MAs in AkasB (SI Fig. 11).
Additionally, no signals corresponding to trans-cyclopropanated
keto-MAs were detected in the mutant strain (SI Fig. 11).

Furthermore, 'H NMR analysis of total MAs from AkasB
revealed that the two accumulated species in AkasB were
unsaturated precursors of trans-cyclopropanated species: signals
for trans-double bond were detected at 5.24 ppm (J 14.7 Hz) and
at 5.34 ppm (J 14.7 Hz) (24), and the protons for the methylene
and the methine groups adjacent to the trans-double bond were
assigned at 1.96 ppm and 2.01 ppm (15, 25) (SI Fig. 12). The
protons of the allylic methyl branch of the proximal tnans-double
bond resonated as a doublet at 0.94 ppm (J 6.6 Hz) and the
terminal methyl at 0.84 ppm (26, 27). In contrast, spectra of total
MAs from the WT strain revealed the absence of allylic methyl
branch protons (0.94 ppm) and of trans-double bond (5.24 ppm)
(data not shown). These results demonstrated that a trans-
unsaturated precursor of both methoxy- and keto-MAs accu-
mulated in the AkasB strain.

Loss of KasB in M. tuberculosis Causes a Severe Growth in Vivo Defect
in Mice and Latent Subclinical TB. To assess the effects of altered
MAs in the AkasB strain on mycobacterial virulence, we first tested
the ability of the AkasB mutant to survive in murine (CS7BL/6 bone
marrow-derived and J774) macrophages and THP-1 cells and found
no differences between WT and AkasB (data not shown). Next,
immunocompetent C57BL/6 mice were infected with aerosols of
WT, AkasB, and complemented strains (~100 bacteria per mouse).
Extensive granulomatous inflammation was visible in the lungs of
mice infected with the WT or AkasB(pMV261kasB) strains but not
in those infected with the AkasB strain (Fig. 54). Histological
examination of stained lung sections from mice infected with the
WT or AkasB(pMV261kasB) strains revealed multifocal, moderate
infiltration after 21 days of nfection (Fig. SB). The scverity of the
granulomatous lesions increased after 56 days, and after 112 days
there was coalescence of lesions into large areas that involved entire
lobes of the lung. In contrast, the lungs of mice infected with AkasB

. showed more diffuse and less organized infiltrates at 21 days, which

decreased in severity after 56 days, and no signs of infection were
seen after 112 days (Fig. 5B). Consistent with the loss of acid-
fastness observed for broth cultures, the kasB mutant also failed to
retain the primary stain in tissue sections after acid-fast staining and
instead took up the methylene blue counterstain (SI Fig. 13).
Monitoring of colony-forming units (cfu) in the lung, spleen,
and liver at different time points after infection indicated that
the AkasB mutant was severely attenuated for growth in mice.
WT bacteria could replicate extensively in the lung in the first 21
days after aerosol infection, with a three log increase in WT
bacteria in infected lungs at the end of 21 days (Fig. 64). In
contrast, replication of the AkasB strain was restricted: bacterial
loads in the lung barely increased by 2 orders of magnitude after
21 days of infection and then decreased to between 500 and 1,000
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Fig.5. Pathology of infected mouse lungs. (A) Lungs of C57BL/6 mice infected
with M. tuberculosis WT, AkasB, and AkasB(pMV261kasB) strains, removed at
different time points after aerosol infection. (B) Hematoxylinfeosin-stained lung
tissue sections from mice infected with WT, AkasB, or AkasB(pMV261kasB). (Scale
bar, 200 um.)}

cfu in subsequent weeks (Fig. 64). The AkasB mutant was also
attenuated for growth in liver and spleen (SI Fig. 14 A4 and B).
Surprisingly, 450 days after aerosol infection, ~1,000 cfu could
still be detected in the lungs of AkasB-infected mice (Fig. 64),
although the mice looked healthy before being killed, which
indicated that the mutant was able to permsist in the mouse
without causing visible signs of discase. Indeed, we observed a
significant difference in the mortality of CS7BL/6 mice infected
by aerosols of the CDC1551 strains (100 cfu per mouse). By day
356, 100% (eight of eight) of the mice infected with WT or
AkasB(pMV261kasB) had died (Fig. 6B). In stark contrast, all
mice infected with AkasB (eight of eight) were not only alive but
also appeared healthy even after 600 days after infection,
indicating that AkasB had failed to cause active infection in the
mice. Surprisingly, unlike the results obtained with C57BL/6
mice, the AkasB strain caused mortality in immunodeficient
SCID mice (SI Fig. 15).

Discussion

Our studies demonstrate that the FASII B-ketoacyl-ACP syn-
thase KasB is essential for full MA chain length in M. tubercu-
losis. Although the results of in vitro assays suggested that KasB
may be involved in elongating a major portion of the mero-MA
chain (14), deletion of kasB resulted in the shortening of the
mero-MA chains by only 2-6 carbons. In addition, the AkasB
mutant lost the ability to synthesize any trans-cyclopropanated
keto-MAs and produced a miniscule amount of trans-
cyclopropanated methoxy-MAs, accumulating instead their cor-
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Fig.6. Attenuation of Akas8 in C57BL/6 mice. (A) Plot of M. tuberculosis cfu
levels in lungs of C57BL/6 mice at different time points after aerosol infection.
(8) Survival curve of C57BL/6 mice infected with WT, AkasB, or AkasB
(pMV261kasB).

responding unsaturated precursors with trans-double bonds,
which are putative substrates of the transcyclopropane synthase
CmaA?2 (18). This unexpected consequence of kasB deletion
meant that either the shortened oxygenated mero-MAs are poor
substrates for CmaA2 or that CmaA?2 interacts preferentially
with KasB present in specialized FASIIs, as recently suggested
(28, 29). Thus, the deletion of kasB had a “downstream pheno-
typic” effect on trans-cyclopropanation of oxygenated MAs, an
activity not directly associated with KasB function. In addition,
the proportions of the different MA species were also altered,
with a reduction in the levels of keto-M As. These alterations in
structure (shortening of MA chain length and loss or reduction
of trans-cyclopropanation) and in content (reduction in keto-
MAs) were observed for both wall-bound and trehalose-bound
MAs (data not shown).

Our findings have similarities but also several differences
compared with those reported for a transposon-disrupted kasB
mutant of M. marinum (13). In that study, MA species 4 carbons
shorter were found compared with up to 6 carbons shorter in the
M. tuberculosis mutant. We also observed that the deletion of
kasB affected MA trans-cyclopropanation, an activity not de-
tected in WT M. marinum. And finally, unlike the M. marinum
mutant study, we were able to test the ability of the M. wber-
culosis AkasB mutant to cause infection in an animal model of
infection and thus assess the role of KasB in virulence.

Bhatt et al.



A remarkable change in AkasB was the complete loss of the
acid-fast staining property that is one of the primary defining
characteristics of M. tuberculosis. Loss of acid-fastness by AkasB
was not only observed in broth cultures but also in infected
murine lung tissue. Here again, direct or indirect effects of
changes in the MAs of the kasB mutant, like a decrease in
lipophilicity, may have rendered the cell wall more prone to
decolorization with acid-alcohol. It is unlikely that any specific
chemical interactions of MAs with the primary stain that were
lost in AkasB could have been responsible for the loss of
acid-fastness because two different staining methods (using
chemically distinct primary stains) yielded the same results. This
work reports the loss of acid-fastness in a specific M. tuberculosis
mutant that is defective in normal MA biosynthesis, and the only
other well characterized acid-fast negative M. tuberculosis mu-
tant described has a deletion in phoP, which leads to deficiencies
of many lipids, including sulfatides, diacyltrehaloses, and polya-
cyltrehaloses (30). It is worth noting that the deletion of cmaA2
in M. tuberculosis did not alter colony morphology, cording, or
acid-fastness (18), indicating that loss of or reduction in trans-
cyclopropanation can be ruled out as a potential cause of the
observed phenotypes in AkasB.

TDMs are believed to play a particularly important role in
determining colony characteristics and cording (31), and the ob-
served changes in colony morphology and cording in the AkasB
mutant were thus likely a direct or indirect effect of the altered MA
profile of the TDMs produced by the mutant. Loss of cording is
often associated with decreased virulence (19), and ndeed this was
the case with the AkasB mutant. Before these studies, three other
M. tuberculosis mutants defective in MA biosynthesis had been
tested in the mouse model of infection: Amma4 and Apcad were
found to be attenuated (16, 19), whereas AcmaA2 was hypervirulent
(32). Although Apcad and AmmaA4 showed reduced replication in
mouse organs, moderately high numbers of bacteria could be found
in the lungs, spleen, and liver of mice even 20-30 weeks after
infection (albeit lower than those found for the WT strain) (16, 19).
None of these three mutants has been reported as acid-fast nega-
tive, and only the Apcad mutant was defective in cording.

The AkasB mutant displayed a number of interesting in vivo
phenotypes. First, it was severely attenuated for growth in
immunocompetent C57BL/6 mice: the mutant did initially col-
onize lung, liver, and spleen in infected immunocompetent
C57BL/6 mice; determination of bacterial loads in organs and
histological examination of tissue sections revealed that AkasB
failed to replicate to the levels normally observed in these tissues
and did not cause the pathology usually associated with M.
tuberculosis infection.

Perhaps the most striking in vivo phenotype of the AkasB
mutant was its ability to persist at constant low levels in Jungs and
spleen for 450 days after aerosol infection. The mutant also
failed to cause active disease in the mice: AkasB-infected mice
appeared healthy even 600 days after infection. In contrast,
SCID mice succumbed to infection by AkasB, indicating a clear
role for cell-mediated immunity in the control of replication of
the AkasB mutant. The absence of any differences between WT
and AkasB in regard to their ability to survive in macrophages
suggests that early defense mechanisms, like intracellular oxi-
dative damage in macrophages, did not play a role in the
attenuation of the mutant strain. -Thus, the surprising “hypo-
virulence” of AkasB could be a consequence of a number of
other factors resulting from the altered MA profile and their
effects on the interaction of the bacteria with the host adaptive
immune system. One possibility is the exposure of cell envelope
components, normally “masked” in WT strains, which may
induce a more robust immune response. Another possibility is
the modulation of the immune response by cell wall components;
TDMs are the major cell wall glycolipids and are known to
modulate the immune response (32, 33). It is therefore likely that
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AkasB TDMs containing altered MAs modulate innate and
adaptive immune responses, resulting in the observed in vivo
growth defect.

A third of the human population is latently infected with the
tubercle bacillus, and this dormant, drug-tolerant stage of the
bacterium is a major challenge for the tuberculosis therapy and
control. Although this latency provides an important reservoir
for disease reactivation, very little is known about bacterial and
host factors that are involved in long-term persistence. The
long-term persistence of AkasB for up to 600 days in immuno-
competent mice without causing disease suggests that the mutant
strain can provide a good model for studying latent M. tubercu-
losis infection. Furthermore, this unique in vivo phenotype
makes kasB an attractive candidate for deletion in a live atten-
uated vaccine strain.

The increased sensitivity of the kasB mutant to lipophilic
antibiotics highlights the attractiveness of KasB as an important
secondary drug target in combination therapy. Specific inhibi-
tors of KasB could be envisioned as inhibiting long-chain
mero-MA biosynthesis and, as a result, attenuating M. tubercu-
losis while at the same time making the bacterium even more
susceptible to drugs such as rifampicin used in combination. In
addition to an increased permeability to lipophilic drugs, the
increased sensitivity of AkasB to thiolactomycin, a drug known
to inhibit both KasA and KasB (34), may have been due to a
lesser titration of the drug as a result of the absence of KasB.

In summary, our studies have demonstrated that KasB-
mediated elongation of MAs is crucial for cording, acid-fast
staining, subsequent trans-cyclopropanation, and the ability of
M. tuberculosis to cause disease in immunocompetent mice. Our
findings have important implications for understanding and
solving the problems of latency and antibiotic tolerance in M.
tuberculosis infection.

Materials and Methods

Plasmids and Phages. Plasmids and phages used in this work are
outlined in SI Table 2. Slow-growing mycobacteria were cultured
in 7H9 broth (Difco, Sparks, MD) containing 10% Middlebrook
OADC enrichment and 0.05% Tween 80, on 7H9 agar (made by
adding 1.5% agar to OADC-enriched 7H9 broth), or on Middle-
brook 7H10 agar (Difco). Escherichia coli strains were cultured
in LB broth. The concentrations of antibiotics used were 75
pg/ml hygromycin and 20 pg/ml kanamycin for mycobacterial
strains, and 150 ug/ml hygromycin and 40 ug/m! kanamycin for
E. coli.

Construction of Deletion Mutants. For generating an allelic ex-
change construct designed to replace the kasB gene with a
hygromycin resistance cassette (hyg), S00-bp sequences flanking
the left and right of the M. tuberculosis kasB gene were PCR-
amplified from pYUB2271 (a cosmid vector containing kasB)
using the primer pairs MtKasB1 (5'-GOGACTAGTGGTAGG-
GCGATGACTCGC-3') and MtKasB2 (5'-CGTATGCAT-
ACCAGCTCCGTCATTG-3'), and MtKasB3 (5'-GCGTC-
TAGAGAGATCGATTTGGACGTG-3’) and MtKasB4
(5'-GCAGGTACCACCGAGATCTGCGGGATG-3'), respec-
tively. After cloning into pCR2.1-TOPO and sequencing, the
cloned PCR fragments were excised by using the primer-
introduced restriction sites and cloned into the allelic exchange
plasmid vector pJSC347 (SI Table 2). The resultant plasmid,
pYUB2417, was then packaged into the temperature-sensitive
phage phAE159 (J. Kriakov and W.RJ., Jr., unpublished results),
as described (35), to yield the kasB-knockout phage phAE404.
Specialized transduction was performed as described (35).

Blochemical Analyses of MAs and Lipids. TLC analysis of MAs was

done as described (23, 34). MA extraction and derivatization for
TLC analysis, and purification for MS and NMR analysis, were
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done as described (19, 36). In brief, MAs of each strain were
liberated by alkali hydrolysis (10% KOH/methanol, wtivol) from
the heat-killed bacteria at 90°C for 2 h, followed by extraction with
n-hexane. After methylation with diazomethane, each subclass, o,
methoxy-, and keto-MAME, was purified by preparative TLC of
silica gel until a single spot was obtained. The developing system was
benzene or n-hexane/diethyl ether (90:15, vol/vol). The molecular
species of the MAME:s were detected by MALDI-TOF MS by
using an Ultraflex I (Bruker Daltonics, Billerica, MA). The
purified MAME:s were prepared in chloroform at a concentration
of 1 mg/ml, and a droplet of a 1-ul sample was applied directly on
the sample plate followed by 1 ul of matrix solution (2,5
dihydroxybenzoic acid/10 mg/m! in chloroform/methanol, 1:1 vol/
vol). MAMEs were analyzed in the Reflectron mode with an
accelerating voltage operating in positive mode of 20 kV. An
external mass calibration was performed by peptide calibration
standard II (Bruker Daltonics), including known peptide standards
in a mass range from 700 to 4,000 Da (15). 'H NMR spectra of

" MAME:s were obtained in CDCl; (100% D) by using a Bruker

Avance 600 spectrometer at 25°C. Chemical shift values (in ppm)
were relative to internal CHCl; resonance (at 7.26 ppm). Pyrolysis
and subsequent GC-MS of MAs was done in accordance with
published methods (37, 38). Lipid extraction and TLC analysis were
done as described (39).

Mouse Infections. C57BL/6 mice were exposed to aerosols of
different strains of M. tuberculosis in an acrosolization chamber.
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Bacteria coordinate assembly of the cell wall as well as synthesis of cellular components depending on
the growth state. The mycobacterial cell wall is dominated by mycolic acids covalently linked to sugars,
such as trehalose and arabinose, and is critical for pathogenesis of mycobacteria. Transfer of mycolic
acids to sugars is necessary for cell wall biogenesis and is mediated by mycolyltransferases, which have
been previously identified as three antigen 85 (Ag85) complex proteins. However, the regulation mecha-

* nism which links cell wall biogenesis and the growth state has not been elucidated. Here we found that a
histone-like protein has a dnal concentration-dependent regulatory effect on mycolyltransferase functions
of the Ag85 complex through direct binding to both the Ag8S complex and the substrate, trehalose-6-
monomycolate, in the cell wall. A histone-like protein-deficient Mycobacterium smegmatis strain has an
unusuoal crenellated cell wall structure and exhibits impaired cessation of glycolipid biosynthesis in the
growth-retarded phase. Furthermore, we found that artificial alteration of the amount of the extracellular
histone-like protein and the Ag85 complex changes the growth rate of mycobacteria, perhaps due to
impaired down-regulation of glycolipid biosynthesis. Our results demonstrate novel regulation of cell wall

assembly which has an impact on bacterial growth.

Bacteria organize biogenesis of the cell wall as well as syn-
thesis of cellular components depending on the growth state.
However, factors linking the growth state and cell wall biogen-
esis have not been identified.

Mycobacterium tuberculosis is a top killer among bacterial
pathogens and is responsible for 2 million deaths annually (6).
M. wberculosis can be quiescent in host cells for a long period
of time, growing very slowly or present in a dormant state
without multiplication, and it latently infects one-third of the
world’s human population (22, 43). In 5 to 10% of infected
hosts the bacterium reactivates and causes progressive disease
during their lifetimes. Most cases of active tuberculosis do not
result from the initial infection but instead represent reactiva-
tion of previously implanted bacteria (22, 43).

The cell wall is critical for long-term persistence of M. -
berculosis in the hostile environment in the host cells and for
progression of tuberculosis (3, 7). Mycobacteria are gram-pos-
itive bacilli, but the cell wall structures are different from those
of other gram-positive bacteria. Approximately one-half of the
cell wall mass is comprised of large (C;, to Cy) branched-
chain fatty acids called mycolic acids. Mycolic acids are distrib-
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uted in acid-fast positive bacteria, such as Mycobacterium,
Corynebacterium, Rhodococcus, and Nocardia, although myco-
bacterial mycolic acids are the longest mycolic acids and have
the largest side chains (C,, to C,,). The cell wall outer layer is
composed of extractable glycolipids containing mycolic acids,
such as trehalose-6-monomycolate (TMM) and trehalose-6,6'-
dimycolate (TDM) (also called cord factor), while the inner
layer is composed of mycolic acids covalently linked to the
distal portion of the arabinogalactan (AG) moiety (7).
TMM- or TDM-derived mycolic acids are transferred to
other TMM to synthesize TDM and also to peptidoglycan-
linked AG to construct the inner layer of the envelope.
Antigen 85 (Ag85) complex proteins (Ag85SA, Ag85B, and
Ag85C) are mycolyltransferases and catalyze transfer of my-
colic acids to free trehalose, TMM, and TDM (4). Ag85S
complex proteins are also believed to catalyze the transfer of
mycolic acids from TMM or TDM to peptidoglycan-linked
AG, because inactivation of Ag85C reduced the level of
AG-linked mycolic acids (16).

Regulatory proteins invoived in cell wall assembly should
localize in the mycobacterial cell wall. We and other groups
found that a histone-like DNA-binding protein, which was
designated mycobacterial DNA-binding protein 1 (MDP1),
laminin-binding protein, histone-like protein (HLP), or HupB,
not only localizes in the cytoplasmic space but also occurs
externally or is in the mycobacterial cell wall (26, 36, 38).
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MDP1 is mycobacterium-specific histone-like protein. M. -
berculosis has a single mdpl gene (Rv2986c. also called hupB)
(9, 13), and the mdp1 gene is conserved even in Mycobacterium
leprae, which lost many genes during evolution (10). MDP1
likely plays a significant role in DNA functions in mycobacte-
ria, as a transposon-based screen suggested that madpl is es-
sential in M. tuberculosis (34). However, the mdpl gene can be
knocked out in Mycobacterium smegmatis, suggesting that an-
other DNA-binding protein may compensate for loss of MDP1
in M. smegmatis. The M. smegmatis MDP1 knockout (KO)
strain exhibited growth kinetics similar to those of the wild type
in anaerobic culture (19) but was unable to resume growth at
10°C (37), suggesting that MDP1 plays an important role dur-
ing stress responses in M. smegmatis.

Accumulation of MDP1 in stationary phase or under anaer-
obic conditions implies that MDP1 is a possible factor that
participates in growth-state-dependent regulation of cell wall
assembly through binding to sacchariferous components, such
as glycolipids, in the cell wall. Based on this hypothesis, here
we examined the physiological role of MDP1 in the cell wall.

MATERIALS AND METHODS

Extraction and purification of glycolipids. M. tuberculosis H37Rv and Myco-
bacterium bovis bacillus Calmette-Guérin (BCG) were cultivated on Sauton
medijum at 37°C. M. smegmatis was cultured in Luria-Bertani (LB) medium at
37°C. Bacteria were autoclaved for 10 min, disrupted ultrasonically, and then
suspended in chloroform-methanol (4:1, 3:1, or 2:1. vol/vol) to extract lipids. The
chloroform layer was collected and dried. TDM was first partially purified by
precipitation with acetone, chloroform-methanol (2:1, vol/vol), and tetrahydro-
furan-methanol (1:2, voljvol), followed by passage through a column of silica gel
(Wakogel C-200; Wako Pure Chemical, Osaka, Japan) with chloroform-metha-
nol (4:1, wlivol). The purity of TDM was demonstrated by a single spot on a
thin-layer chromatogram. TMM was separated by preparative thin-layer chro-
matography (TLC) on a silica gel plate (Uniplate; 20 by 20 cm; 250 mm;
Analtech, Inc., Newark, DE) using a chloroform-methanol-acetone-acetic
acid (80:20:6:1, vol/vol/volivol) solvent system. Glycolipids were visualized
with a 20% H,SO, spray, followed by charring at 200°C for analytical pur-
poses or with iodine vapor for a few minutes for preparative purposes. TMM
was recovered from the plate immediately after the iodine color had disap-
peared by passing the plate through a small glass column with the solvent
chloroform-methanol (2:1, vol/vol). Finally, TMM was purified until a single
spot was obtained by repeating TLC.

Fluorescence micrescopy. MDP1 was purified from BCG by using a method
described previously (26). Egg white lysozyme was purchased from Wako. Bovine
histone H1 was purchased from Roche Diagnostics. Proteins were labeled with
5(6)-carboxyfluorescein-N-hydroxysuccinimide ester (FLUOS) by using a fluo-
rescein protein labeling kit (Roche Diagnostics) according to the manufacturer’s
instructions. BCG was grown in Middlebrook 7H9-ADC medium at 37°C until
the optical density at 600 nm (ODggo) Was 1.5; then it was collected by centrif-
ugation and washed three times with phosphate-buffered saline (PBS) with 10%
fetal bovine serum (FBS). FLUOS-labeled proteins, such as MDP1 (50 ng), egg
white lysozyme (38 pg), and bovine histone H1 (50 ug), were added to the BCG
suspension and incubated at 37°C for 30 min. BCG was washed three times with
PBS with 10% FBS and then mounted on a microscope slide and viewed with a
confocal scanning laser microscope (LSM510; Carl Zeiss).

MAD preparation. Ten micrograms of MDP1 and 10 ng of M. tuberculosis
DNA were mixed in PBS, emulsified in Freund’s incomplete adjuvant, and
injected into BALB/c mice subcutaneously (24). Two weeks later, the mice were
boosted in the same way; after an additional 2 weeks, the mice were again
boosted by injection of 10 ug of MDP1 in PBS into the tail vein. Three days after
the final boost, mice were sacrificed and splenocytes were obtained. A monoclo-
nal antibody (MAD) was prepared essentially as described by Harlow and Lane
(15) and was screened by an enzyme-linked immunosorbent assay (ELISA) as
described below. After an initial screening, several hybridoma cell lines were
cloned by two rounds of limiting dilution. A selected subclone was expanded for
freezing and for ascites production in pristane-primed mice. The subclass of the
hybridoma subclone was determined with a mouse MADb isotyping kit (Amer-
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sham). Immunoglobulins (Ig) were purified from ascites fluid by using an Am-
pure PA kit (Amersham).

ELI1SA to detect interactions between MDP1 and TDM, TMM, mycolic acids,
or AgBS complex proteins. TMM, TDM, and mycolic acid methyl esters
(MAMEs) purified from M. ruberculosis Aoyama B were purchased from Naka-
rai and dissolved in N-hexane at a concentration of 50 pg/ml. Glycolipids were
immobilized on a 96-well ELISA plate (Sumitomo, Osaka, Japan) by adding 100
ul of glycolipid solution and dried. Ag85A, Ag85B, and Ag85C derived from M.
tuberculosis H37Rv and bovine serum albumin (BSA) were immobilized on the
96-well ELISA plate (Sumitomo, Osaka, Japan) by incubation of serial twofold
dilutions of the protein solutions in sodium bicarbonate buffer (pH 9.6) at 4°C
overnight. MDP1 at a concentration of { ug/ml in PBS containing 0.05% Tween
20 (PBS-T) was added to wells and incubated for 1 h at 37°C. The wells were
washed with PBS-T four times, and then MAb 3A was added. After incubation
at 37°C for 1 h, the wells were washed, peroxidase-conjugated anti-mouse anti-
body (Dako) diluted 1:2,000 was added, and the plate was incubated for 1 h.
After the wells were washed, the level of MDP1 binding was detected by color
development with o-phenylenediamine dihydrochloride (Wako, Tokyo, Japan)
and measuring the ODg,.

Preparation of subcellular fractions. Subcellular fractions were prepared by a
method described previously (1, 27). Briefly, after BCG and M. smegmatis were
cultured in Sauton medium and LB medium, respectively, bacteria were col-
lected by centrifugation at 10,000 X g and suspended in ice-cold PBS. The
bacteria were then disrupted with a Bioruptor UCD-200T sonicator (Toso), and
each suspension was centrifuged at 3,000 X g for 5 min to remove unbroken
bacteria. The supernatant was used as the total cellular fraction. The total
cellular fraction was fractionated further to obtain a cell wall fraction and a
non-cell-wall fraction using the following procedure. The total cellular fraction
was centrifuged at 10,000 < g for 10 min. The pellet was rinsed with cold PBS and
centrifuged again at 10,000 X g for 10 min. The supernatants were designated the
non-cell-wall fraction. The cell wall-containing pellet was suspended again in
ice-cold PBS, and then Percoll (Amersham Biosciences) was added to a concen-
tration of 60% and mixed by vortexing. Next, the cell wall-containing fraction was
centrifuged at 27,000 ;< g for 1 h to separate the cell walls from the unbroken
cells completely. The cell wall band was collected and washed twice with PBS,
and it was designated the cell wall fraction.

Immunoprecipitation assay. Cell walls derived from BCG as described above
were precleaned by using 25 pg of mouse IgG (Chemicon International Te-
mecula) or rabbit Ig in 100 pl of protein G-coupled Sepharose (Amersham
Pharmacia Biotech), incubated at 4°C for 2 h, and centrifuged. The supernatants
were colleted and incubated with 250 pg of anti-MDP1 MADb 3A, control mouse
1gG, anti-Ag85 Ig, or control rabbit Ig at 4°C for 16 h, and then 300 ul of protein
G-coated Sepharose was added and the preparation was incubated for § h at 4°C.
Then the beads were washed with PBS-T three times. After washing, bead-bound
proteins were eluted by boiling the preparations in 40 ul of 2 sodjium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) sample buffer (0.125
M Tris-HCI [pH 6.8], 4% SDS, 20% glycerol, 10% mercaptoethanol). The sam-
ples were then fractionated on a 12.5% SDS-polyacrylamide gel and transferred
to a polyvinylidene difiuvoride membrane. The membrane was then blocked for
30 min at room temperature by incubating it in PBS containing 5% skim milk.
Then the membrane was probed with anti-MDP1 MAb 3A or anit-Ag85 anti-
bodies overnight at 4°C. After probing, the membrane was washed four times
with PBS-T. Next, the membrane was incubated for 4 h at room temperature with
peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG (Dakopatts A/S, Den-
mark) diluted 1:10,000. The membrane was then washed as described above, and
immunoreactive bands were visualized by using an ECL Western blot detection
reagent (Amersham Bioscience, Buckinghamshire. United Kingdom) according
to the manufacturer’s instructions.

Bead-bound glycolipids were eluted with chloroform-methanol (3:1, volivol).
Thirty microliters of the chloroform layer was spotted on a TLC plate (HPTLC
plate; 10 by 10 cm; Silica Gel 60; Merck, Darmstadt, Germany) and developed
with the chloroform-methanol-acetone-acetic acid (80:20:6:1, voivolfvolivol) sol-
vent system. The TLC plate was exposed overnight to an immunoprecipitation
plate (BAS-MS2025 or BAS-SR2025; Fujifilm, Japan) and visualized with the
BAS system (BAS-5000). The radioactivity of separated spots was quantified by
using the BAS system’s software.

Analysis of mycolyltransferase activity, The mycolyltransferase catalytic reac-
tion was analyzed by using the method developed by Belisle et al. (4). Twenty-five
micrograms of TMM purified from M. tuberculosis H37Rv was immobilized in
each glass vial, and then PBS containing 4 ul of a 1-mg/ml dithiothreitol solution
and 0.5 pCi of [C]trehalose (American Radiolabeled Chemicals Inc.) were
added. Two hundred micrograms of culture filtrate or 20 ug of Ag85 complex
protein and various amounts of MDP1 or BSA were mixed to obtain a total
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volume of 200 pl and incubated for 30 min at 37°C. Glycolipids were eluted with
chloroform-methanol (2:1. volivol), 10 pl of the chloroform layer was spotted on
a TLC plate (HPTLC plate: 10 by 10 cm; Silica Gel 60; Merck, Darmstadt,
Germany), and the plate was developed with the chloroform-methanol-acetone-
acetic acid (80:20:6:1, vol/voifvol/vol) solvent system. TLC plates were analyzed
by using the BAS system described above.

Construction of HLP/MDP1 complemented strain. Based on the mdpl/hip
nucleotide sequences. two oligonucleotide primers, forward primer 5'-GGGAA
GCTTATTCGCCGCCCACCTAGT-3’ and reverse primer S-TAACGCACCA
ACGCGAAA-3', were purchased from Sigma Genosys. A PCR was carried out
by targeting 10 ng chromosomal DNA of M. smegmatis MCZ155 with an auto-
mated thermal sequencer (Perkin Elmer). The samples were first denatured by
heating them at 94°C for 5 min; then they were subjected to 30 cycles of 94°C for
1 min, 58°C for 1 min, and 72°C for 3 min and were finally incubated for 5 min
at 72°C. An amplified 0.9-kb DNA fragment, which contained the promoter and
structural gene of HLP/MDP1, was cloned into pGEM-T (Promega) utilizing a
ligation kit (version 1, Takara), sequenced, excised by digestion with HindIll and
Notl, and ligated 1o the same site of pMV306-Hyg, a one-copy integrated vector
for the phage attachment site. pMV306-Hyg was provided by H. I. Boshoff
(National Institutes of Health, Bethesda, MD). The resulting plasmid was intro-
duced into an M. smegmatis HLP/MDP1 KO strain by a standard electroporation
procedure (17, 39), and then a hygromycin-resistant colony was selected.
Complementation was confirmed by protein expression with Western blotting
using anti-MDP1 MADb 3A (data not shown).

SEM analysis. Five-milliliter portions of culture aliquots were concentrated by
centrifugation (3,000 . g) belore suspension in fresh Middiebrook 7H9-ADC
medium. The OD 4 was adjusted to 0.1, and then the preparations were placed
on poly-L-lysine-coated Thermanox coverslips in 24-well tissue culture plates.
The bacteria were allowed to settle for 30 min before gentle decanting and
addition of 1 ml of a solution containing 2% paraformaldehyde and 2.5% glu-
taraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) with 0.2 M sucrose. The
samples were incubated at 4°C avernight before treatment with 2% 0sO, in 0.1
M cacodylate buffer for 2 h at room temperature. A series of sequential ethanol
dehydration steps were performed (50, 70, 95, and 100% ethanol, 10 min each)
before samples were dried under CO, using a critical point drier (HCP-2;
Hitachi). Samples were Pi-Pd sputter coated (E-1030; Hitachi) and imaged with
an Hitachi $-4700 scanning electron microscope (SEM). The SEM analysis was
performed in triplicate using three independently grown cultures.

Chase of glycolipid synthesis. M. smegmatis strains, including the wild type, the
MDP1 KO mutant, and the complemented strain, were precultured at 37°C in
LB broth (Sigma) containing 1-mm-diameter glass beads. Firs, bacterial clumps
were disrupted with the beads by vortexing, and then the ODy, Was adjusted to
0.1. Then 5 ul of each bacterial suspension was added to 5 ml of fresh medium
containing glass beads. [1-**Clacetic acid (sodium salt; 37 MBg/ml; PerkinElmer
Life & Analytical Sciences, Massachusetts) was added at a final concentration of
1 uCi/ml on day 3 or7. Each bacterial medium was incubated for 16 h and diluted
to obtain 6.0 X 10°CFU/ml. Two milliliters of this bacterial suspension was
collected by centrifugation and washed with pure water three times. After the
supernatants were discarded, we added 1 ml of chioroform-methanol (3:1, voV/
vol) and sonicated the preparation for 30 min. Thirty microliters of the chloro-
form layer was spotted on a TLC plate. The radioactivity of the separated spots
was quantified by using the BAS system software as described above.

MALDI-TOF mass spectrometry analysis. A matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry analysis was carried
out by using an Ultraflex mass spectrometer (Bruker Daltonics) in the reflectron
mode. Samples were dissolved in chloroform-methanol (2: 1, vol/vol) at a con-
centration of | mg/ml and applied to the sample plate as droplets. 2.5-Dihy-
droxybenzoic acid was used as the matrix. The accelerating voltage was 20 kV.

Construction of BCG-Luc and assessment of its growth. Linker DNAs includ-
ing the Shine-Daigarno sequence (AGCTTAGTACTGGATCCGAGGACC
TGCC and GATCGGCAGGTCCTCGGATCCAGTACTA) were synthesized
by Sigma Genosys. pGEM-Luc (Promega) was digested with both BamHI and
Hindl1l, and anneated linker DNA was inserted by ligation utilizing a ligation kit
(version 1: Takara). The construct was then digested with HindIlI and Stul, and
the gene fragment containing the Shine-Dalgarno sequence and the tuciferase
gene was inserted into pS0246 (25), which had been digested with BamH], blunt
ended with T4 DNA polymerase, and digested with HindIIl. The resulting
plasmid was designated pSO-Luc. pMV261 (39) was digested with Kpnl and
HindlIll, and the Hsp60 promoter region was inserted into the same site of
pSO-Luc. The final construct was introduced into BCG by electroporation by the
method described previously (25), and the kanamycin-resistant BCG-Luc strain
was obtained. BCG-Luc was grown at 37°C in Middlebrook 7H9-ADC medium
until mid-log phase and collected by centrifugation. Bacteria were suspended in
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RPMI 1640 (Sigma) containing 10% FBS with or without MDP1 or Ag85 com-
plex proteins in a 96-well tissue culture plate (Becton Dickinson) and incubated
at 37°C. Luciferase activity was determined at each time point as described
previously (12).

Statistical analyses. Data were analyzed by using a Power Macintosh G5 and
StatView 5.0 (SAS Institute Inc.) and were expressed as means * standard
deviations. Data that appeared to be statistically significantly different were
compared by using an analysis of variance for comparing the means of miultiple
groups and were considered significantly different if the P value was less than
0.05.

RESULTS

MDP1 binds externally to the cell wall of BCG. MDP1 acis
as an adhesin on the envelope through interaction with glycos-
aminoglycans on the host cell surface (1, 38). Because MDP1
is retained in the cell wall, we hypothesized that MDP1 is
tightly bound to some unknown targets in the cell wall. In order
to assess this possibility, first we examined the binding of
MDP1 to the cell wall. We incubated FLUOS-labeled MDP1
with BCG and investigated the interaction by fluorescence
microscopy. The results revealed that MDP1 (pl 12.4; molec-
ular mass, 21 kDa) bound to the surface of BCG (Fig. 1A). In
contrast, other FLUOS-labeled basic proteins, such as egg
white lysozyme (pI 9.2; molecular mass, 16 kDa) (Fig. 1B) and
bovine histone H1 (pl 11.5; molecular mass, 21 kDa) (Fig. 1C),
did not interact with BCG. Bovine serum albumin (pl 5.4) did
not interact either (data not shown). Thus, MDP1 can specif-
ically bind externally to the cell wall.

MDP1 binds to TMM and TDM but not to free mycolic
acids. Mycolic acids form an ordered structure in the envelope
and are believed to be some of the outermost covalently linked
elements (3, 20). M. wberculosis produces three kinds of my-
colic acids, the alpha-, methoxy-, and keto-mycolates. Three
types of MAMEs (alpha-, methoxy-, and keto-mycolates), as
well as TMM and TDM derived from M. tuberculosis strain
Aoyama B, were immobilized on an ELISA plate and reacted
with MDP1, and the interaction was detected with anti-MDP1
MAD 3A (subclass IgG1, light chain k). The affinity of MADb 3A
for MDP1 was 1.39 ¢™® M as determined by surface plasmon
resonance analysis with a Biacore biosensor (Biacore) (data
not shown). This MADb binds to neither TMM nor TDM (data
not shown). The results showed that MDP1 bound to TMM
and TDM but not to any type of MAME (Fig. 1D). This
indicates that MDP1 specifically recognizes the covalent link-
age of mycolic acids to the 6-hydroxyl group of trehalose,
because MDP1 does not bind to any mycolic acid (Fig. 1D) or
free trehalose (1).

Physiological interaction between MDP1 and glycolipid in
the mycobacterial cell wall. Next we examined whether MDP1
actually associated with TMM and TDM in the mycobacterial
envelope by using an immunoprecipitation assay. A cell wall
fraction derived from BCG by the method described previously
(27) was incubated with MAb 3A or control mouse IgG. Then
MDP1-bound glycolipids were precipitated with protein G-
coupled beads, extracted with an organic solvent (chloroform-
methanol, 3:1 [vol/vol}), and analyzed by TLC. Both TMM and
TDM were precipitated by MAb 3A but not by control IgG
(Fig. 1E), showing that MDP1 associated with TDM and TMM
in the cell wall. The data also showed that MDP1 bound to
other unknown lipids that migrated above TDM, as well as
below TMM (Fig. 1E).
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FIG. 1. MDP1 binds to the cell wall of BCG. (A to C) BCG was incubated with FLUOS-1abeled MDP1 (A), egg white lysozyme (B), and bovine .
histone H1 (C). Bacteria were viewed with a confocal scanning laser microscope. (D) ELISA to detect MDP1-lipid or -glycolipid interactions.
Mycolic acids (bar b, alpha-MAME; bar ¢, methoxy-MAME; bar d. keto-MAME) and glycolipids (bar e, TMM; bar f, TDM) were immobilized
on an ELISA plate and reacted with MDP], and the level of binding was detected with anti-MDP1 MAb 3A. Bar a shows the results for a negative
control without immobilization of either lipids or glycolipids. OD492, optical density at 492 nm. (E) Immunoprecipitation assay to detect
physiological interaction of MDP1 and glycolipid. Cell wall derived from BCG was incubated with anti-MDP1 MADb 3A or control mouse IgG in
the presence of protein G-coated Sepharose. Samples were spotted on a TLC plate and developed with the chloroform-methanol-acetone-acetic

acid (80:20:6:1, volivolivolivol) solvent system.

MDP1 regulates transfer of mycolic acids by Ag85 complex
proteins in vitro. We next examined the effect of MDP1 on
transfer of mycolic acids by Ag85 complex proteins, because
MDP1 can bind TMM and TDM, which are substrates of Ag85
complex proteins. We purified Ag85 complex proteins, as well
as Ag85A, Ag85B, and Ag8SC individually, from M. tubercu-
losis H37TRv by the method described previously (28). Purified
Ag85 complex proteins transferred mycolic acids to **C-la-
beled trehalose as described previously (4). A molar amount of
MDP1 equivalent to that of the Ag85 complex reduced syn-
thesis of TDM and TMM by 44.4% =+ 18.4% and 57.4% =
25.2%, respectively (Fig. 2A and 2B). In contrast, a molar ratio
of MDP1 to Ag85 proteins of 1/1,000 enhanced synthesis of
TDM and TMM by 36.8% + 32.4% and 36.4% = 22.1%,
respectively (Fig. 2A and 2B). The same results were obtained
when total culture filtrates were used (Fig. 2C, upper chro-
matogram) or when purified Ag85B was used (Fig. 2C, lower
chromatogram). These results demonstrate that MDP1 pos-
sesses an activity to control the function of mycolyltransferases.

MDP1 binds to Ag85 complex proteins. Because MDP1 con-
trolled transfer of mycolic acids in the presence of excess
amounts of substrate (TMM) (Fig. 2), we considered the pos-
sibility that MDP1 interacts not only with TMM but also with
Ag85 complex proteins, which we examined next. Ag85A,
Ag85B, or Ag85C was immobilized on ELISA plates by
serial concentration and then incubated with MDP1. The

level of binding of MDP1 to Ag85 complex proteins was
detected by anti-MDP1 MAD. The results showed that the
interaction between MDP1 and each Ag85 complex protein
produced standard binding curves (Fig. 3A). BSA did not
bind to MDP1. These results suggested that MDP1 binds to
all Ag8S proteins.

Ag85 complex proteins bind to fibronectin by the motif con-
served in the complex, which is comprised of 11 amino acid

" residues (29). We examined if this region also participated in

the MDP1-Ag85 complex protein interaction. However, nei-
ther human fibronectin nor synthetic peptide corresponding to
the region from position 98 to position 108 of Ag85B, which
inhibits an Ag85 complex-fibronectin interaction, inhibited an
MDP1-Ag85 complex protein interaction (data not shown).
Thus, Ag85 complex proteins associate with MDPI1 through a
region other than the fibronectin-binding site.

We next examined whether MDP1 interacted with Ag85
complex proteins in the mycobacterial cell wall. A cell wall
fraction derived from BCG was immunoprecipitated with MAb
3A or control mouse IgG and separated by SDS-PAGE. One
gel was stained with Coomassie brilliant blue R250, and an-
other gel was used for Western blot analysis. Although we
observed only faint bands corresponding to Ag85 complex pro-
teins (Ag85A and Ag85C at 32 kDa and Ag85B at 30 kDa) in
the stained gel, in the Western blot analysis we observed that
the bands reacted with anti-Ag85 complex protein Ig in the
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FIG. 2. MDP1 relgulates mycolyltransferase activity in vitro. (A and
B) Radioactivity of *C-labeled TDM (A) and TMM (B) synthesized
by Ag85 complex proteins in vitro was quantified by using the BAS
system software. Radioactivity was expressed as a percentage of the
value for the sample without MDP1, which was defined as 100%.
Similar experiments were performed utilizing BSA instead of MDP1,
and the results were compared. PSL, photo-stimulated luminescence.
Asterisk, P < 0.05 for a comparison with control BSA (0 or 20 pg) (as
determined by analysis of variance). (C) Culture filtrate (CFP) (upper
chromatogram) or Ag85B (lower chromatogram) was added to each
vial and incubated for 30 min at 37°C in the presence of various doses
of MDPI and [**C]trehalose, and then glycolipids were eluted with
chloroform-methanol (2:1, volivol). Biosynthesis of glycolipids was an-
alyzed by using the BAS system after TLC plates were developed with
the chloroform-methanol-acetone-acetic acid (C:M:A:AA) (80:20:6:1,
volvolvolivol) solvent system. The lane on the left contained a nega-
tive control without culture filtrate and AgBSB.

precipitates when anti-MDP1 MAb was used but not when
control IgG was used (Fig. 3B). Similar experiments were per-
formed with anti-Ag85 Ig. Anti-Ag85 Ig, but not control Ig,
precipitated MDP1 from the cell wall fraction of BCG (Fig.
3C). Taken together, these results suggest that the Ag85 com-
plex proteins associate with MDP1 in the cell wall.
Subcellular localization of MDP1 in the course of culture.
We analyzed the MDP1 content of the cell wall during the
course of culture. We cultured M. smegmatis in LB medium for
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FIG. 3. MDP1 binds to Ag85 complex proteins. (A) ELISA to
detect the MDP1-Ag85 complex protein interaction. BSA, AgBSA,
Ag85B, and Ag85C were immobilized on an ELISA plate by incubat-
ing various concentrations of proteins and reacted with MDP1, and the
binding was detected with anti-MDP1 MADb. —, results without immo-
bilized proteins. OD 492 nm, optical density at 492 nm. (B and C)
Immunoprecipitation assay 1o detect a physiological interaction be-
tween MDP1 and Ag85 complex proteins. Cell walls derived from
BCG were incubated with (B) anti-MDP1 MAb 3A (Anti-MDP1) or
control mouse IgG (IgG) or (C) with anti-Ag85 Ig (Anti-Ag85) or
control rabbit Ig (Ig) in the presence of protein G-coated Sepharose.
Samples for Western blotting were probed with rabbit anti-Ag85 Ig
(B) or anti-MDP1 MAb (C).
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3, 5, and 7 days, and each subcellular fraction was purified. In
this experiment, bacteria grew to stationary phase by day 4
(Fig. 4A). The MDP1 content in each fraction was analyzed by
Western blotting. The results showed that MDP1 accumulated
in both cell wall and other cellular fractions (membrane, ribo-
some, and cytoplasmic fractions) at the stationary growth
phase (Fig. SA).

We next carried out a similar experiment with BCG. Total
cellular proteins, the cell wall fraction, and other cellular frac-
tions were obtained from BCG after growth for 10, 20, 30, and
60 days on Sauton medium. A Western blot analysis showed
that the cellular content of MDP1 increased in both the cell
wall and other cellular fractions (Fig. 5B), while the levels of
Ag85 complex proteins in the cell wall decreased with time
(Fig. 5C).

Role of MDP1 in glycolipid biosynthesis. MDP1 is presumed
to be essential in slow growers, such as M. tuberculosis (34).
However, the mdp1/hip gene can be knocked out in M. smeg-
matis (19). In order to determine the physiological role of
MDP1 in assembly of the cell wall, we employed an M. smeg-
matis MDPI/HLP KO strain constructed by the group of
Thomas Dick (19). We additionally generated an MDP1-com-
plemented strain by insertion of a single copy of the M. smeg-
matis MDP1 gene into the genome of the MDPI/HLP KO
strain. :

We first analyzed the growth kinetics of the wild type, the
MDP1 KO strain, and the complemented strain in LB medium.
In this experiment, all strains reached stationary phase on day
4, but the bacterial density of the MDP1 KO strain was lower
than that of the wild-type strain during the stationary growth
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FIG. 4. Effect of MDP1 deficiency on growth kinetics and cell sur-
face morphology. (A) Wild-type M. smegmatis mc?155, MDP1 KO, and
complemented strains were cultured in LB broth, and bacterial num-
bers at various time points were determined and expressed as CFU
after serially diluted samples on LB agar were harvested. Asterisk, P <
0.05 for a comparison with the wild-type strain (as determined by
analysis of variance). The results are the results of one representative
experiment of seven experiments in which similar results were ob-
tained. (B to D) Visualization of cell surface structure of the wild-type
(WT) (B), MDP1 KO (KO) (C), and complemented (Comp)
(D) strains by SEM. Bars = 0.5 pm. Bacteria in both exponential (day
3 [D3]) and stationary (day 7 [D7]) phases were analyzed.

phase (Fig. 4A). This phenotype was almost completely re-
versed by complementation. Next, we analyzed bacterial sur-
face morphology by SEM. All strains produced similar smooth
structures at exponential phase (Fig. 4B, C, and D, upper
panels), and both the wild-type and complemented strains
were normal with a smooth shape even in the stationary growth
phase (Fig. 4B and D, middle panels). However, at the same
time point, the MDP1 KO strain displayed a crenellated struc-
ture (Fig. 4C, middle and lower panels), implying that MDP1
influences cell envelope structure during stationary phase in M.
smegmatis. :

In order to analyze the effect of MDP1 disruption on glyco-
lipid biosynthesis, we chased synthesis of mycolates and TMM
by adding '*C-labeled acetic acid to cultures of the wild-type,
MDP1 KO, and complemented strains. Incorporation of ra-
dioactivity into TMM and MAME:s was analyzed by using the
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FIG. 5. Subcellular localization of MDP1 and Ag85 in the course of
culture. (A to C) Total cellular protein (Total cell), the cell wall
fraction (Cell wall fraction), and the residual material after isolation of
the cell wall fraction (Non cell wall fraction) were obtained from M.
smegmatis (A) and BCG (B and C) at each time point indicated. The
samples were analyzed by Western blotting with anti-MDP1 MADb 3A
(A and B) or anti-Ag85B Ig (C). The data are representative of three
to five experiments.
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BAS system after fractionation by high-performance TLC (Fig.
6). TLC analysis revealed two TMM spots (Fig. 6A). M. smeg-
matis produces three types of mycolic acids, alpha, alpha’, and
epoxy mycolates. To determine which types of mycolates were
present in each TMM spot, we determined the molecular mass
of each spot by MALDI-TOF mass spectrometry. The major
peak of the upper TMM spot showed a pseudomolecular ion
[M+Na]* at m/z 1556, which was identified as alpha-Cg,
TMM, while the major peak of the lower spot showed a
pseudomolecular ion [M+Na]* at m/z 1306, which was pre-
sumed to be alpha’-C4s TMM (data not shown) (14). Thus,
high-performance TLC analysis can separate alpha TMM and
alpha’ TMM.

The three strains synthesized similar amounts of TMM and
MAME: during exponential growth (day 3). However, during
stationary phase (day 7), in both the wild-type and comple-
mented strains mycolate synthesis was reduced strongly (day
7). By contrast, the MDP1-deficent strain continued produc-
tion of both mycolates and TMM, synthesizing 9.9-fold-higher
amounts of TMM (Fig. 6B), 4.3-fold-higher amounts of alpha-
MAME (Fig. 6C), and 5.9-fold-higher amounts of alpha’-
MAME (Fig. 6D) than the wild type. This phenotype was
completely reversed by complementation, indicating that a lack
of MDP1 impaired the down-regulation of biosynthesis of
mycolates and TMM in stationary phase.

Altering the growth rate with Ag85 complex proteins and
MDP1. Because cell wall biogenesis is a biological event in-
volved in multiplication of bacteria, we next examined whether
regulation of the transfer of mycolic acids by MDP1 influences
mycobacterial growth. We assessed the effects of exogenously
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FIG. 6. MDPI1 mediates cessation of glycolipid biosynthesis at the
stationary growth phase. (A) Lipid synthesis was measured by addition
of ["*CJacetate to a bacterial culture. The TMM and MAME:s from 10°
bacteria, including the M. smegmatis parent strain (wild type [WT]),
the MDP1 KO strain (KO), and the complemented strain (Comp),
were extracted on days 3 and 7 and fractionated by TLC. The radio-
activities of synthesized TMM and MAMEs were visualized by using
the BAS system. (B to D) Radioactivities of TMM (B), alpha-MAME
(C), and alpha’-MAME (D) extracted from a bacterial culture after 7
days were quantified by using the BAS system software and compared
for the wild-type, MDP1 KO, and complemented strains. The values
are means * standard deviations of five experiments. PSL, photo-
stimulated luminescence.

added MDP1 in culture media on this growth. We generated a
luciferase-producing BCG strain (BCG-Luc) to estimate the
growth of BCG. The activity of luciferase paralleled the CFU
assay results up to 10* CFU/ml (data not shown). We cultured
BCG-Luc in the presence or absence of MDP1 or Ag85 com-
plex proteins. Both the luciferase-based assay and determina-
tion of the CFU showed that exogenously added MDP1 sup-
pressed growth of BCG, while Ag85 complex proteins
enhanced growth (Fig. 7A). We next added serial doses of
MDP1 to the culture of BCG-Luc in the presence of Ag85
complex proteins. We found that a low dose of MDP1 further
boosted Ag85 complex-induced growth enhancement, while a
high dose of MDP1 suppressed Ag85-dependent growth en-
hancement (Fig. 7B).
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FIG. 7. Growth control of BCG by exogenously added MDP1 and
Ag85 complex proteins. BCG-Luc was grown in RPMI 1640 containing
10% FBS in the presence of various doses of MDP1, Ag85 complex, or
a mixture of MDP1 and the Ag85 complex in a 96-well tissue culture
plate. The total culture volume was 200 ul in each well. Representative
results of three independent experiments are presented. (A) Lucifer-
ase activity (expressed in relative luciferase units {RLU]) was mea-
sured on days 0, 5, 7, and 9 (upper graph), and CFU were counted on
days 0, 7, and 9 (lower graph). MT, 30 pg/well Ag85 complex; MDP1,
30 pg/well MDP1; —, BCG-Luc alone. The values are the means x
standard deviations of three experiments. (B) Luciferase activity was
measured on days 0, 6, and 8. MT 30, 30 ug/well Ag85 complex; MDP
30, 30 pg/well MDP1; MT+MDP30, 30 ng/well Ag85 complex plus 30
pg/well MDP1; MT+MDP15, 30 ng/well Ag85 complex plus 15 pg/
well MDP1; —, BCG-Luc alone. The values are the means * standard
deviations of three experiments. Asterisk, P < 0.05 for a comparison
with the no-protein control (as determined by analysis of variance).

DISCUSSION

In this study, we analyzed the role of the mycobacterial
histone-like protein MDP1 in the cell wall. We found that
MDP1 plays an important role in tuning cell wall assembly by
controlling transfer of mycolic acids to sugars by Ag85 complex
proteins.

We showed that the cellular content of MDP1 was increased
in advanced cultures of both M. smegmatis and BCG (Fig. 5).
Previously, we and other groups showed that MDP1/HLP was
accumulated in growth-retarded phases, including dormant ba-
cilli of M. wuberculosis and M. smegmaiis (19, 26, 37), by one-
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dimensional SDS-PAGE analysis. MDP1 is resistant to analysis
by two-dimensional gel electrophoresis because of its strong
positive charge (pI of BCG, 12.4; pl of M. tuberculosis, 12.45).
However, in spite of the extensive analysis of gene expression
profiles with DNA microarrays, increased expression of mdpl
mRNA in a stationary or anaerobic culture has not been ob-
served (5. 18. 30, 35. 42). These results imply that accumulation
of MDP1 in growth-retarded phases is largely due to posttran-
scriptional regulation. Pethe et al. found that lysines of the
C-terminal region of laminin-binding protein/MDP1 are meth-
ylated by an unknown enzyme, which is present at a high level
in the cell wall and confers resistance to proteolysis (31). Thus,
posttranslational modification stabilizes MDP1 and might be
involved in accumulation of MDP1 during a growth-retarded
phase. In addition, methylation of basic charged amino acids
may help the association of MDP1 with glycolipids by negating
the charge of the protein. Posttranslational modifications, re-
sembling eukaryotic histones, may control the cellular function
and stability of MDP1. This issue should be clarified by addi-
tional study. By contrast, Ag85 complex proteins were localized
in the cell wall during culture, but the contents gradually de-
creased with time in BCG (Fig. SC) and M. smegmatis cultures
(data not shown). It is likely that mycobacieria regulate trans-
fer of mycolic acids by altering amounts of both MDP1 and
Ag8S complex proteins in the cell wall.

The density of the MDP1 KO strain was lower in stationary
phase (Fig. 4A). Lee et al. reported that an HLP/MDP1 KO
strain displayed the same growth Kkinetics in Dubos Tween-
albumin broth (19). We confirmed that an M. smegmatis MDP1
KO strain exhibited similar levels of cell density and survival at
stationary phase when it was cultured in Dubos Tween-albu-
min broth (data not shown). Furthermore, alteration of the
surface structure at stationary phase was not revealed by SEM
analysis of the surface of the MDP1 KO strain cultured in
Dubos Tween-albumin broth (data not shown).

TMM-derived mycolic acids are a major source of TDM and
AGe-linked mycolic acids (40, 41). Thus, the amount of TMM is
an important factor for determining the level of cell wall as-
sembly. The MDP1 KO strain exhibited continued synthesis of
TMM other than MAME:s (Fig. 6) and TDM (data not shown)
at the stationary growth phase. TMM could be synthesized
from TMM and TDM by Ag85 complex proteins, once the
substrates (TMM and TDM) were synthesized. However, the
primary enzyme that catalyzes synthesis of TMM is still not
known. Takayama et al. proposed that TMM could be synthe-
sized in the cytoplasm (40). However, recently, Tropis et al.
demonstrated that TMM is synthesized outside the plasma
membrane but not inside the cytoplasm (41). The Ag85 com-
plex is the most abundant protein secreted by M. tuberculosis
(around 10 to 30%) and is a possible candidate enzyme for
transfer of mycolic acids to trehalose to synthesize the TMM
precursor (B-keto-acyl trehalose), as deduced from the struc-
ture of Ag85C (33). MDP1 suppresses Ag85 complex-depen-
dent secondary synthesis of TMM (Fig. 2B), but we cannot
climinate the possibility that MDP1 also inhibits the primary
synthesis of the TMM precursor whenever it is catalyzed by
Ag85 complex proteins or undetermined enzymes.

An activity controlling glycolipid biosynthesis prompted us
to examine whether exogenously added MDP1 and Ag85 com-
plex proteins influence bacterial growth. We showed that
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growth of BCG could be altered by a combination of Ag8S
complex proteins and MDP1 (Fig. 7). The MDP1 content in
the total proteins of the cell wall increased at the stationary
growth phase, while that of the Ag85 complex proteins de-
creased (Fig. 3). It can be speculated that a change in the ratio
of MDP1 1o Ag85 complex proteins in the cell wall is involved
in determining the growth rate.

Inhibition of specific cellular metabolism causes cell death,
as many antibiotics kill bacteria. However. expression of
MDP1 does not kill mycobacteria; instead, it just suppresses
growth (23). This is probably due to suppression of whole
cellular metabolism, including macromolecular biosynthesis of
DNA, RNA, and proteins (23) and cell wall assembly, as shown
in this study. This can be caused by multiple interacting activ-
ities of different classes of macromolecules. The mechanism of
such multiple binding activities should be resolved by struc-
ture-based studies, like those done on bacterial proteins such
as SecB (32, 44). Recently, it has been reported that the his-
tone-like protein HN-S mediates silencing of global gene ex-
pression in growth-retarded Salmonella (2, 8, 21). In humans,
histone H2A seems 10 be involved in X chromosome inactiva-
tion (11). It can be speculated that use of a nonspecific DNA-
binding protein to inactivate cellular metabolism is a general
strategy. Here we found an alternative role of a histone-like
protein in bacterial metabolism. Qur data suggest that MDP1-
medaited control of glycolipid biosynthesis is involved in the
mechanism linking the growth state and cell wall biogenesis.
Although we conducted experiments using nonpathogenic or
slightly pathogenic mycobacteria, such as M. smegmatis and
BCG, these bacteria share the basic structure of the cell wall
with pathogenic mycobacteria, including M. wberculosis. Taken
together. our data provide significant information for under-
standing both the coordination of bacterial growth and viru-
lence.
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