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ABSTRACT Lipomannan (LM) and lipoarabinomannan (LAM) are mycobacterial glycolipids containing a long mannose polymer.
While they are implicated in immune modulations, the significance of LM and LAM as structural components of the mycobacte-
rial cell wall remains unknown. We have previously reported that a branch-forming mannosyltransferase plays a critical role in
controlling the sizes of LM and LAM and that deletion or overexpression of this enzyme results in gross changes in LM/LAM
structures. Here, we show that such changes in LM/LAM structures have a significant impact on the cell wall integrity of myco-
bacteria. In Mycobacterium smegmatis, structural defects in LM and LAM resulted in loss of acid-fast staining, increased sensi-
tivity to �-lactam antibiotics, and faster killing by THP-1 macrophages. Furthermore, equivalent Mycobacterium tuberculosis
mutants became more sensitive to �-lactams, and one mutant showed attenuated virulence in mice. Our results revealed previ-
ously unknown structural roles for LM and LAM and further demonstrated that they are important for the pathogenesis of tu-
berculosis.

IMPORTANCE Tuberculosis (TB) is a global burden, affecting millions of people worldwide. Mycobacterium tuberculosis is a caus-
ative agent of TB, and understanding the biology of M. tuberculosis is essential for tackling this devastating disease. The cell wall
of M. tuberculosis is highly impermeable and plays a protective role in establishing infection. Among the cell wall components,
LM and LAM are major glycolipids found in all Mycobacterium species, show various immunomodulatory activities, and have
been thought to play roles in TB pathogenesis. However, the roles of LM and LAM as integral parts of the cell wall structure have
not been elucidated. Here we show that LM and LAM play critical roles in the integrity of mycobacterial cell wall and the patho-
genesis of TB. These findings will now allow us to seek the possibility that the LM/LAM biosynthetic pathway is a chemothera-
peutic target.
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Mycobacterium tuberculosis, an etiologic agent of tuberculosis
(TB), infects around one-third of the world population and

kills millions of people annually (1). A critical contributor to the
ability of M. tuberculosis to evade the host immune system is its
hydrophobic and complex cell wall, which is composed of pepti-
doglycan, arabinogalactan, mycolic acids, and glycolipids layered
on top of the plasma membrane (2). Lipoarabinomannan (LAM),
lipomannan (LM), and phosphatidylinositol (PI) mannosides
(PIMs) are mannose-containing glycolipids that are important
constituents of the cell envelope. These molecules have a PI mem-
brane anchor and are embedded in the plasma membrane or the
outer membrane by their lipid moiety (3). PIMs are highly heter-
ogeneous in structure and carry up to four fatty acids and six
mannoses (4, 5). The predominant forms of PIM are triacylated

species termed AcPIM2 and AcPIM6, which carry two and six
mannoses, respectively. LM and LAM carry a much longer chain
of �-1,6-linked mannoses, and the �-1,6-mannan backbone is
further modified by multiple �-1,2-monomannose branches
(Fig. 1) (6). In Mycobacterium smegmatis, a nonpathogenic model
organism, LM/LAM mannan carries 21 to 34 mannose residues
(7), and in the case of LAM, the mannan backbone is further
modified with arabinan(s), which consists of �-1,5-linked arabi-
nose backbones with �-1,3 branch points.

PIMs, LM, and LAM are synthesized by sequential additions of
mannoses and arabinoses to PI, one of the major phospholipids in
mycobacterial plasma membranes (5, 8–10) (Fig. 1). While the
initial steps of PIM/LM/LAM biosynthesis overlap, the biosyn-
thetic pathway of LM and LAM diverges from that of AcPIM6 at
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the intermediate AcPIM4 (11). PimE (MSMEG_5136) is an �-1,2-
mannosyltransferase that commits AcPIM4 to the AcPIM6 path-
way, and pimE deletion mutants cannot produce AcPIM6,
while they do not have any apparent defect in LM/LAM bio-
synthesis (12). For the LM/LAM pathway, the elongating �-
1,6-mannosyltransferase (MSMEG_4241) and branch-forming
�-1,2-mannosyltransferase (MSMEG_4247) mediate mannan
synthesis in M. smegmatis (7, 13). An MSMEG_4241 deletion mu-
tant accumulates an LM intermediate carrying 5 to 20 mannose
residues, suggesting that there is at least one other unidentified
�-1,6-mannosyltransferase involved in the initial stage of the
mannan elongation. Deletion of MSMEG_4247 resulted in abla-
tion of branch-forming �-1,2-mannosyltransferase activities,
leading to accumulation of branchless LAM and the complete ab-
sence of LM (13, 14). Interestingly, we previously reported that the
overexpression of MSMEG_4247 resulted in the production of
smaller LM and LAM carrying dwarfed mannan and arabinan
(14). Because MSMEG_4247 is the branch-forming mannosyl-
transferase, we initially expected a greater frequency of mono-
mannose side chains from overexpression strains. Production of
smaller LM and LAM was therefore unexpected, and our further
analysis demonstrated that the balance in the expression levels of
MSMEG_4241 and MSMEG_4247 is critical for the production of
properly sized LM and LAM. Our current hypothesis is that
branch-forming mannosyltransferase plays a role in the termina-
tion of mannan backbone elongation, and therefore, the overpro-
duction of MSMEG_4247 results in premature termination of the
backbone elongation, leading to the production of smaller LM and
LAM. In M. tuberculosis, Rv2174 and Rv2181 have been identified as
orthologs of MSMEG_4241 and MSMEG_4247, respectively (7, 13,
15, 16). We reported that the overexpression of Rv2181 also results in

phenotypes similar to those of MSMEG_4247-overexpressing
M. smegmatis and suggested that the mannan backbone length of LM
and LAM is similarly controlled in M. tuberculosis. A unique feature
of LAM produced by pathogenic species is di- and trimannosyl cap-
ping decorating the nonreducing arabinan termini (17–19). MT1671
from M. tuberculosis CDC1551 (orthologous to Rv1635c in M. tuber-
culosis H37Rv) mediates the priming of the first capping mannose to
the terminal arabinose (20), and subsequent �-1,2-mannosyl trans-
fers are mediated by Rv2181 (15). Thus, while Rv2181 and
MSMEG_4247 are biochemically similar enzymes, mediating the
synthesis of �-1,2-monomannose side chain, Rv2181 plays an addi-
tional role in LAM mannose cap synthesis in M. tuberculosis. Rela-
tively little is known about Rv2174 other than the fact that Rv2174 can
complement the MSMEG_4241 deletion mutant of M. smegmatis (7)
and that the gene is predicted to be essential (21).

While many studies have described the immunomodulatory
activities of LM and LAM (22–25), their roles as structural com-
ponents of the cell envelope remain elusive. A significant fraction
of LM and LAM appears to be anchored to the plasma membrane
(3) and therefore has its glycans positioned to interact directly
with the cell wall core structure. Thus, it is reasonable to speculate
that LM and LAM have a direct role in maintaining cell wall in-
tegrity. There are a few recent studies that indicated potential
structural roles of LM and LAM in M. tuberculosis. For example,
EmbC, an arabinosyltransferase involved in LAM synthesis, is an
essential enzyme in M. tuberculosis (26), suggesting that LAM
plays a fundamental role in mycobacterial physiology. Another
interesting study found that levels of LM and LAM were reduced
in a PimB (Rv0557)-deletion M. tuberculosis mutant, and this mu-
tant became more effective in killing macrophages (27). These
studies suggested that LM and LAM are important for the growth
and pathogenesis of M. tuberculosis. We recently reported that
balanced expression levels of elongating and branch-forming
mannosyltransferases are important for the biosynthesis of LM
and LAM with correct mannan sizes (14). In the current study, we
used these mutants to examine the physiological roles of LM and
LAM in the context of maintaining cell wall integrity. We found
that M. smegmatis mutants lost their acid-fastness, became more
sensitive to various antibiotics, and became more prone to mac-
rophage killing, suggesting loss of cell wall integrity. Similarly,
equivalent M. tuberculosis mutants became more sensitive to an-
tibiotics, and one of them failed to establish effective infection in
mice. Our data therefore indicate that LM and LAM are critical for
the cell wall integrity and pathogenicity of mycobacteria.

RESULTS
Growth and viability of MSMEG_4247 deletion and overex-
pression strains. We previously made MSMEG_4247 deletion
(�4247) and overexpression (�4247�Phsp604247) strains of
M. smegmatis and reported that LM/LAM structures became ab-
errant (14). To investigate the impact of such changes on the cel-
lular physiology of mycobacteria, we first examined the growth
rate of these strains and found that they grew at essentially the
same rate as did the parental strain (Fig. 2A). We also found no
changes in viabilities of the mutants in comparison to the parental
strain during 8 days of culture (Fig. 2B). These data suggested that
aberrant structures of LM and LAM do not significantly affect the
growth and viability of M. smegmatis.

Plasma membrane structure and function of MSMEG_4247
deletion and overexpression strains. PimE, the �-1,2-

FIG 1 LM/LAM biosynthetic pathway and phenotypes of the mutants.
See the text for details.
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mannosyltransferase involved in AcPIM6 synthesis, is critical for
the maintenance of plasma membrane structure, and a �pimE
mutant developed plasma membrane invaginations (12) (Fig. 2C,
arrows). In contrast, LM/LAM mutants did not show any mor-
phological plasma membrane aberrations, and occasional mem-
brane invaginations in the LM/LAM mutants were no more fre-
quent than they were in wild-type cells (~20%) (Fig. 2C). These
data suggested that structural changes in LM and LAM do not
have significant impact on the plasma membrane morphology.
We then examined the sensitivity of these mutants to chemical
compounds such as malachite green, sodium dodecyl sulfate
(SDS), and crystal violet. These lipophilic compounds are toxic to
mycobacteria and have been used to test the permeability of the
plasma membrane (28). Consistent with the morphological ab-
normalities of the �pimE plasma membrane, the �pimE mutant
became markedly sensitive to these compounds (Fig. 2D). In con-
trast, LM/LAM mutants showed little change in sensitivity, sug-
gesting that structural changes in LM and LAM do not affect the
permeability of these compounds.

Acid-fastness is a hallmark of mycobacteria and has been at-
tributed to the waxy nature of the cell wall outer membrane. We
wondered if the acid-fastness is affected in our mutants. While the
parental strain of M. smegmatis showed a typical red color follow-
ing carbol-fuchsin staining, both �4247 and �4247�Phsp604247
were negative for this staining (Fig. 2E). These data suggested that
the cell wall integrity of the LM/LAM mutants is compromised
significantly despite the fact that these mutants are resistant to the
abovementioned chemical compounds.

Catalytic activity of MSMEG_4247 is critical for changes in
cell wall integrity. The expression of MSMEG_4247 driven by the
Hsp60 promoter is significantly greater than the endogenous
level (14). Therefore, we wished to exclude the possibility that
the altered cell wall properties of �4247�Phsp604247 are a
nonspecific effect of protein overexpression. We have previ-
ously demonstrated that the smaller LM/LAM phenotype of
�4247�Phsp604247 can be reproduced when MSMEG_4247 is
overexpressed in a wild-type background, and 15-fold overex-
pression is sufficient to induce this effect. We also demon-

FIG 2 MSMEG_4247 deletion or overexpression results in loss of acid-fast staining. (A and B) Growth and viability of MSMEG_4247 deletion and overex-
pression mutants. Stationary cells were diluted 100-fold in Middlebrook 7H9 broth, and growth was monitored by OD600 measurement. Viability was deter-
mined by counting CFU on Middlebrook 7H10 agar plates. Experiments were performed in triplicate, and standard deviations are shown. (C) Transmission
electron micrographs of �4247 and �4247�Phsp604247 strains compared to the �pimE mutant. Bars, 500 nm. The graph indicates the frequency of cells with
membrane invaginations. (D) Sensitivity of M. smegmatis mutants to membrane-permeable compounds malachite green, SDS, and crystal violet. (E) Acid-fast
staining of MSMEG_4247 deletion and overexpression mutants.
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strated that catalytically inactive MSMEG_4247 D45A mutant
protein cannot induce the same effect in the same wild-type
background (14). We took advantage of these observations and
compared wild-type cells overexpressing catalytically active
and inactive forms of the enzyme [WT�Phsp604247 and
WT�Phsp604247(D45A)]. We preferred the wild-type back-
ground because deletion mutants might have additional muta-
tions that could complicate the interpretation of our data. We
first confirmed high expression levels of MSMEG_4247 by
Western blotting (Fig. 3A). Consistent with our previous pub-
lication (see Fig. 2 [�4247 background] or Fig. 3 [wild-type
background] in reference 14), LM and LAM became smaller
only when the wild-type cells were transfected with catalytically
active MSMEG_4247 (WT�Phsp604247) (Fig. 3A). We then
examined if other components of the cell wall and plasma
membrane are affected by overexpression of MSMEG_4247.
We found that PIMs, phospholipids, trehalose dimycolate,
and glycopeptidolipids are all present at levels comparable be-

tween the two strains (Fig. 3B to D). In addition, � and �= sub-
species of mycolic acids released from the peptidoglycan-
arabinogalactan-mycolic acid core were present at similar lev-
els (Fig. 3E). These data suggested that the compositions of the
cell wall and plasma membrane in these mutants were largely
unchanged. We further determined the sensitivity of mutants
to various antibiotics, including vancomycin and �-lactam an-
tibiotics, using an alamarBlue growth assay. We focused on
these antibiotics because these drugs primarily target pepti-
doglycan biosynthesis and do not have to cross the plasma
membrane. We found that WT�Phsp604247 was more sensitive
to vancomycin than was WT�Phsp604247(D45A) (Table 1).
Furthermore, we found that WT�Phsp604247 was more sensi-
tive to several �-lactam antibiotics such as meropenem, cefo-
taxime, and cefepime, although it remained resistant to other
�-lactams (Table 1). Although these effects are relatively mild,
these data implied that changes in LM/LAM structures sub-
stantially affected the barrier function of the cell wall. Cell

FIG 3 Catalytic activity of MSMEG_4247 is critical for the phenotype of the MSMEG_4247 overexpression mutant. (A) (Top) Western blot assay using
anti-MSMEG_4247 antibody. (Bottom) ProQ Emerald staining showing LM/LAM profiles. (B) Extracted lipids were separated by high-performance thin-layer
chromatography (HPTLC) using chloroform-methanol-13 M ammonia-1 M ammonium acetate-water (180:140:9:9:23) as a solvent system and stained for
glycolipids using orcinol. (C) Extracted lipids were separated on an HPTLC plate using chloroform-methanol-13 M ammonia-1 M ammonium acetate-water
(180:140:9:9:23) as a solvent system, and separated lipids were stained for phospholipids using molybdenum blue staining reagent. CL, cardiolipin; PE,
phosphatidylethanolamine. (D) Extracted lipids were separated on an HPTLC plate using chloroform-methanol (9:1) as a solvent system, and separated lipids
were visualized by orcinol staining. GPLs, glycopeptidolipids; TDM, trehalose dimycolate. (E) Mycolic acids released from the peptidoglycan-arabinogalactan
core were methylated, and mycolic acid methyl ester was separated and visualized by chromic acid staining. � and �= indicate methyl ester derivatives of
�-mycolic acid and �=-mycolic acid, respectively. (F) Killing of M. smegmatis by THP-1 cells. M. smegmatis WT�Vec (solid squares), WT�Phsp604247 (open
circles), and WT�Phsp604247(D45A) (solid triangles with dashed line) were incubated with activated THP-1 cells, and survival of M. smegmatis cells was
monitored by counting recovered CFU. Experiments were performed in triplicate, and standard deviations are shown.
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envelope perturbation has been suggested to be a major intra-
cellular stress encountered by M. tuberculosis during infection
of human THP-1 monocyte cells (29), so we considered the
possibility that these LM/LAM mutants might be more sensi-
tive to killing by THP-1 cells. Because M. smegmatis is non-
pathogenic, the wild-type strains are susceptible to killing by
activated THP-1 cells, and at least 99% of cells are killed
within 42 h (Fig. 3F). When we compared our mutants,
WT�Phsp604247 appeared to be phagocytosed more readily as
indicated by a CFU number slightly higher than that of the wild
type at time zero. Furthermore, WT�Phsp604247 was killed at a
higher rate than was WT�Phsp604247(D45A) (Fig. 3F), suggest-
ing that LM and LAM play a protective role against the bacte-
ricidal activity of THP-1 cells.

Tetracycline-inducible suppression of MSMEG_4241 ex-
pression. Continuous overexpression of MSMEG_4247 might se-
lect for an adaptive mutation that compensates for the decreased
fitness due to aberrant LM/LAM structures. To minimize such a
possibility of secondary mutation and examine the direct impact
of LM and LAM on cell wall integrity, we created a tetracycline-
inducible strain to suppress the expression of MSMEG_4241. As
MSMEG_4241 mediates the elongation of mannan backbone,
tetracycline-inducible suppression of its expression allowed us to
examine the direct consequences of structural alterations of LM
and LAM.

We designed a construct so that the reverse tetracycline repres-
sor (revTetR)-controlled promoter controls the expression of
MSMEG_4241 (Fig. 4A). Targeted integration of the construct
was confirmed by Southern blotting (Fig. 4A). The revTetR ex-
pression vector was then introduced and maintained episomally.
In the resultant MSMEG_4241 Tet-off cells, MSMEG_4241 ex-
pression was reduced to undetectable levels as early as 23 h after
addition of anhydrotetracycline (atc), a tetracycline analog
(Fig. 4B). Both mature LM and LAM disappeared upon induction,
and LM-like intermediates accumulated (Fig. 4C). Matrix-
assisted laser desorption–ionization time of flight mass spectrom-
etry (MALDI-TOF-MS) showed that these LM-like intermediates
carry 9 to 18 mannoses (Fig. 4D), consistent with the intermediate
species previously observed in an MSMEG_4241 deletion mutant
(7). Taken together, we have established an MSMEG_4241 Tet-off

mutant that becomes unable to produce mature LM and LAM
upon atc addition.

We examined the effect of MSMEG_4241 Tet-off induction on
growth and found that cells grew at almost the same rate, regard-
less of induction (Fig. 4E). We also found no difference in the
plasma membrane integrity at an ultrastructural level (Fig. 4F).
Furthermore, Tet-off induction did not change the sensitivity of
cells to malachite green, SDS, or crystal violet (Fig. 4G). However,
consistent with the phenotypes of �4247 and �4247�Phsp604247,
MSMEG_4241 Tet-off cells lost their acid-fastness upon induc-
tion (Fig. 4H). These data suggest that the structural changes of
LM and LAM have a direct and immediate impact on cell wall
integrity.

Changes in LM/LAM structures affect the pathogenesis of M.
tuberculosis. We next wanted to examine if the roles that LM and
LAM play in M. smegmatis can be extended to pathogenic species.
We have previously created M. tuberculosis mutants that either
lack or overexpress Rv2181 (�2181 or �2181�Phsp602181, respec-
tively) and shown that their LM/LAM profiles were aberrant in a
manner similar to that of their M. smegmatis counterparts
(Fig. 5A). Using a polyclonal antibody against Rv2181, we con-
firmed that �2181 and �2181�Vec lack Rv2181 expression
(Fig. 5A). We also confirmed that the �2181�Phsp602181 strain
overexpresses Rv2181 protein. The doubling time of these mu-
tants was not significantly different from that of the wild type
(Table 2). Interestingly, we also found no significant differ-
ences in acid-fastness between wild-type, �2181�Vec, and
�2181�Phsp602181 strains (data not shown), possibly suggest-
ing more dominant roles of the core mycolic acid-
arabinogalactan-peptidoglycan layer for acid-fastness in M. tu-
berculosis. Nevertheless, when we tested the sensitivity of the
mutants to antibiotics, we found that both �2181�Vec and
�2181�Phsp602181 were more sensitive to various antibiotics
(Table 3). Interestingly, M. tuberculosis mutants became sensi-
tive to wider varieties of �-lactams than did M. smegmatis mu-
tants (see Discussion).

This increased sensitivity to antibiotics indicated that the
changes in LM/LAM structures have a significant impact on the
integrity of the M. tuberculosis cell wall. Because the M. smegmatis
mutant was more sensitive to macrophage killing (Fig. 3G), we

TABLE 1 Antibiotic sensitivities of M. smegmatis mutantsa

Antibiotic class Antibiotic name

IC50 (�g/ml)

Wild type � empty vector WT�Phsp604247 WT�Phsp604247(D45A)

Glycopeptide Vancomycin 0.27 � 0.00 0.11 � 0.01 0.21 � 0.01

Penam Ampicillin �400 �400 �400
Carbenicillin �400 �400 �400
Benzylpenicillin �200 �200 �200

Carbapenem Meropenem 2.6 � 0.3 0.58 � 0.03 1.9 � 0.1

Cephem Cephalothin �200 �200 �200
Cefamandole �200 �200 �200
Cefotaxime �800 47.7 � 8.8 �800
Cefepime �200 1.2 � 0.3 �200

Monobactam Aztreonam �200 �200 �200
a Vancomycin, meropenem, cefotaxime, and cefepime values are given as means � standard deviations from triplicate data. Other antibiotics were tested in duplicate. IC50, 50%
inhibitory concentration.
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considered the possibility that these M. tuberculosis mutants may
show defects in infection of mice. To test this hypothesis, we intra-
tracheally injected C57BL/6 mice with wild-type, �2181�Vec,
and �2181�Phsp602181 strains and monitored bacterial growth
and survival of mice. We determined the level of infection by lung
CFU. We found that bacterial colonization was efficient in mice
infected with either mutant strain, although we observed slightly
lower lung CFU from mice infected with the �2181�Phsp602181

mutant, especially at 12 weeks postinfection (Fig. 5B). More strik-
ingly, �2181�Phsp602181 was unable to kill the mice under the
condition where mice infected with wild-type M. tuberculosis
started to die after 6 weeks (Fig. 5C), suggesting that its virulence
was significantly compromised. Because LM and LAM have been
implicated in immunomodulatory activities, we monitored local
inflammation and cytokine responses in the infected lungs during
the course of infection. There were no clear changes in either the

FIG 4 Establishment and analysis of MSMEG_4241 Tet-off cells. (A) Strategy to establish MSMEG_4241 Tet-off cells and Southern blot assay confirming
homologous recombination. See Materials and Methods for details. B, BamHI site. The gray bar indicates the region used as a Southern blot probe. (B) Western
blotting using anti-MSMEG_4241 and anti-MSMEG_4247 antibodies, showing that the expression of MSMEG_4241 was effectively turned off by the addition
of atc. (C) LM/LAM profiles of Tet-off cells. LM and LAM were extracted from cells at the 23-h time point, analyzed by SDS-PAGE, and visualized by ProQ
Emerald staining. (D) MALDI-TOF-MS analysis of LM accumulating at 23 h after addition of atc. The number of mannose residues is indicated for each LM peak.
(E) Growth of bacteria monitored by OD600 in Middlebrook 7H9 broth. (F) Transmission electron micrographs of cells with or without atc induction.
(G) Sensitivity of cells to malachite green, SDS, and crystal violet. For tetracycline induction, agar plates were supplemented with 40 ng/ml atc. (H) Cells at the
27-h time point were subjected to acid-fast staining.
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severity of inflammation (Fig. 5D) or the
levels of cytokine production (Fig. 5E)
between mice infected with wild-type
M. tuberculosis and those infected with
mutants. We also tested but did not de-
tect significant production of other cyto-
kines such as interleukin-12 p70 (IL-12p70),
IL-4, IL-17, IL-2, and granulocyte-
macrophage colony-stimulating factor
(GM-CSF). Although we cannot eliminate
the possibility that cytokines that we did not
test play roles in responding to the exposure
to LM and LAM, these data are consistent
with the possibility that LM and LAM play a
role in establishing M. tuberculosis infection
without having dominant roles in inflam-
matory responses.

DISCUSSION

In this study, we examined the roles for
LM and LAM in the integrity of the
mycobacterial cell envelope. Structural
changes in LM and LAM significantly
compromised the cell wall integrity of
M. smegmatis, as demonstrated by the
loss of acid-fastness, increased sensitivity
to antibiotics, and faster killing by macro-
phages. Similarly, defects in LM/LAM
structures in M. tuberculosis led to in-
creased antibiotic sensitivity and attenu-
ated infectivity. Thus, our data demon-
strate that LM and LAM are critical for
maintaining cell wall integrity. In addi-
tion, while previous studies demon-
strated that the deletion of Rv2181 is not
lethal in M. tuberculosis (14, 15), Rv2174
is predicted to be an essential gene (21).
Furthermore, embC, which encodes an
arabinosyltransferase for LAM biosyn-
thesis, cannot be deleted in M. tuber-
culosis (26). Taken together with these
previous observations, the LM/LAM bio-
synthetic pathway can be considered a
candidate for drug targets.

We found that changes in LM/LAM
structures have a significant impact on
the cell envelope integrity of both
M. smegmatis and M. tuberculosis. How-
ever, there were some differences be-
tween the two species. For example,
M. smegmatis lost the acid-fast property
of the cell wall upon deletion or overex-
pression of MSMEG_4247, as well as
tetracycline-induced downregulation of
MSMEG_4241 (Fig. 2E and 4H). In con-
trast, equivalent M. tuberculosis mutants
did not show defects in the acid-fastness
(not shown). These data indicate that LM
and LAM do not have a significant impact

FIG 5 Phenotypes of M. tuberculosis mutants. (A) (Top) Western blot assay using anti-Rv2181 antibody. (Bot-
tom) ProQ Emerald staining showing LM/LAM profiles. (B) Growth of M. tuberculosis mutants in mouse lung.
Experiments were performed in triplicate, and the data represent the mean CFU � standard deviation from three
independent experiments on three mice for each condition. The 12-week time point for mice infected with wild-
type M. tuberculosis was not calculatedbecauseof an insufficient number of surviving mice. Asterisk, P�0.05. (C)
Survival of mice after infection with M. tuberculosis mutants. Asterisk, P � 0.05. (D) Histological analysis of lung
tissues infectedwithM.tuberculosismutants for8weeks. Inall cases, inflammatoryresponsessuchas infiltrationof
neutrophils and lymphocytes as well as proliferation of macrophages are evident. Bars, 1 mm. (E) Pulmonary
cytokine levelsduring infection(n�3,�standarddeviation).Solidcircles,wild type;opentriangles,�2181�Vec;
solid squares, �2181�Phsp602181. IFN-�, gamma interferon; TNF-�, tumor necrosis factor alpha. The data in
panels B to E are representative of 2 independent experiments.
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on the acid-fastness of M. tuberculosis, which could be due to the
compositional differences in the M. tuberculosis outer membrane.
While M. tuberculosis mutants maintain the acid-fastness of the
cell wall, these mutants became sensitive to a wider variety of
�-lactams than did M. smegmatis mutants. Slow penetration of
antibiotics through the cell wall has been suggested as a contribu-
tor to the intrinsic drug resistance of M. tuberculosis (30). There-
fore, in M. tuberculosis, LM and LAM might play more important
roles in restricting the physical pores that allow penetration of
�-lactams. Alternatively, the longer doubling time of M. tubercu-
losis may allow higher accumulation levels of �-lactams, making
wider varieties of �-lactams effective against the slow-growing
pathogen. Other contributing factors, such as �-lactamase and
efflux pumps, may also explain the species difference. In particu-
lar, the intrinsic resistance of M. tuberculosis to �-lactams is well
established (31), and blaC, the gene encoding �-lactamase, is
known to play a dominant role (32). It is possible that �-lactamase
and/or efflux pumps have different substrate specificities in
M. smegmatis and M. tuberculosis. Further studies are needed to
clarify which of these parameters play dominant roles in the dif-
ferential antibiotic sensitivities.

We found that both deletion and overexpression of branch-
forming �-1,2-mannosyltransferase (MSMEG_4247 or Rv2181)
compromised cell wall integrity in M. smegmatis and M. tubercu-
losis. While the deletion has a significant impact on cell wall integ-
rity in both species, the effect of overexpression on cell wall integ-
rity was greater, as measured by higher sensitivity to antibiotics.
These effects of overexpression are unlikely to be due to the toxic
effect of protein overexpression, because overexpression of cata-
lytically inactive enzyme did not affect cell wall integrity in
M. smegmatis (Fig. 3; Table 1). Furthermore, tetracycline-induced
downregulation of MSMEG_4241 expression, which caused the
disappearance of mature LM and LAM, led to similar phenotypes.
These data suggest that LM and LAM with shorter mannose back-
bones have greater impacts on cell wall permeability. In Gram-
positive bacteria, polymers known as lipoteichoic acids and wall
teichoic acids are thought to play important roles in the mainte-
nance of cell wall integrity (33, 34), and one proposed function is
to strengthen the cell wall permeability barrier by filling in the
pores and cavities present in the peptidoglycan mesh (35). Our
data suggest that LM and LAM may have a similar function and
that LM and LAM with shorter mannan backbones are ineffective
at fulfilling such functions. A recent study indicated that clinical
isolates of M. tuberculosis produce a truncated LAM with reduced
arabinan and mannan sizes (36). It would be interesting to exam-
ine if these phenotypes were produced as a consequence of over-
expression of Rv2181 relative to Rv2174 and if these clinical iso-
lates show differences in cell wall permeability.

LAM arabinans from pathogenic species are modified by oli-
gomannose capping, while those from nonpathogenic species are
either modified by inositol phosphate or unmodified. Despite a

number of studies indicating that oligomannose capping is in-
volved in immune modulation (10, 25), mutant Mycobacterium
marinum and Mycobacterium bovis BCG lacking the mannose cap
did not show any defects in infection of zebrafish and mouse mod-
els, respectively (37). Therefore, the true functions of the oligo-
mannose cap remain to be determined. In M. tuberculosis, Rv2181
is not only involved in the addition of monomannose side chains
to the mannan backbone but is also responsible for adding termi-
nal �-1,2-mannoses in the mannose cap structure (15). Therefore,
we expect that our Rv2181 deletion mutant will lack the terminal
mannose modifications in addition to the monomannose side
chains of the mannan backbone. In the current study, the Rv2181
deletion mutant infected mice effectively, and its growth in the
lung was comparable to that of the wild type. These data are con-
sistent with the previous observations that mannose cap structure
does not have a dominant role during host infection.

In contrast to the Rv2181 deletion mutant, there was a defect in
the ability of the Rv2181 overexpression mutant to establish infec-
tion. The Rv2181 overexpression mutant showed slightly less ef-
fective establishment of infection in the lung and failed to kill mice
as effectively as did wild-type M. tuberculosis. We noticed that the
lung CFU started to decline after 8 weeks in mice infected with the
Rv2181 overexpression strain. Although it is beyond the scope of
the current study, these data might indicate the role of an acquired
immune response. While we cannot exclude the possibility that
Rv2181 overexpression affected the mannose cap structure of
LAM, this cannot explain the defective cell wall integrity of the
equivalent mutant in M. smegmatis. Indeed, the MSMEG_4247
overexpression mutant showed increased sensitivity to various
antibiotics and macrophage killing, comparable to those of the
M. tuberculosis mutants. A more likely possibility is that shorten-
ing of the mannose backbone has a significant impact on the in-
tegrity of the M. tuberculosis cell wall and affects the ability of the
pathogen to establish infection in mice. Based on our analysis of
the MSMEG_4241 Tet-off strain, we predict that inhibition of the
orthologous Rv2174 would have similar changes in LM/LAM
structures and a similar impact on cell wall integrity in M. tuber-
culosis. We therefore suggest that key enzymes such as Rv2174 in
the LM/LAM biosynthetic pathway could be potential targets for
TB chemotherapy.

MATERIALS AND METHODS
Mycobacterial strains and culture conditions. M. smegmatis mc2155
(38) and derived mutants (14) were grown at 30°C in Middlebrook 7H9
broth (BD, Franklin Lakes, NJ) supplemented with 0.2% (wt/vol) glucose,
0.2% (vol/vol) glycerol, 15 mM NaCl, and 0.05% (vol/vol) Tween 80.
Viability was determined by counting CFU on Middlebrook 7H10 agar
plates supplemented with 0.2% (wt/vol) glucose, 0.2% (vol/vol) glycerol,
and 15 mM NaCl. M. tuberculosis H37Rv and derived mutants were grown
at 37°C in Middlebrook 7H9 broth supplemented with Middlebrook
albumin-dextrose-catalase (ADC) enrichment (BD) and 0.05% (vol/vol)
Tween 80 or Middlebrook 7H10 agar supplemented with Middlebrook
oleic acid-albumin-dextrose-catalase (OADC) enrichment (BD).

Electron microscopy. Conventional transmission electron micros-
copy was performed (39). The bacteria were fixed in 2.5% glutaraldehyde
and 0.05% ruthenium red in 0.1 M HEPES (pH 7.4) for 2 h on ice and then
washed, dehydrated, and embedded in epoxy resin. Ultrathin sections
were obtained with an FC6/UC6 ultramicrotome (Leica Microsystems,
Tokyo, Japan), counterstained with lead citrate for 10 min, and then ob-
served with a JEM-1011 electron microscope (JEOL, Tokyo, Japan).

Permeability of chemical compounds. The membrane permeability
test was performed as described previously (40). Briefly, stationary-phase

TABLE 2 Doubling time of M. tuberculosis mutants

M. tuberculosis strain Doubling time (h)

Wild type 25.4 � 1.1
�2181 25.0 � 0.3
�2181 � empty vector 28.5 � 1.6
�2181�Phsp602181 24.6 � 0.9
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cells were diluted in phosphate-buffered saline (PBS) to an optical density
at 600 nm (OD600) of 0.05, and further dilutions were prepared by 10-fold
serial dilutions. Three microliters of each diluted solution was spotted
onto agar plates containing 0.005% (vol/vol) SDS, 1.25 �g/ml malachite
green, or 2.5 �g/ml crystal violet. For tetracycline-inducible strains,
40 ng/ml atc was also added as a supplement. Cells were incubated for
3 days at 37°C.

Acid-fast staining. Cells were stained using the Ziehl-Neelsen method
(41). Briefly, cells at logarithmic growth phase were washed twice in PBS,
air dried on a slide glass, and fixed by flaming. The slide was then treated
sequentially with carbol-fuchsin solution, 3% HCl in ethanol, and 0.3%
methylene blue.

Sensitivity to antimicrobials. For the alamarBlue growth assay (In-
vitrogen, Carlsbad, CA), antimicrobials were serially diluted with Middle-
brook 7H9 broth in 96-well microtiter plates, and either M. smegmatis or
M. tuberculosis cells were inoculated at 5 � 104 CFU or 2 � 105 CFU per
well, respectively. M. smegmatis cells were grown at 30°C for 24 h, mixed
with alamarBlue solution, and then incubated for a further 8 h for color-
ization. The absorbance was then measured at 570 nm. M. tuberculosis
cells were grown at 37°C for 5 days and incubated with alamarBlue solu-
tion for 24 h. Cells were killed by the addition of 25 �l of formalin prior to
absorbance measurement.

SDS-PAGE and Western blotting. Cell lysates were prepared by bead
beating as described previously (12). Proteins were fractionated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) (10 to 20% gradient gel)
under reducing conditions and blotted onto a polyvinylidene difluoride
membrane (Merck Millipore, Tokyo, Japan). The membrane was blocked
with 5% skim milk and then incubated with a primary antibody (rabbit
antibody against MSMEG_4241, MSMEG_4247, or Rv2181; 1 �g/ml)
(14) for 1 h and a secondary antibody (anti-rabbit IgG antibody, horse-
radish peroxidase conjugated; 1:2,000 dilution; GE Healthcare) for 1 h.
The bound probe was visualized by chemiluminescence (PerkinElmer
Life Sciences, Yokohama, Japan), and images were captured using a lumi-
nescent image analyzer (LAS-4000; Fujifilm, Tokyo, Japan). To detect
M. tuberculosis Rv2181 by Western blotting, rabbit anti-Rv2181 antibody
was raised using a peptide cocktail of MSAWRAPEVGSRLGRRC and
CTPQRSLTRGLTPAPTAS and affinity purified.

Lipid extraction and analysis. Lipid extraction was performed as de-
scribed previously (42). Briefly, lipids were extracted sequentially in
chloroform-methanol (2:1, vol/vol) twice and chloroform-methanol-
water (1:2:0.8, vol/vol/vol) once. The combined extracts were dried, and
lipids were further purified with 1-butanol–water (2:1, vol/vol). For LM/
LAM extraction, delipidated pellets were resuspended in Tris-EDTA
(pH 6.6)-saturated phenol-water (1:1) and extracted for 2 h at 55°C, and
the extract was then further purified by proteinase K digestion followed by

octyl-Sepharose column chromatography (GE Healthcare, Tokyo,
Japan). LM and LAM were separated by SDS-polyacrylamide gel electro-
phoresis (10 to 20% gradient gel) and visualized using the ProQ Emerald
488 carbohydrate staining kit (Molecular Probes).

Release and analysis of mycolic acids. Following lipid extraction, cell
pellets were resuspended in 10% KOH in 80% aqueous methanol and
incubated at 100°C for 5 h. Released mycolic acids were extracted by
hexane and converted to methyl esters by refluxing in benzene-methanol-
H2SO4 (10:20:1, vol/vol/vol) for 2 h. Mycolic acid methyl esters were
purified by chloroform-methanol-water (8:4:3, vol/vol/vol) partitioning
and separated on a high-performance thin-layer chromatography
(HPTLC) plate with a solvent system of hexane-diethyl ether (4:1, vol/
vol). Mycolic acid methyl esters were visualized by spraying chromic acid
staining solution and baking at 150°C.

THP-1 monocyte cell infection. Infection of THP-1 cells, a human
monocyte cell line, was performed according to published protocols (43)
with modifications. Briefly, THP-1 cells were grown in RPMI 1640 sup-
plemented with 10% heat-inactivated fetal bovine serum (Thermo), 0.5%
RPMI 1640 amino acid solution (Sigma), 0.5% minimal essential medium
nonessential amino acids (Invitrogen), 1% 1 mM HEPES (Sigma), 0.1%
�-mercaptoethanol (Invitrogen), and 20 �g/ml amikacin (Sigma).
THP-1 cells were inoculated in 96-well plates (100-�l volumes) at 1 � 105

cells per well and differentiated in the presence of 50 nM phorbol myristic
acid for 1 day. Cells were washed in PBS and resuspended in RPMI 1640
supplemented as described above except for the addition of 10% non-
heat-inactivated human serum instead of heat-inactivated fetal bovine
serum and omission of amikacin. M. smegmatis cells were added at a
multiplicity of infection of 1 and incubated at 37°C for 3 h. Extracellular
bacteria were removed by washing with PBS. THP-1 cells were incubated
further, and at each time point, surviving M. smegmatis bacteria were
recovered by lysing THP-1 cells in 0.05% SDS and plated for colony
counting.

Establishment of tetracycline-inducible strain. To create a Tet-off
MSMEG_4241 mutant, pSE100 carrying a revTetR-controlled promoter
was used (44). A 5= fragment of the MSMEG_4241 gene was amplified
from M. smegmatis genomic DNA by PCR using the following primer
pairs (in which the SphI and NotI restriction enzyme sites, respec-
tively, are underlined): 5= TTGGAAGCATGCAATGTCCACCCGCAG
GC 3= and 5= ATTAAGGAATGCGGCCGCTAAGGCACCGAGAGCA
GCAG 3=. The PCR fragments were cloned into the SphI and NotI sites
of the Tet-off vector. The construct was integrated into the M. smeg-
matis genome by homologous recombination, and a revTet repressor
expression vector, pTEK-4S0X (44), was transfected to establish a
tetracycline-inducible strain. Control strains carried episomal pTEK-

TABLE 3 Antibiotic sensitivities of M. tuberculosis mutantsa

Antibiotic class Antibiotic name

IC50 (�g/ml)

Wild type �2181�Phsp602181 �2181 � empty vector

Glycopeptide Vancomycin 4.1 � 0.6 2.8 � 0.1 7.8 � 0.8

Penam Ampicillin �800 133 � 6 247 � 31
Carbenicillin �400 42.8 � 0.9 62.4 � 1.8
Benzylpenicillin 156 � 4 10.2 � 0.2 19.0 � 2.5

Carbapenem Meropenem 3.3 � 0.2 1.9 � 0.1 2.6 � 0.0

Cephem Cephalothin �100 10.7 � 0.1 17.3 � 0.6
Cefamandole 143 � 11 9.0 � 0.8 19.2 � 0.2
Cefotaxime 15.3 � 1.6 4.6 � 0.3 6.8 � 0.2
Cefepime 5.4 � 0.2 3.2 � 0.1 5.2 � 0.2

Monobactam Aztreonam �200 �200 �200
a All data are given as means � standard deviations from triplicate data except for aztreonam, which was tested in duplicate.
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4S0X only. For induction, growth medium was supplemented with
40 ng/ml atc.

Southern blot analysis. Genomic DNA was extracted as described
previously (45). A 10-�g aliquot of digested DNA was resolved by elec-
trophoresis on an 0.8% agarose gel in 1� Tris-acetate-EDTA (TAE) buf-
fer and blotted onto a Hybond N� nylon membrane (Amersham Biosci-
ences). Probe hybridization and signal detection were performed as
previously described (12). The probe was prepared by PCR amplification
of a DNA fragment from M. smegmatis genomic DNA using the primer
pair 5= CATACATCGGTCCGGTGTAC 3= and 5= AAGGTGTTGACGTT
GAGCG 3= (Fig. 4A).

MALDI-TOF-MS analysis. For MALDI-TOF-MS analysis, 1.0 �g of
purified LM/LAM sample was mixed with 1.0 �l of the matrix solution,
which consisted of 10 mg/ml 2,5-dihydroxybenzoic acid and 0.1% trifluo-
roacetic acid in water-acetonitrile (1:1, vol/vol). Samples were analyzed
on a Bruker Ultraflex MALDI-TOF/TOF instrument (Bruker Daltonics,
Billerica, MA) using reflector mode and in negative mode detection.

Mouse infection. Animal experimentation was carried out in accor-
dance with the guidelines for animal care approved by the National Insti-
tute of Infectious Diseases, Japan. C57BL/6 mice (female, 6 weeks old;
SLC, Shizuoka, Japan) were maintained under specific-pathogen-free
conditions in a biosafety level 3 facility. Mice (12 per group) were infected
via intratracheal injection of 5.0 � 104 CFU of M. tuberculosis H37Rv
suspended in 50 �l PBS. Survival curves were analyzed statistically using a
log rank test. At the indicated number of weeks postinfection, lung ho-
mogenates were diluted 103- to 106-fold in PBS and spread on 1% Ogawa-
egg medium (Kyokuto Pharmaceutical Industrial, Tokyo, Japan) for col-
ony counting (CFU � standard deviation, n � 3). The CFU values were
analyzed statistically using the Mann-Whitney U test.

Analysis of infected mouse lungs. Lung tissues from infected mice
were fixed in 10% formalin-PBS for histological analysis. The paraffin-
embedded sections were stained with hematoxylin and eosin. The cyto-
kine levels in lung homogenates were determined by FlowCytomix (eBio-
science, San Diego, CA) using a FACSCalibur flow cytometer (BD,
Franklin Lakes, NJ), according to the manufacturer’s instructions.
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