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ARTICLE INFO ABSTRACT

Keywords:

DNA immunization

T-cell epitope
Mycobacterium tuberculosis

Mycobacterial DNA-binding protein 1 (MDP1) is a major protein antigen in mycobacteria and induces
protective immunity against Mycobacterium tuberculosis infection in mice. In this study we determined
murine T-cell epitopes on MDP1 with MDP1 DNA immunization in mice. We analyzed interferon-y pro-
duction from the MDP1 DNA-immune splenocytes in response to 20-mer overlapping peptides covering

MDP1 protein. We identified several CD4+ T-cell epitopes in three inbred mouse strains and one CD8+
T-cell epitope in C57BL/6 mice. These T-cell epitopes would be feasible for analysis of the role of MDP1-
specific T-cells in protective immunity and for future vaccine design against M. tuberculosis infection.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Tuberculosis (TB) has been one of the most serious infectious
diseases in the world. There were estimated 9.2 million new causes
and 1.7 million deaths from TBin 2006 [ 1]. One third of peopleinthe
world have been infected with Mycobacterium tuberculosis (Mtb),
the causative agent of TB. Multidrug-resistant TB and co-infection
of Mtb with human immunodeficiency virus are recent problems
[1].

The only TB vaccine currently available is the attenu-
ated Mycobacterium bovis strain Bacillus Calmette-Guérin (BCG).
Although the BCG vaccine is the oldest and the most widely used
vaccine [2], the effect of which has been questioned for prevent-
ing pulmonary TB in adults [3] and also to wane with time since
vaccination [4]. Therefore, the improved vaccine is an urgent need
against TB [5].

Cell-mediated immunity plays a pivotal role in the control
of Mtb infection [6,7]. There is mounting evidence that CD4+
type 1 helper T (Th1) cells are involved in the development
of resistance to the disease, primarily through the production
of macrophage-activating cytokines such as interferon (IFN)-y
and tumor necrosis factor (TNF)-o. In addition, CD8+ cytotoxic T
lymphocytes (CTL) contribute to disease resistance since suscep-

* Corresponding author. Tel.: +81 53 435 2335; fax: +81 53 435 2335.
E-mail address: zonxs@hama-med.ac.jp (D. Suzuki).

0264-410X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2009.10.062

tibility to Mtb is increased in mice with deficient in CD8+ T-cells
[8].

Identification of protective antigens is a crucial step to develop
effective vaccines against TB. Many protective antigen candidates
have been reported. They include, secreted and membrane-bound
proteins, virulence factors such as PE/PPE or EsX, or proteins
expressed in host macrophages [9,10]. Since Mtb causes both acute
disease and asymptomatic latent infection, antigens expressed in
the dormant state have been also focused as target antigens for
therapeutic vaccination of latent tuberculosis. Persisting bacilli
resides within the hypoxic environment of the lung granulomas.
Therefore, it is generally accepted that low-oxygen tension induces
dormancy program of Mtb. Proteins expressed at the dormant
stage include, two-component response regulator, dormancy sur-
vival regulator (DosR; Rv3133c) [11] and at least 20 other proteins
encoded by the DosR regulon [12].

MDP1 is a major cellular protein of slow growers of mycobac-
teria [13]. The cellular content of MDP1 in mycobacterial
cells increases at stationary and low-oxygen tension-induced
non-replicating dormant phases [14]. MDP1 is a histone-like DNA-
binding protein binding to GC-rich DNA and considered to control
gene expression in mycobacteria [13,15]. MDP1 has an activity
to suppress the growth rate of bacteria presumably by inhibit-
ing macromolecular biosyntheses [16]. Recently, Lewin et al. [17]
showed that reduction of MDP1 expression by antisense plas-
mid increased the growth of BCG in both broth culture and
macrophages. They showed that the antisense DNA inhibited the
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aggregation of BCG and reduced expression of several proteins
in hypoxic condition as well, suggesting a role of MDP1 in reg-
ulation of gene expression in dormant bacilli. In addition to the
role in the cytoplasm, MDP1 is exported by unknown mechanism
to the cell wall and control the mycolic acid transfer [18] and
mycobacterial adherence to lung epithelial cells [19]. Thus, MDP1
is a pleiotropic protein which has strong impacts on the mycobac-
terial virulence.

MDP1 has been also reported to be one of immunocompetent
antigens. Prabhakar et al. [20] identified this protein as an immun-
odominant protein in human healthy contacts with TB patients
through T-cell blot assay. They designated this protein as histone-
like protein of Mtb (HLPy; ), which is the same molecule as MDP1.
Matsumoto et al.[21] found that CpG DNA enhances immunogenic-
ity of MDP1, such as productivity of TNF-a and IL-6 from mouse
macrophages. They showed that co-immunization of BALB/c and
C3H/He mice with MDP1 and Mtb DNA elicited IFN-y production
specific for this protein and caused reduction of the bacterial bur-
den following Mtb challenge [21].

DNA vaccination with gene gun bombardment is a reliable
method to induce reproducible T-cell responses [22] and has been
used for identification of T-cell epitopes of Mtb antigens, anti-
gen (Ag) 85A [23-25], Ag85B [25], Ag85C [25], MPT51 [26,27],
and DosR regulon-encoded proteins [28]. Here, we identified
murine T-cell epitopes on MDP1 with a strategy using inbred
mouse strains, gene gun immunization with expression plasmid
DNA encoding MDP1, overlapping synthetic peptides spanning
the entire mature MDP1 amino acid (aa) sequence, and major
histocompatibility complex (MHC) binding peptide prediction
algorithms.

2. Materials and methods
2.1. Animals

Inbred mouse strains, BALB/c, C57BL/6, and C3H/He, were pur-
chased from Japan SLC (Hamamatsu, Japan). The mice were kept
under specific pathogen-free conditions and fed autoclaved food
and water ad libitum at the Institute for Experimental Animals of the
Hamamatsu University School of Medicine. Two to three-month-
old ferale mice were used in all experiments. Animal experiments
were performed according to the Guidelines for Animal Experimen-
tation, Hamamatsu University School of Medicine.

2.2. Plasmid

The DNA encoding MDP1 molecule was inserted between EcoRI
and Xhol sites located downstream of cytomegalovirus immediate-
early enhancer/promoter region of eukaryotic expression plasmid,
pCl (Promega, Madison, WI, USA). The integrity of the nucleotide
sequence was validated by automated DNA sequencing with ABI
PRISM 310 genetic analyzer (Applied Biosystems, Foster City, CA,
USA) using a dye primer cycle sequencing kit (Applied Biosys-
tems).

2.3. Peptides

Peptides spanning the entire MDP1 aa sequence of BCG (205
aa residues) were synthesized as 20-mer peptides overlapping
by 10 residues, with the exception of P6 (p46-65) and the
carboxyl-terminal P21 (p186-205) ([15], Fig. 1). MDP1 p23-31
and p46-60 peptides were synthesized by Hayashi kasei (Osaka,
Japan). All peptides were dissolved in phosphate-buffered saline
(PBS) at a concentration of 10 mgml~! and stored at —80°C until
use.

2.4. Prediction of T-cell epitopes by MHC binding peptide
prediction algorithms

For the prediction of murine T-cell epitopes, follow-
ing MHC binding peptide prediction algorithms were used
through their web sites. These are, National Institutes of Health
Biolnformatics and Molecular Analysis Section (BIMAS) ([29],
http://bimas.dcrt.nig.gov/cgi-bin/molbio/ken_parker_.comboform),
SYFPEITHI program ([30], http://www.syfpeithi.de/), and RANKPEP
program ([31], http://bio.dfci.harvard.edu/Tools/rankpep.html).

2.5. Immunization of mice

For DNA immunization with Helios gene gun system (Bio-Rad
Laboratories, Hercules, CA, USA), preparation of the cartridge of
DNA-coated gold particle cartridge was followed to the manufac-
turer’s instruction manual. Finally, 0.5mg of gold particles was
coated with 1 g of plasmid DNA and the injection was carried out
with 0.5mg gold per shot once. Mice were injected with 1 pg of
plasmid DNA four times at 1-week intervals. Mice were also immu-
nized subcutaneously with 106 CFU of BCG (Tokyo strain) twice at
a 2-week interval.

2.6. Preparation of splenocyte culture supernatants

Spleen cells were harvested from mice. Recovered cells were
cultured with RPMI medium supplemented with 10% fetal calf
serum in 96-well plates at 2 x 10 cells/well in the presence or
absence of 5 ugml~" of each MDP1 peptide at 37°C with 5% CO;
atmosphere. Supernatants were harvested 48 h later and stored at
—20 C until they were assayed. Concentration of IFN-y in the cul-
ture supernatants was determined by a sandwich enzyme-linked
immunosorbent assay (ELISA)

2.7. Quantification of IFN-y with ELISA

The 96-well ELISA plates (EIA/RIA Plate A/2; Costar, Cambridge,
MA) were coated with 2 wgml~! of capture antibody (Ab) (anti-
murine [FN-y monoclonal Ab [mAb] R4-6A2; BD Biosciences, San
Jose, CA, USA) at 4°C overnight, washed with PBS supplemented
with 0.05% Tween 20 (PBS-Tween), and blocked with Block One
Blocking solution (Nacalai Tesque, Kyoto, Japan) at room tem-
perature for 45 min. After washed with PBS-Tween, the culture
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Fig. 1. Schematic representation of the 21 overlapping synthetic peptides from
MDP1 of BCG. All peptides covering entire MDP1 of BCG (205 aa residues) were syn-
thesized as 20-mer molecules overlapping by 10 amino acids with the neighboring
peptides.
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supernatants were added to the plates and the plates were incu-
bated at 4°C overnight. After washed with PBS-Tween, 0.5 wgml~!
of biotin-labeled anti-murine IFN-y mAb XMG1.2 (BD Biosciences)
was added to the plates, and the plates were incubated for 1h
at room temperature. After washed with PBS-Tween, horseradish
peroxidase-conjugated avidin (Bio-Rad Laboratories) was added
and incubated for 30 min at room temperature. After washed, the
plates were added with TMB one component HRP microwell sub-
strate (BioFX Laboratories, Owings Mills, MD, USA) to detect bound
horseradish peroxidase-conjugated streptavidin. After 5min, the
absorbance of each well was measured at 630 nm using an EZS-ABS
Microplate Reader (Asahi Techno Glass Tokyo, Japan).

2.8. Depletion of CD4+ or CD8+ T-cell subsets

CD4+ or CD8+ T-cell subsets of peptide-reactive T-cells were
determined by depletion of CD4+ or CD8+ T-cells, respectively.
We used BD IMag system (BD Biosciences). Briefly, spleen cells
were mixed thoroughly with anti-mouse CD4 particles-DM or anti-
mouse CD8a particles-DM (BD Biosciences, 50 pl particles for 107
cells) and placed at 4°C for 30 min. The labeled cells were placed
on the BD IMagnet and incubated for 8 min. Supernatant was care-
fully removed. This supernatant contains the cell fraction which is
devoid of CD4+ or CD8+ T-cells.

2.9. MHC stabilization assay

MHC stabilization assay is originally described in Ljunggren et
al. [32]. RMA-S cells ([33], 106 cells/well) were cultured at 26 °C
overnight and were then incubated for 1h in the presence or
absence of peptide (10, 50, or 100 uM). The cells were then trans-
ferred to 37 "Cfor 2 h and washed with FACS buffer, and cell surface
expression of H2-DP molecules was detected by flow cytometry by
using phycoerythrin (PE)-conjugated mouse mAbs specific for H2-
K9DP (28-14-8; eBioscience, San Diego, CA, USA). The results were
expressed as the mean fluorescence intensity (MFI) ratio, which
was determined as follows: MFI ratio = (MFI observed in the pres-
ence of peptide at 37 "C — MFl observed in the absence of peptide at
37°C)/(MFI observed in the absence of peptide at 26 C) x 100 (%).

2.10. Statistics

Data from multiple experiments were expressed as the
means + S.E.M. Data were analyzed with Student’s unpaired t-test.
p value of 0.05 or less was considered significant.

3. Results

3.1. IFN-y production in response to overlapping synthetic
peptides from MDP1 by splenocytes of pCI-MDP1 DNA-immune
mice

Splenocytes from mice immunized with DNA vaccine encod-
ing MDPI (pCI-MDP1) were stimulated with the overlapping MDP1
peptides for 48 h and IFN-y concentration of culture supernatants
was measured by ELISA. As shown in Fig. 2A, robust IFN-y pro-
duction was observed in splenocytes from MDP1 DNA-immune
C57BL/6 mice (H2P haplotype) in the presence of peptides P3
(p21-40), P9 (p71-90), and P11 (p91-110). Similarly, significantly
higher IFN-y production from splenocytes of MDP1 DNA-immune
BALB/c (H29 haplotype) and C3H/He (H2* haplotype) mice were
observed inresponse to two peptides, P5 (p41-60), P6 (p46-65) and
three peptides, P5 (p41-60), P13 (p111-130), and P16 (p141-160),
respectively (Fig. 2B and C). In C3H/He mice, P11 (p91-110) and
P12 (p101-120) could induce relatively high IFN-y production, but
the value was not statistically significant.
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Fig. 2. IFN-v production from splenocytes stimulated with overlapping peptides
of MDP1. Inbred mice [C57BL/6 (A), BALB/c (B) and C3H/He (C)] were immunized
with plasmid DNA encoding MDP1 using gene gun four times at 1-week intervals
(filled bars) or with M. bovis BCG two times at a 2-week interval (hatched bars).
The splenocytes (2 x 10°) were stimulated with overlapping peptides (5 ugml=1) 2
weeks after the last immunization. Naive mice (open bars) were used as controls.
IFN-y concentration of supernatant was analyzed by sandwich ELISA 48 h later. The
means + S.E.M. from three (C57BL/6, BALB/c) or six (C3H/He) mice are shown. Aster-
isks (*) indicate p <0.05 compared with the value without peptide (-) with Student's
unpaired t-test.

In order to examine whether the same peptide induce IFN-vy
following natural mycobacterial infection, splenocytes from mice
immunized with BCG were examined for [FN-y production in
response to MDP1 peptides. Two peptides, P5 and P6, also induced
significant IFN-y production from splenocytes of BCG-immune
BALB/c mice (Fig. 2B), but the level of IFN-y produced in BCG-
immune mice was lower than thatin MDP1 DNA-immune mice. We
were not able to detect significant IFN-y production from spleno-
cytes of BCG-immune C57BL/6 and C3H/He mice (Fig. 2A and C). In
this experimental condition, DNA immunization with MDP1 DNA
was superior to BCG vaccination in terms of IFN-y production level
from splenocytes.
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Fig.3. Analysis of T-cell subsets responsive to MDP1 peptides. Mice were immunized with MDP1 DNA on the same schedule as Fig. 2. Splenocytes were treated with magnetic
beads specific for CD4 or CD8. Cells (2 x 108) of the negative fraction were stimulated with peptides (5 j.g ml-1). Amounts of IFN-vy in the supernatant were analyzed by
sandwich ELISA 48 h later, The mean + S.E.M. of three mice are shown. **p<0.01, *p <0.05 (Student's unpaired t-test).

3.2. T-cell subset analysis of T-cells by the depletion of CD4+ or
CD8+ T-cells

Next, we examined which T-cell subsets responding to MDP1
peptides. CD4+ or CD8+ T-cells were removed with magnetic beads
and residual cells were stimulated with MDP1 peptides and resul-
tant IFN-y production was compared. As shown in Fig. 3A, IFN-y
production from splenocytes of C57BL/6 mice in response to P3
(p21-40) was significantly decreased by depleting CD8+ T-cell sub-
set. In contrast, IFN-y production in response to P9 (p71-90) and
P11 (p91-110) was decreased by depleting CD4+ T-cells. These
results indicate that P3 contains CD8+ T-cell epitope,and P9and P11
contain CD4+ T-cell epitopes. Intracellular IFN-vy staining results
showed that IFN-y-producing CD8+, but not CD4+ T-cells were
observed in response to P3 in C57BL/6 mice. And IFN-y-producing
CD4+, but not CD8+ T-cells were observed in response to P9 and
P11 (data not shown). Since C57BL/6 mice have a deletion of H2-

Table 1
T-cell epitope candidates in MDP1 molecule.

Ea gene and do not express H2-E molecules on the cell surface
[34], two CD4+ T-cell epitopes in these peptides are exclusively
considered to be presented on H2-AP.

In BALB/c mice, IFN-y production in the presence of P5 (p41-60)
and P6 (p46-65) was significantly reduced by depleting CD4+ T-
cells. Similarly, IFN-y production in the presence of P5 (p41-60),
P13 (p111-130), or P16 (p141-160) was significantly reduced by
depleting CD4+ T-cells in C3H/He mice (Fig. 3B and C). These results
indicate that these peptide regions contain CD4+ T-cell epitopes.

3.3. Identification of minimal T-cell epitopes in the responsive
peptide regions of MDP1

Generally, CD8+ T-cells recognize peptides of 8-11 aa residues
on MHC class I molecules and CD4+ T-cells recognize peptides
of 12-18 aa residues on MHC class Il molecules. Several MHC
binding peptide prediction algorithms are available on internet.

Peptide Amino acid sequence Estimated scores for restriction molecules?
K® D®
p21-40 (P3) ATAAVENVVDTIVRAVHKGD
p23-31 (9-mer) AAVENVVDT 0.13 108 20
p23-32 (10-mer) AAVENVVDTI 040 50.233
Ad Ed
p41-60 (P5) SVTITGFGVFEQRRRAARVA
p46-65 (P6) GFGVFEQRRRAARVARNPRT
p52-60 QRRRAARVA 11.9(7.1) -0
AK Ek
p41-60 (P5) SVTITGFGVFEQRRRAARVA
p44-58 (15-mer) ITGFGVFEQRRRAAR 24
GFGVFEQRR 10.8 (14.2)
p111-130(P13) KKVAKKAPAKKATKAAKKAA A¥ EX
p113-121 (9-mer) VAKKAPAKK - 17.9(10)
p116-124 (9-mer) KAPAKKATK - 25.4(10)
p121-129 (9-mer) KKATKAAKK - 18.7(10)
p141-160 (P16) TKAPAKKAVKATKSPAKKVT Ak EX
p142-150 (9-mer) KAPAKKAVK - 17.3(10)
p145-153 (9-mer) AKKAVKATK - 15.9(10)

Epitopes predicted by computer algorithms are shown.

2 Estimated scores are derived from BIMAS (bold), SYFPEITHI (underlined), or RANKPEP (plain). Parentheses indicate threshold scores,
scores above which suggest the peptide binding to the corresponding H2 molecule.

b Score not shown in the program.
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Fig. 4. IFN-y production from T-cells in the presence of predicted peptides, MDP1 p23-31 and p46-60 peptides. C57BL/6 and BALB/c mice were immunized with MDP1 DNA
and the immune splenocytes were treated with magnetic beads specific for CD4 or CD8a and purified the negative fraction. Cells (2 x 108) of the fraction were stimulated
with 5 ugml~! of MDP1 p23-31 and MDP1 p46-65. [FN-v in the culture supernatant was analyzed by sandwich ELISA 48 h later. The mean + S.E.M. of three mice are shown.
Asterisks (*) indicate p <0.05 compared with the value without peptide (-) with Student’s unpaired t-test.

We employed BIMAS and SYFPEITHI programs for prediction of
CD8+ T-cell epitope(s) in P3 in C57BL/6 mice and RANKPEP pro-
gram for CD4+ T-cell epitope(s) in P5 and P6 regions in BALB/c
mice (Table 1). MDP1 p23-31 9-mer peptide (AAVENVVDT) in P3
region showed the highest score (108) for H2-DP binding in BIMAS
program (Table 1). In BALB/c mice, RANKPEP algorithm predicted
MDP1 p52-60 as the core motif of H2-A%-restricted CD4+ T-cell epi-
tope (Table 1). Since both P5 (p41-60) and P6 (p46-65) peptides
let the immune splenocytes produce IFN-y, we prepared overlap-
ping 15-mer peptide (p46-60) and examined the capacity toinduce
[FN-vy production from immune splenocytes.

As shown in Fig. 4A, CD8+ T-cells of MDP1 DNA-immune
C57BL/6 mice produced significant amounts of IFN-vy in response
to MDP1 p23-31 peptide. Splenocytes of the immune mice in the
absence of the peptide and splenocytes of naive C57BL/6 mice with
or without the peptide did not produce significant level of IFN-y
(data not shown). Similarly, CD4+ T-cells of MDP1 DNA-immune
BALB/c mice produced significant amounts of [FN-vy in response to
MDP1 p46-60 peptide (Fig. 4B). Splenocytes of the immune mice
in the absence of the peptide and splenocytes of naive BALB/c mice
with or without the peptide did not produce significant level of [FN-
<y (data not shown). These results indicate that MDP1 p23-31 is a
minimal bona fide CD8+ T-cell epitope in C57BL/6 mice and MDP1
p46-60 is CD4+ T-cell epitope in BALB/c mice, respectively.

As for C3H/He mice, RANKPEP program predicted that MDP1
p41-60 contains MDP1 p46-54 peptide which showed the high-
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Fig.5. MHCbindingassay of MDP1 p23-31 to H2-D®. The ability of MDP1 p23-31 for
binding to H2-DP was measured by determining the stabilization of class | molecules
on the surfaces of TAP2-deficient RMA-S. RMA-S cells (106 cells/well) were cultured
at 26 °C overnight and then were incubated for 1h in the presence or absence of
peptide (10, 50 or 100 wM). The cells were then transferred to 37 °C for 2h and
washed with FACS buffer, and cell surface expression of H2-D® was detected by
flow cytometry by using a phycoerythrin-conjugated mAb specific for H2-K¢D®, The
results were expressed as MFI ratio + SD.

est score (10.8) in MDP1 peptides presented on H2-AK. However,
the score was less than the peptide binding threshold value (14.2),
suggesting no binding. The SYFPEITHI program, which has the
prediction program for H2-AX and E¥, predicted MDP1 p44-58 15-
mer peptide as H2-EX binder with the highest score (24) in the
program (Table 1). RANKPEP program also predicted three core
9-mer peptides restricted by H2-EX, MDP1 p113-121, p116-124,
and p121-129 in P13 (p111-130) region and two core pep-
tides restricted by H2-EX, MDP1 p142-150 and p145-153 in P16
(p141-160) region, respectively (Table 1).

3.4. Identification of an MHC class Ia restriction molecule for
MDP1 p23-31 in C57BL/6 mice :

Since MDP1 p23-31 was found to be a CD8+ T-cell epitope for
C57BL/6 mice, we examined MHC binding assay to determine H2
restriction molecule for the peptide. As shown in Fig. 5, the MFI
ratio of PE-conjugated anti-H2-D® mAb increased in the presence
of 10 M of MDP1 p23-31 peptide. This value further increased
up to 42.5% in the presence of 100 wM of the peptide. This result
confirmed that MDP1 p23-31 peptide does bind to H2-DP.

4. Discussion

T-cells play pivotal role in induction of protective immunity
against intracellular pathogens such as Mtb [6,7]. The protec-
tive immunity induced by MDP1 immunization would be mainly
attributable to T-cell responses evoked by the immunization. We
here determined murine T-cell epitopes of MDP1, which would give
the concrete basis of the protective immunity by MDP1 immuniza-
tion.The peculiarimmunogenic feature of MDP1 is DNA-dependent
augmentation of antigenicity. MDP1 elicited protective immune
responses when it was vaccinated to BALB/c and C3H/He mice
with genomic DNA derived from M. tuberculosis [21]. Up-regulation
of antigen-presenting cell functions induced by the interaction
between MDP1 and CpG DNA was suggested in the protective
immune responses [21]. CpG DNA is a key component of DNA vac-
cines for evoking significant immune responses against antigens.
Therefore, we considered that DNA vaccination of MDP1 induce
substantial immune responses, because produced MDP1 proteins
may bind to CpG DNA in plasmid backbone and enhance the adju-
vant effects.

In this study, we found at least seven T-cell epitope candidates
peptides upon MDP1 DNA immunization. By contrast, only one
peptide region (MDP1 p41-65) was found with M. bovis BCG vacci-
nation (Fig. 2B). Several reasons for this difference would be spec-
ulated. First, MDP1 localizes in the cytoplasmic space, or is tightly
attached to the cell wall of the live Mycobacterium. Non-secreted
antigens like MDP1 would be difficult to be immunoreactive in the
form of BCG vaccine. Second, BCG vaccine has been reported to be
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inefficient in terms of MHC class | antigen presentation. The fact
may also cause the difference in the T-cell responses. Other possi-
ble explanation is that living mycobacteria have the mechanism to
hide immunogenicity of MDP1, because strong immune response
to MDP1 causes bactericidal host response.

In C57BL/6 mice, we found one CD8+ T-cell epitope, MDP1
p23-31 and two CD4+ T-cell epitopes, MDP1 p71-90 and MDP1
p91-110. MDP1 p23-31 (AAVENVVDT) was speculated to be
presented on H2-DP with prediction algorithms and this was
confirmed with MHC binding assay. Reported dominant peptide
binding motif of H2-DP consists of asparagine at position 5 (P5)
and hydrophobic C-terminal residue such as isoleucine or leucine
(P9 or P10) [35,36]. P5 of MDP1 p23-31 is asparagine, but the C-
terminal residue does not fit the motif. P5 (asparagine) and P10
(isoleucine) of MDP1 p23-32 fit the motif, suggesting that MDP1
p23-32 peptide also works as CD8+ T-cell epitope.

In BALB/c mice, MDP1 p46-60 was identified as H2-Ad-
restricted CD4+ T-cell epitope. Since both P5 (p41-60) and P6
(p46-65) peptides, but not P7 (p51-70) peptide, let the immune
splenocytes produce IFN-vy, we reasoned that the N-terminal aa
residues (p46-50) are critical for the function. In C3H/He mice, at
least three CD4+ T-cell epitopes were identified. RANKPEP or SYF-
PEITHI programs predicted P5 (p41-60), P13 (p111-130), and P16
(p141-160) bind to H2-EK.

In conclusion, we identified murine T-cell epitopes of MDP1, an
immunogenic major cellular mycobacterial protein causing protec-
tive immunity. We identified several CD4+ T-cell epitopes in three
inbred mouse strains and one CD8+ T-cell epitope in C57BL/6 mice.
Previously, we reported murine T-cell epitopes of MPT51, which
is one of major secreted mycobacterial proteins at acute phase TB.
MDP1 is a very abundant cellular protein and has been reported
to be even up-regulated in dormant stage mycobacteria. Therefore,
T-cell epitopes of MPT51 and MDP1 would be feasible for analysis
of T-cell responses in different stage Mtb and for future TB vaccine
design.
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Differential recruitment of CD63 and
Rab7-interacting-lysosomal-protein to phagosomes
containing Mycobacterium tuberculosis in macrophages
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ABSTRACT

M.tbis an intracellular pathogen which survives within the phagosomes of host macrophages by inhibit-
ing their fusion with lysosomes. Here, it has been demonstrated that a lysosomal glycoprotein, CD63, is
recruited to the majority of M.tb phagosomes, while RILP shows limited localization. This is consistent
with the author’s findings that CD63, but not RILP, is recruited to the phagosomes in macrophages
expressing the dominant negative form of Rab7. These results suggest that M.th phagosomes selectively
fuse with endosomes and lysosomes to escape killing activity while acquiring nutrients.

Key words lysosome, macrophage, Mycobacterium tuberculosis, phagosome.

Phagocytosis of infected pathogens by macrophages plays
an important role in the early stages of innate immunity.
Phagocytosed pathogens are incorporated into phagoso-
mal vacuoles. These phagosomes then interact with en-
dosomal and lysosomal vesicles in a process referred to
as phagolysosome biogenesis. During phagolysosome bio-
genesis, phagosomes acquire degradative and microbicidal
properties, leading phagocytosed pathogens to be killed
and degraded.

M.tb, the causative bacterium of tuberculosis, infects
more than one-third of the human population. M.tb is
able to survive and proliferate within phagosomes of the
host’s macrophages by inhibiting phagolysosome biogene-
sis (1, 2). However, the exact process by which M.th blocks
phagolysosome biogenesis is not fully understood. Re-
cently, it was reported that phagosomes containing M.th
(M.th phagosomes) within dendritic cells are associated
with lysosomes in the early stages of infection (3). In ad-
dition, we have previously demonstrated that LAMP-2,
but not cathepsin D, is recruited to M.th phagosomes in
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macrophages (4). These results suggest that M.tb phago-
somes selectively fuse with lysosomal vesicles which have
distinct characteristics. To investigate this possibility, we
further examined the localization of two lysosomal marker
proteins, CD63 and RILP, on M.tb phagosomes in this
study.

Raw264.7 macrophage was obtained from the Ameri-
can Type Culture Collection (Manassas, VA, USA) and
maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS (Invitrogen, Carlsbad,
CA, USA), 25 pg/ml penicillin G, and 25 pg/ml strep-
tomycin at 37°C in 5% CO,. M.th strain H37Rv and
Mycobacterium smegmatis mc*155 were grown in 7H9
medium supplemented with 10% Middlebrook ADC (BD
Biosciences, San Jose, CA, USA), 0.5% glycerol, 0.05%
Tween 80 (mycobacteria complete medium) at 37°C.
M tb strain H37Rv transformed with a plasmid encoding
DsRed (5) was grown in mycobacteria complete medium
with 25 pg/ml kanamycin at 37°C. To construct the
plasmids encoding CD63-EGFP and EGFP-RILP, PCR
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Fig. 1. Localization of CD63 on M.tb
phagosomes. (a, b) Raw264.7 macrophages
expressing CD63-EGFP were infected with M.tb
expressing DsRed for (3) 30 min and (b) 6 hr.
Infected cells were fixed and ocbserved by CLSM. c
(c) M.tb-infected Raw264.7 macrophages were
stained with anti-CD€3 and
Alexa488-conjugated anti-rat IgG antibodies and
observed by CLSM. Arrowheads indicate
CD63-positive phagosomes; scale bar, 10 pm.
(d) CD63 localization in isolated mycobacterial
phagosome fractions. Whole cell lysates from
Raw264.7, the heat-inactivated M. smegmatis
phagosome and live M.tb phagosome fractions
were subjected to SDS-PAGE, followed by
immunoblotting using anti-CD63 antibody. HI,
heat-inactivated M. smegmatis phagosome
fraction; MTB, live M.tb phagosome fraction;
WCL, Raw264.7.

was carried out using cDNA derived from HeLa cells as
atemplate and the following primer sets: human CD63 (5'-
CCTCGAGCCACCATGGCGGTGGAAGGAGGAATGAA
ATG-3"and 5'-CGGATCCCCATCACCTCGTAGCCACTT
CTGATAC-3'), and human RILP (5'-CAGATCTATGGAG
CCCAGGAGGGCGGC-3" and 5-CGAATTCTCAG
GCCTCTGGGGCGGCTG-3"). The PCR products of
CD63 and RILP were inserted into pEGFP-N2 and
pEGFP-CI1 vectors (Clontech, Mountain View, CA, USA),
respectively. Transfection of macrophages with plasmids,
infection of bacteria with transfected macrophages,
CLSM, immunofluorescence microscopy, and isolation of
mycobacterial phagosomes were performed as described
previously (4). For immunofluorescence microscopy,
macrophages were stained with rat anti-CD63 mon-
oclonal antibody (1:30 v/v, MBL, Nagoya, Japan) and
Alexa488-conjugated anti-rat IgG antibody (1:1000 v/v,
Invitrogen). For immunoblotting analysis, aliquots of
40 pg of cell lysates from Raw264.7 and 15 g of phago-
somal fraction proteins were separated by SDS-PAGE
and then subjected to immunoblotting analysis using rat
anti-CD63 monoclonal antibody (1:100 v/v, MBL). The
unpaired two-sided Student’s t-test was used to assess the

© 2010 The Societies and Blackwell Publishing Asia Pty Ltd
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statistical significance of the differences between the two
groups.

CD63 has been shown to be localized to the phago-
some during phagolysosome biogenesis (2, 6), but its lo-
calization on live mycobacterial phagosomes is still con-
troversial (2, 3, 7). CD63 was originally identified as a
platelet activation marker (8) and has also been used as
a marker for late endosomes and lysosomes because of
its function in phagosome acidification (9-12). We there-
fore re-assessed CD63 localization on M.th phagosomes
in infected macrophages (Fig. 1). Raw264.7 macrophages
transfected with a plasmid encoding CD63-EGFP were
infected with M.tb expressing DsRed. Infected cells were
fixed and observed by CLSM. Clear CD63 localization
was observed on more than 60% of M.tb phagosomes at
30 min and 6 hr post infection (Fig. 1a, b). To rule out the
possibility that CD63 localization on M.tb phagosomes
is caused by exogenous expression of CD63-EGFP, im-
munofluorescence microscopy with anti-CD63 antibody
was performed (Fig. 1c). We found that endogenous CD63
was also localized to about 60% of M.tb phagosomes at
6 hr post infection. To confirm the recruitment of CD63
to live M.tb phagosomes biochemically, we carried out
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a RILP-positive

b RILP-negative

Fig. 2. Localization of RILP on M.tb
phagosomes. (a, b) Raw264.7 macrophages
expressing EGFP-RILP were infected with M.tb
expressing DsRed. Infected cells were fixed and
observed by CLSM. (a) and (b) show
representative cell images of RILP-positive and

RILP-negative M.tb phagosomes, respectively.
Scale bar, 10 j«m. (c) The proportion of
RILP-positive phagosomes of M.tb and
Staphylococcus aureus at 30 min and 360 min
postinfection. x, P < 0.05; MTB, proportion of

RILP-positive phagosomes of M.th; N.S, no

0 50

RILP-positive phagosomes {%)

immunoblotting analysis for CD63 in isolated my-
cobacterial phagosome fractions (Fig. 1d). Raw264.7
macrophages were allowed to phagocytose heat-
inactivated M. smegmatis or infected with M.tb for 6 hr,
and the phagosomal fractions isolated as described previ-
ously (4, 13). Proteins extracted from isolated phagosomal
fractions were subjected to immunoblotting analysis using
anti-CD63 antibody. Immunoblotting analysis revealed
that CD63 is recruited to live M.tb phagosomes as well
as to heat-inactivated M. smegmatis phagosomes. These
results suggest that M.tb phagosomes fuse with CD63-
positive lysosomal vesicles.

RILP interacts with the active form of Rab7 and me-
diates the fusion of endosomes with lysosomes (14, 15).
RILP is also reported to be localized to the phagosome
and to recruit the minus-end motor complex dynein-
dynactin to the phagosome, resulting in migration of
the phagosome to the MTOC where late endosomal and
lysosomal vesicles accumulate (16). In the process of re-
cruitment of RILP to the phagosome, tubular vesicles ex-
pressing RILP have been observed to be elongated from
the MTOC, fusing with the phagosome (16). RILP has
been reported to be absent from the Mycobacterium bovis
strain BCG phagosome despite Rab7 localization (17). We
have previously shown that Rab7 is transiently recruited
to, and subsequently released from, M.tb phagosomes (4),
but the interaction of RILP with M.tb phagosomes has
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significant difference between the groups; SA,
100 proportion of RILP-positive phagosomes of
Staphylococcus aureus.

not been previously reported. We examined the subcel-
lular localization of EGFP-RILP in macrophages infected
with M.tb (Fig. 2). In M.tb-infected macrophages, RILP-
positive phagosomes appeared and increased to 30% of
M.tb phagosomes up until 30 min post infection (Fig. 2a,
c). No further increase was seen after this time (Fig. 2b,
c). On the other hand, the proportion of RILP-positive
Staphylococcus aureus phagosomes continued to increase
beyond 30 min post infection (Fig. 2c). We also found that
the proportion of RILP-positive phagosomes containing
heat-inactivated M.tb reached more than 80% at 6 hr post
infection. These results suggest that further recruitment
of RILP to phagosomes containing live M.tb after 30 min
post infection might be actively inhibited.

Next, we examined whether recruitment of CD63 and
RILP to phagosomes depends on the function of Rab7
in macrophages. Raw264.7 macrophages transfected with
two plasmids encoding either EGFP-fused CD63 or RILP
and a dominant-negative form of Rab7, Rab7T22N, were
allowed to phagocytose latex-beads for 2 hr and were then
examined by CLSM for localization of lysosomal proteins
on the phagosomes. Both lysosomal markers were local-
ized to latex-bead-containing phagosomes in the control
cells (Fig. 3a-1, b-1). CD63 was found on the majority
of latex-bead-containing phagosomes in the cells express-
ing Rab7T22N (Fig. 3a-2, a-3), as well as in the control
cells. However, consistent with previous findings, RILP

(© 2010 The Societies and Blackwell Publishing Asia Pty Ltd
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a-1, CD63 (pCl
P )//

Fig. 3. Localization of lysosomal markers on latex-bead-containing
phagosomes in Raw264.7 macrophages expressing dominant-negative
Rab7. Raw264.7 macrophages expressing (a-2, a-3) Rab7T22N together
with CD63-EGFP or (b-2, b-3) EGFP-RILP were allowed to phagocytose
latex beads. Cells were fixed 2 hr after phagocytosis and observed by

was not present on latex-bead phagosomes in cells express-
ing Rab7T22N (Fig. 3b-2, b-3) (17). We also found that
clustering of RILP in the perinuclear regions was disrupted
and diffused by the expression of Rab7T22N. Collectively,
our data demonstrate that Rab7 is vital for recruiting RILP
to phagosomes during the maturation process, but not for
recruiting CD63.

How M.tb escapes the effects of the bactericidal compo-
nents within the phagosome while still acquiring nutrients
for growth is very important question. It has been sug-
gested that mycobacterial phagosomes arrest their mat-
uration at an early stage and completely avoid fusion
with lysosomes (18, 19). However, we have shown the
localization of CD63 (Fig. 2) and LAMP-2 (4) on M.tb
phagosomes in macrophages. It has been proposed that
phagolysosome biogenesis is achieved by a series of fu-
sions with heterogeneous lysosomes (20). This model is
supported by a report demonstrating the existence of sub-
populations of lysosomes in macrophages (6). Our pre-
vious and current studies demonstrating the alternative
localization of lysosomal markers on M.th phagosomes
further support this model. From these observations, it
seems that dissociation of Rab7 from M.th phagosomes
selectively inhibits fusion with harmful lysosomes despite
continued fusion with non-microbicidal lysosomes.

In conclusion, based on our findings we propose the fol-
lowing model for M.tb-induced inhibition of phagolyso-

(© 2010 The Societies and Blackwell Publishing Asia Pty Ltd

CLSM. (a-1, b-1) Cell images transfected with a control plasmid instead of
the plasmid expressing Rab7T22N. (b-3, ¢-3) Enlarged images of phago-
somes presented in b-2 and c-2, respectively. Scale bar, 10 j«m (left and
middle), 3 yum (right). pCl, cell images transfected with a control plasmid.

some biogenesis: Early M.tb phagosomes are capable
of recruiting Rab7 and can potentially fuse with lyso-
somes. RILP is also recruited to M.tb phagosomes,
which form the Rab7-RILP-dynein/dynactin protein com-
plex followed by promotion of phagolysosome biogene-
sis. However, viable M.tb is able to release Rab7 from
phagosomes, resulting in inhibition of further fusion
with lysosomal vesicles and disassembly of the RILP-
phagosome complex. This causes the blocking of sub-
sequent phagolysosome biogenesis. On the other hand,
non-microbicidal vesicles expressing CD63 and/or LAMP-
2 continuously fuse with M.tb phagosomes despite Rab7
dissociation, and this fusion would support the acquisi-
tion of nutrients for mycobacterial proliferation within the
phagosome.
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Lipomannan (LM) and lipoarabinomannan (LAM) are phos-
phatidylinositol-anchored glycans present in the mycobacterial
cell wall. In Mycobacterium smegmatis, the mannan core of
LM/LAM constitutes a linear chain of 20-25 «1,6-mannoses
elaborated by 8-9 a1,2-monomannose side branches. At least
two «l,6-mannosyltransferases mediate the linear mannose
chain elongation, and one branching a1,2-mannosyltransferase
(encoded by MSMEG_4247) transfers monomannose branches.
An MSMEG_4247 deletion mutant accumulates branchless
LAM and interestingly fails to accumulate LM, suggesting an
unexpected role of mannose branching for LM synthesis or
maintenance. To understand the roles of MSMEG_4247-medi-
ated branching more clearly, we analyzed the MSMEG_4247
deletion mutant in detail. Qur study showed that the deletion
mutant restored the synthesis of wild-type LM and LAM upon
the expression of MSMEG_4247 at wild-type levels. In striking
contrast, overexpression of MSMEG_4247 resulted in the accu-
mulation of dwarfed LM/LAM, although monomannose branch-
ing was restored. The dwarfed LAM carried a mannan chain less
than half the length of wild-type LAM and was elaborated by an
arabinan that was about 4 times smaller. Induced overexpres-
sion of an elongating a1,6-mannosyltransferase competed with
the overexpressed branching enzyme, alleviating the dwarfing
effect of the branching enzyme. In wild-type cells, LM and LAM
decreased in quantity in the stationary phase, and the expression
levels of branching and elongating mannosyltransferases were
reduced in concert, presumably to avoid producing abnormal
LM/LAM. These data suggest that the coordinated expressions
of branching and elongating mannosyltransferases are critical
for mannan backbone elongation.

B The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table S1 and Figs. S1-S5.
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Mycobacterium tuberculosis is an etiologic agent of tuber-
culosis, an infectious disease that remains a global problem.
Glycoconjugates from the mycobacterial cell wall are involved
in pathogenesis and immune modulation. In particular, phos-
phatidylinositol mannosides (PIMs),* lipomannan (LM), and
lipoarabinomannan (LAM) form a class of glycoconjugates
found in all species of mycobacteria, including pathogenic
M. tuberculosis and saprophytic and experimentally tractable
Mycobacterium smegmatis, and are known to have potent
immunomodulatory activities (1-3). PIMs are anchored to the
plasma membrane by a phosphatidylinositol (PI) and carry two
or six mannoses, which are directly linked to the 2-OH and
6-OH of the inositol residue (4, 5) (Fig. 1A). Monomannose
attached to the 2-OH of inositol is further modified by a fatty
acid, making triacylated PIMs the major lipid species. The
3-OH of inositol can be further modified by a fatty acid to
become a tetra-acylated species (6). LM carries a much longer
chain of mannoses. For example, in M. smegmatis, 20-25
al,6-mannose residues were thought to form a linear chain,
which is elaborated by 8-9 «l,2-mannose monomer
branches (7). A more recent report estimated M. smegmatis
LM to carry 21-34 mannose residues (8), highlighting even
greater heterogeneity of this molecule. LAM is an arabino-
sylated LM, in which ~70 residues of D-arabinofuranose
form arabinan(s) comprising «1,5 linear stretches linked by
multiple a1,3 branch points (9, 10). It is not known if a single
molecule of LAM carries a single large arabinan moiety or
multiple smaller arabinans.

PIMs, LM, and LAM all contain PI as a common lipid core
moiety and are thought to be biosynthesized in a sequential
order. PIMs are synthesized from a PI by sequential additions of
mannoses, resulting in dimannosyl or hexamannosyl PIMs (6,
11-13). PimA and PimB’' mediate the transfers of first two
mannoses in a GDP-mannose-dependent manner, and an acyl-
transferase, encoded by MSMEG_2934 in M. smegmatis, adds
one fatty acid onto a mannose residue to produce a dimannosyl
species, AcPIM2 (14-16). Then, an additional four mannose
residues are transferred onto AcPIM2, producing AcPIM6.

*The abbreviations used are: PIM, phosphatidylinositol mannoside; HPAEC,
high performance anion exchange chromatography; HPTLC, high per-
formance thin layer chromatography; LAM, lipoarabinomannan; LM, lipo-
mannan; Pl, phosphatidylinositol; Tricine, N-{2-hydroxy-1,1-bis(hydro-
xymethyl)ethyllglycine.
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Polyprenol-phosphate-mannose-dependent  mannosyltrans-
ferases are thought to be involved in these later reactions (11,
13), but only the fifth mannosyltransferase, PimE, has so far
been identified (17). AcPIM4 has been thought to be the
branching point from which LM/LAM biosynthesis diverges
from the PIM biosynthetic pathway, and a lipoprotein,
LpqW, is thought to be involved in controlling the metabolic
flux at this branch point (18, 19). This branch point is struc-
turally viable because the terminal two mannoses of AcPIM6
are «l,2-linked, whereas the LM/LAM mannan chain is
al,6-linked. LM is believed to be the precursor of LAM, but
the precursor-product relationship has not been experimen-
tally proven.

The linear al,6-mannose chain of LM is synthesized by
an al,6-mannosyltransferase encoded by MSMEG_4241 in
M. smegmatis (8) or MptA in arelated organism, Corynebac-
terium glutamicum (20). Deletion of MSMEG_4241 results
in the accumulation of an intermediate containing 5-20
mannose residues instead of mature LM containing 21-34
mannose residues (Fig. 1A). Accumulation of the LM _,,
intermediate suggests that there is another al,6-mannosyltrans-
ferase that mediates the initial stage of LM synthesis up to LM;_,,,.
Another gene, MSMEG_3111, might potentially play a role in
LM/LAM biosynthesis because it is homologous to an al,6-man-
nosyltransferase of Corynebacterium LM (21). However, an
MSMEG_3111 gene deletion mutant showed no defects in
LM/LAM production (21), leaving its precise function unclear.

MSMEG_4247 and its M. tuberculosis ortholog, Rv2181, are
al,2-mannosyltransferases involved in LM/LAM biosynthesis
(22, 23). An MSMEG_4247 gene deletion mutant produced
LAM lacking the a1,2-monomannose side chains, suggesting
that MSMEG_4247 is responsible for the addition of the al,2-
mannose branches onto the al,6-mannose backbone of LAM.
Interestingly, the MSMEG_4247 gene deletion mutant failed to
accumulate LM (22), suggesting an essential role for the a1,2-
mannose branch in the accumulation of LM.

A number of mannosyltransferases involved in the PIM/
LM/LAM biosynthetic pathway have now been identified,
but it remains largely unknown how these enzymes coordi-
nate and control the complex and overlapping pathways of
PIM/LM/LAM synthesis. As part of our study of the pimE
gene (17), we generated an MSMEG_4247 gene deletion
mutant. Here we report our analyses on the AMSMEG_4247
mutant, revealing that controlling expression levels of
MSMEG_4247 is critical for the proper synthesis of LM and
LAM.

EXPERIMENTAL PROCEDURES

Mycobacterial Strains and Culture Conditions—Wild-type
M. smegmatis strain mc?155 (24) and derived mutants were
grown at 30 °C in Middlebrook 7H9 broth (BD Biosciences)
supplemented with 0.2% (w/v) glucose, 0.2% (v/v) glycerol, 15
mm NaCl, and 0.05% (v/v) Tween 80. Where appropriate, anti-
biotics at the following concentrations were used: 20 ug/ml
streptomycin, 200 pug/ml hygromycin, or 20 ug/ml kanamycin.
Samples were prepared at logarithmic growth phase (Agq,
nm = 0.5-1.0) unless otherwise indicated.
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Gene Cloning and Complementation—A fragment contain-
ing the MSMEG_4247 gene was PCR-amplified (primers 053/
054; supplemental Table S1) from M. smegmatis genomic DNA
and cloned into the Mscl and EcoRI sites of the episomal
expression vector, pHBJ334 (25), driven by a strong promoter
of a mycobacterial heat shock protein hsp60 (Phsp60), resulting
in pYAB143. To create an integrative vector, an Xbal/Spel frag-
ment of pY AB143, containing Phsp60, the MSMEG_4247 gene,
and the streptomycin resistance cassette, was blunt end-ligated
with an Spel/Eam1105I fragment of pMV361 (26), containing
the attachment site and integrase gene, resulting in pYAB243.
Site-directed mutagenesis was performed as described previ-
ously (17), using pYAB143 or pYAB250 as a template and prim-
ers 320/321, resulting in pYAB254 or pYAB255. Hygromycin-
resistant versions of the expression vectors were constructed as
follows: pYAB251 by replacing the streptomycin resistance cas-
sette of pHBJ334, pYAB250 by replacing the streptomycin resis-
tance cassette of pYAB143, and pYAB184 by replacing the kana-
mycin resistance cassette of pMV306 (26). For an expression
vector driven by the endogenous promoter, the MSMEG_4247
gene and 200 bp of upstream flanking sequence was PCR-ampli-
fied (primers 312/313) and ligated into the Clal/Xbal sites of
pYAB184, resulting in pY AB247. For the acetamide-inducible sys-
tem, the MSMEG_4241 gene was PCR-amplified (primers 329/
330) and ligated into the BamHI/Xbal sites of pJAM2 (27),
resulting in pYAB262. To make an acetamide-inducible
MSMEG_4247 expression vector (pYAB246), the kanamycin
resistance cassette of pJAM2 was first replaced by a streptomy-
cin resistance cassette, resulting in pYAB040, and the HindIII/
Bpul102I fragment of pYAB143 containing the MSMEG_4247
gene was blunt end-ligated into the BamHI site of pYAB040.
These constructs were transfected into M. smegmatis wild-type
strain mc”155 and mutant cells by electroporation.

Lipid Extraction and Analysis—The cell wall lipids were
extracted from the cell pellets as described previously (17).
Extracted lipids were analyzed by high performance thin layer
chromatography (HPTLC) using chloroform, methanol, 13 m
ammonia, 1 M ammonium acetate, water (180:140:9:9:23, v/v/
v/v/v) as a solvent. Orcinol or molybdenum blue staining was
used to visualize PIMs or phospholipids, respectively.

LM and LAM Extraction and Analysis— After lipid extrac-
tion, the delipidated pellets were resuspended in five volumes of
phenol saturated with Tris-EDTA buffer (pH 6.6) (Nacalai
Tesque, Kyoto, Japan) and five volumes of water and extracted
for 2 h at 55 °C. The extract was further purified by dialysis or
octyl-Sepharose column chromatography (GE Healthcare) and
electroelution (model 422 Electro-Eluter, Bio-Rad) from an
SDS-polyacrylamide gel where appropriate. LM/LAM were
separated by SDS-PAGE (10-20% gradient gel) and visualized
using the ProQ Emerald 488 carbohydrate staining kit (Molec-
ular Probes) and a fluoroimage analyzer (FLA-5000, Fujifilm).

Metabolic Labeling of AMSMEG_4247—Cells were washed
and resuspended in a fresh aliquot of Middlebrook 7H9 broth at
0.2 g/ml pellet. Cells were radiolabeled with 50 uCi/ml p-[2-
3H]mannose (20 Ci/mmol; American Radiolabeled Chemicals)
for 15 min, washed in 7H9 broth to remove unincorporated
radioactive mannose, and chased in 7H9 broth containing 1 mm
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mannose. Extracted LM/LAM were separated by SDS-PAGE
and visualized by fluorography.

Mannosidase Treatment—LM/LAM fractions, mixed with
PIMs as internal controls, were treated with or without 0.4 milli-
units of Aspergillus saitoi a1,2-mannosidase (Prozyme) for 24 h at
37°C. The treatment was repeated three times. LM/LAM were
repurified by phenol and analyzed by SDS-PAGE as described
above. Intensity profiles were obtained by the Multi Gauge soft-
ware (Fujifilm). PIMs were purified by 1-butanol/water (2:1, v/v)
partitioning and analyzed by HPTLC.

High Performance Anion Exchange Chromatography
(HPAEC)—Acetolysis was performed following a published
protocol (28). Monosaccharides were released by 2 M trifluoro-
acetic acid at 100 °C for 2 h. Released carbohydrates were ana-
lyzed by a Nanospace high performance liquid chromatography
system (Shiseido, Tokyo, Japan) equipped with Screbead II
(2.0 X 250 mm) (Shiseido) as an anion exchange column, 50 mm
sodium acetate in 0.1 M NaOH as a mobile phase, and a pulsed
amperometric detector.

Western Blotting—Rabbit antibodies were raised against a
mixture of two peptides from MSMEG_4241 (MTPTETHK-
PNPGLAEHVC and CRAPESAEATASRQ), MSMEG_4247
(RTHTGDAHETDEPLVPLC and MSKRQSPRGAGLAPC), or
PimB’ (CEHLPPGVDTDRFAPDPD and CGARLAELLSGRR-
EARQA) and affinity-purified. Cell lysates were prepared by
bead beating as described previously (17). Proteins were fraction-
ated by SDS-PAGE (10-20% gradient gel) under reducing condi-
tions and blotted onto a polyvinylidene difluoride membrane (Mil-
lipore). The membrane was blocked with 5% skim milk and then
incubated with a primary antibody (rabbit anti-MSMEG_4247,
anti-MSMEG_4241, or anti-PimB’ antibodies; 1 ug/ml) for 1 h
and a secondary antibody (anti-rabbit IgG antibody, horserad-
ish peroxidase-conjugated; 1:2000 dilution; Amersham Bio-
sciences) for 1 h. The bound probe was visualized by chemilu-
minescence (PerkinElmer Life Sciences). Images were captured
by a luminescent image analyzer (LAS-4000, Fujifilm) and
quantified by the Multi Gauge software.

Acetamide-induced Expression and Metabolic Labeling—
Cells were grown in Middlebrook 7H9 medium, and 0.2% acet-
amide was added at midlog phase. After induction, the cells
were washed in Sauton’s medium (29), resuspended at 0.2 g/ml
pellet, pulse-labeled with D-[2-*H]mannose (24.7 Ci/mmol;
PerkinElmer Life Sciences) for 15 min, and diluted 50-fold in
Middlebrook 7H9 broth containing 1 mM manngse for chase.
Extracted LM/LAM were separated by SDS-PAGE and visual-
ized by fluorography.

Subcellular Fractionation—Cells were lysed by nitrogen cav-
itation, and the crude lysate was separated by a sucrose density
gradient (25-56%) as described previously (30). Each fraction
was tested for protein concentration, PIM biosynthetic activi-
ties (30), and Western blot detection of MSMEG_4247,
MSMEG_4241, and PimB’.

RESULTS

Complementation of MSMEG_4247-deficient Mutant with
MSMEG_4247 Does Not Restore the Synthesis of Normal LM
and LAM—We deleted the MSMEG_4247 gene by homolo-
gous recombination and confirmed the gene deletion by
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FIGURE 1. The phenotype of MSMEG_4247 deletion mutant (AMSMEG_
4247) cannot be restored by introduction of the episomal MSMEG_4247
overexpression vector. A, proposed pathway of PIM, LM, and LAM biosyn-
thesis. Note that AcPIM4 is a proposed branch point from which the LM/LAM
biosynthesis pathways diverge. The mannosyltransferase (MT) that mediates
the initial elongation of the a1,6-mannose chain to produce LMs_,, has not
been identified. The positions of the «1,2 side branches are hypothetical.
Only the products and key intermediates are shown, and tetra-acylated PIMs
are not shown for simplicity. B, LM/LAM from AMSMEG_4247 and its comple-
mented strains were analyzed by SDS-PAGE and visualized by carbohydrate
staining. Wild-type (lanes 1-3) and AMSMEG_4247 mutant (lanes 4-8) were
transfected with an empty vector (lanes 2, 3,5,and 6, pYAB251) or an episomal
PhsPeONISMEG_4247 vector (lanes 7 and 8, pYAB250). Loading was adjusted for
equal cell pellet equivalents. C, [*Hlmannose metabolic labeling of LM and
LAMin the AMSMEG_4247 mutant strain. Cells were pulsed with [*Hlmannose
for 15 min and chased with excess non-radioactive mannose for up to 5 h. LM
and LAM profiles were analyzed by SDS-PAGE and fluorography. Transient
synthesis of LM is indicated by an asterisk.

Southern blotting (supplemental Fig. S1, A and B). We ex-
tracted LM and LAM from the deletion mutant and analyzed
them by SDS-PAGE. We found even greater accumulation of
LAM in the AMSMEG_4247 mutant, but the mutant LAM
appeared slightly smaller than that from wild type. More
striking, the mutant lacked LM completely (Fig. 1B; wild type
(lanes 1-3) and AMSMEG 4247 (lanes 4—6)), as reported
recently (see Fig. 2 of Ref. 22). The complete disappearance of
LM was unexpected because the lack of the al,2 side chain
should still leave the 1,6 backbone intact. We considered the
possibility that LM was synthesized but could not accumulate.
To test this possibility, we radiolabeled the AMSMEG_4247
mutant metabolically in a pulse-chase experiment using
[*H]mannose. The mutant cells produced a weakly radiolabeled
species (Fig. 1C, asterisk), which had an electrophoretic mobil-
ity similar to that of wild-type LM. The radiolabeled LM in the
wild-type cells remained during the 5-h chase period, whereas
the mutant LM completely disappeared within 5 h, suggesting
that LM could only accumulate transiently in the mutant. We
next examined whether these phenotypes were rescued by the
introduction of the MSMEG_4247 expression vector. We used
an episomal expression vector, in which a strong hsp60
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FIGURE 2. Controlled expression of MSMEG_4247 is critical for the restoration of LM/LAM biosynthe-
sis. A, MSMEG_4247 expression examined by Western blotting using anti-MSMEG_4247 antibody. Lane 1,
wild type; lane 2, AMSMEG_4247; lanes 3 and 4, two clones of AMSMEG_4247+""PS°MSMEG_4247
(pYAB250); lanes 5 and 6, two clones of AMSMEG_4247+ 424’ MSMEG_4247 (pYAB247); lanes 7 and 8, two
clones of AMSMEG_4247 transfected with empty integrative vector (pYAB184). Loading was adjusted to 5
ug of protein/lane except for lanes 3 and 4, in which 1 ug of protein was loaded per lane. Relative
intensities were calculated taking different protein loadings into account. B, LM/LAM profiles of
MSMEG_4247 deletion mutants complemented by various expression vectors. LM/LAM were analyzed by
SDS-PAGE and visualized by carbohydrate staining. Lanes are arranged in the same order as in A. Faint
doublet bands slightly above the 18 kDa marker seen in all lanes are protein contaminants. C, LM from
wild-type or AMSMEG_4247+ PP MSMEG_4247 was treated with or without a1,2-mannosidase (ASAM),
analyzed by SDS-PAGE using Tris-Tricine gel (15-20%) to improve the separation, and visualized by car-
bohydrate staining. Peak of LM in each lane was determined from the intensity profile and is indicated by
an arrowhead. PIMs were included as internal controls and showed specific and complete digestion of the
terminal two a1,2-mannoses of AcPIM6, producing AcPIM4. D, LM/LAM extracts were acetolyzed, and
released mannose and a1,2-mannobiose were detected by HPAEC. Molar ratios of a1,2-mannobiose to
mannose, measured in triplicate, are shown as averages with S.D. values. Column numbers specify the
samples analyzed in the corresponding lanes in A and B. E, LAM was purified by electroelution and
hydrolyzed by 2 m trifluoroacetic acid. Released carbohydrates were quantified by HPAEC. Data are pre-
sented as molar ratio relative to inositol. Averages of triplicate measurements with S.D. values are shown.
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promoter (Phsp60) regulates the
expression of MSMEG_4247 (26).
Strikingly, the rescued mutant
(AMSMEG_4247+""r° MSMEG_
4247) produced LM and LAM, but
they were both smaller than those
produced by the wild type (Fig. 1B,
lanes 7 and 8).

Expression Level of MSMEG_
4247 Is Critical for Controlling the
Sizes of LM and LAM Produced—\We
considered the possibility that LM/
LAM synthesis was prematurely
terminated because of the high
expression level of MSMEG_4247.
We found that AMSMEG 4247+
PhsPeONISMEG_4247  expressed
MSMEG_4247 at >700 times the
levels of the wild-type (Fig. 24, com-
pare lanes I and lanes 3 and 4; note
that the protein loading is 5 times
less in lanes 3 and 4). To achieve
a more controlled expression of
MSMEG_4247, the AMSMEG_
4247 mutant was transfected with a
vector carrying MSMEG_4247 with
its own upstream region instead of
an artificial promoter. This vector
lacks the mycobacterial origin of
replication and instead carries the
attachment site and the integrase
gene from the mycobacteriophage
L5, allowing for the site-specific
integration of a single copy of the
MSMEG_4247 gene (26). Western
blotting confirmed that the expres-
sion levels of MSMEG_4247 in the
complemented strains (AMSMEG_
4247+P247MSMEG_4247) were
much closer to those of wild-type
(4 -5-fold overexpression; Fig. 24,
compare lane 1 and lanes 5 and
6). As shown in Fig. 2B, LM and
LAM from AMSMEG_4247+
P4227 MSMEG_4247restored the mi-
gration pattern of wild-type LM and
LAM (lanes S and 6). In contrast,
AMSMEG_4247+""PS°MSMEG_
4247 reproducibly accumulated
faster migrating LM and LAM (lanes
3 and 4). These results suggest that
the sizes of LM and LAM are nor-
malized if the AMSMEG 4247
mutant is complemented with a
wild-type level of MSMEG_4247
expression.

MSMEG_4247 is an «l,2-man-
nosyltransferase involved in the
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transfer of the monomannose side chain. It was therefore
perplexing that its overexpression resulted in smaller LM
and LAM. To investigate whether the smaller sized LM and
LAM produced in MSMEG_4247-overexpressing strains
were modified by al,2-mannose side chains, we removed the
al,2-mannose branches of LM by a1,2-specific mannosidase
treatment and analyzed the size changes by SDS-PAGE (Fig.
2C). A shift of LM was detectable upon digestion of LM from
both the wild-type and overexpressing strains. To confirm
further, we acetolyzed the LM/LAM mixture from select
strains and quantified the frequencies of al,2-mannose
branching. Acetolysis cleaves al,6-mannose linkages with-
out digesting al,2-mannose linkages, producing al,2-man-
nobiose and mannose. The ratio of al,2-mannobiose to
mannose indicates the ratio of mannoses with a1,2-mannose
branches to those without. As shown in Fig. 2D, whereas the
AMSMEG_4247 mutant completely lacked the al,2-man-
nose branch, LM/LAM from all complemented strains
showed frequencies of al,2-mannose branches comparable
with those of the wild-type LM/LAM (i.e. ~45-50% of back-
bone mannoses were branched).

Despite the restoration of a1,2-mannose branching, LM and
LAM from the AMSMEG_4247+"PSOMSMEG_4247 strain
appeared small on SDS-PAGE. To determine which compo-
nent of LAM was responsible for the SDS-PAGE mobility shift,
we purified LAM from an SDS-polyacrylamide gel by electro-
elution and analyzed its sugar composition. As shownin Fig. 2E,
the AMSMEG_4247 mutant did not show significant changes
in the sugar compositions of LAM despite the lack of al,2-
mannose branches, suggesting that a1,6-mannose backbone is
longer than that of wild-type LAM, and arabinosylation is
occurring normally. The numbers of arabinose and mannose
residues relative to inositol were somewhat smaller than previ-
ously reported (~70 arabinose and 21-34 mannose residues;
see Introduction). This might be due to the contribution of
inositol from inositol phosphate capping, a minor modification
of LAM arabinan in M. smegmatis and other fast growing
mycobacteria (31, 32). Strikingly, LAM from the AMSMEG_
4247+"POMSMEG_4247 strain showed greatly reduced
numbers of arabinose and mannose. The mannan core carried
less than half the number of mannose residues found in wild-
type LAM. Because the frequency of the side-chain mannose is
not significantly different between the dwarfed and wild-type
LAM, these data suggest that the length of mannan backbone is
less than half the length of wild-type LAM. Furthermore, ara-
binan was found to be 4 times smaller. This gross dwarfing is
apparently the cause of faster migration on the SDS-polyacryl-
amide gel, although the protein molecular weight standards do
not precisely reflect the actual molecular weight shifts of
LM/LAM (see also Ref. 33 for another example). Taken to-
gether, our data suggested that overexpression of MSMEG_
4247 restored the branches of «1,2-monomannose but pre-
maturely terminated the elongation of the al,6-mannose
backbone and dwarfed the arabinan size.

Next we investigated whether the effect of MSMEG_4247
overexpression is specific to the LM/LAM pathway. Because
LM/LAM biosynthetic pathways are thought to diverge from
PIM biosynthesis at the AcPIM4 intermediate (see Fig. 14), we
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examined the lipid fractions to see if there are any changes in
the PIM or phospholipid profiles. We found no significant dif-
ferences in either PIMs or phospholipids (supplemental Fig.
S2), suggesting that the deletion or overexpression of
MSMEG_4247 primarily affects LM/LAM biosynthesis.

Dwarfing LM/LAM Requires and Correlates with MSMEG_
4247 Enzyme Activity—If the expression levels of MSMEG_
4247 affect the elongation of the al,6-mannose backbone,
overexpression of MSMEG_4247 can affect the profile of LM
and LAM in wild-type cells as well. To test this prediction, we
introduced integrative or episomal MSMEG_4247 overexpres-
sion vectors and examined the effect of expression in the wild-
type cells. Indeed, overexpression of MSMEG_4247 resulted in
smaller LM and LAM in wild-type cells (Fig. 3A). A higher
expression level was achieved using an episomal vector com-
pared with an integrative vector. The hyperexpression in cells
transfected with the episomal vector led to the production of
LM and LAM, which appeared even smaller than the LM and
LAM from cells transfected with the integrative vector (Fig. 34,
compare lane 2 with lanes 3 and 4). To examine whether the
production of smaller LM and LAM was dependent on the
enzyme activity of MSMEG_4247, we created an MSMEG_
4247 expression vector, in which the gene carried a site-di-
rected mutation at a conserved aspartic acid residue. The aspar-
tic acid residue 45 was conserved among mycobacterial species
and aligned with the aspartic acid residue of PimE that is essen-
tial for enzymatic activity (supplemental Fig. S3A) (17). The
expression of D45A-mutated MSMEG_4247 could not alter the
LM/LAM profile of the AMSMEG_4247 mutant, suggesting
the loss of enzyme activity (supplemental Fig. S3, B and C).
When introduced in the wild-type cells, the D45A mutant of
MSMEG_4247 did not show a shift in the migration patterns
of wild-type LM and LAM (Fig. 3A, lanes § and 6). The lack of
effect was not due to the lack of expression of MSMEG_4247
D45A mutant because it was expressed at a level comparable
with that of wild-type MSMEG_4247 (Fig. 3B, compare lane 2
with lanes S and 6). These data further support our notion that
the enzyme activity of MSMEG_4247 needs to be properly con-
trolled to produce normal sized LM and LAM.

LM/LAM Biosynthesis Is Immediately Affected by Induced
Expression of MSMEG_4247—Secondary mutations some-
times occur to compensate for an existing mutation in the
genome, and secondary mutants with improved growth fitness
can outgrow the original mutant. For example, deletion of
the [pgW gene leads to spontaneous mutations in the pimE
gene, resulting in an improved growth fitness of the mutant
(18). We therefore wanted to exclude the possibility that the
constitutive overexpression of MSMEG_4247 resulted in sec-
ondary mutations and that smaller LM/LAM was the conse-
quence of these secondary mutations. To address this possibil-
ity, we created a vector, in which MSMEG_4247 expression
was controlled by an acetamide-inducible promoter (27) and
introduced this vector into wild-type cells. As shown in Fig. 44,
the acetamide-inducible promoter is leaky and expresses
MSMEG_4247 at a level significantly higher than the wild-type
level (compare lanes 1 and 3). Nevertheless, a much higher
expression level was achieved after 4 h of acetamide induction
(lane 6). At the 4-h time point, cells were metabolically pulse-
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FIGURE 3. Overexpression of MSMEG_4247 reduces the sizes of LM and
LAM in wild-type cells. A, LM/LAM profiles of wild-type cells transfected with
various Phsp60-driven expression vectors were analyzed by SDS-PAGE and
visualized by carbohydrate staining. Lane 1, empty vector (pHBJ334); lane 2,
episomal vector to express MSMEG_4247 (pYAB143); lanes 3 and 4, integra-
tive vector to express MSMEG_4247 (pYAB243); lanes 5 and 6, episomal vector
to express MSMEG_4247 D45A mutant (pYAB254). B, MSMEG_4247 expres-
sion examined by Western blotting using anti-MSMEG_4247 antibody. Lanes
are arranged in the same order as in A. Loading was adjusted to 5 pg of
protein/lane for lanes 1, 3, and 4 or 0.25 pg/lane for lanes 2, 5, and 6. Relative
intensities were calculated, taking different protein loadings into account.

labeled with [*H]mannose and chased for 25 min in the pres-
ence of excess non-radioactive mannose (Fig. 4B). LM and
LAM were relatively small in size immediately after pulse (lanes
designated P). After the chase (lanes designated C), increased
LM/LAM sizes were detected in control strains (compare lanes
S and 6 or lanes 7 and 8). Compared with control strains, the
sizes of LM and LAM after chase remained smaller in the cells
carrying acetamide-inducible MSMEG_4247 even without
acetamide induction due to leaky expression of MSMEG_4247
(compare lanes 2 and 6; white arrowheads (LAM) and white
lines (LM) indicate the peaks of the intensity profile shown in
supplemental Fig. S4). Upon induction of MSMEG_4247
expression, production of normal sized LAM became even less
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FIGURE 4. Acetamide-induced overexpression of U\SMEG_4247 prevents
the maturation of LM/LAM. A, acetamide induction of MSMEG_4247 exam-
ined by Western blotting using anti-MSMEG_4247 antibody. Wild-type cells
transfected with either the acetamide-inducible MSMEG_4247 expression
vector (4247) (transfected with pYAB246) or empty vector (Vec) (transfected
with pYAB040) were incubated with (+) or without (=) acetamide for the
indicated period to induce MSMEG_4247 expression. B, metabolic labeling
with [*H]mannose. Cells were incubated with (+) or without (—) acetamide
for 4 h prior to radiolabeling. Cells were pulsed (P) for 15 min and then chased
(Q) in the presence of excess non-radioactive mannose for 25 min. The white
arrowheads and lines indicate the peaks of LAM and LM, respectively, in lanes
2, 4, and 6, as determined by the intensity profiles shown in supple-
mental Fig. S4. The black arrowheads indicate the position of normal LAM as
determined by the white arrowhead in lane 6.

efficient (compare black arrowheads in lanes 2 and 4), dwarfed
LAM became even smaller (compare white arrowheads in lanes
2 and 4), and dwarfed LM became greater in intensity and
slightly smaller in size (compare white lines in lanes 2 and 4).
These observations suggest less efficient elongation of LM and
LAM, being similar to those seen under constitutive overex-
pression of MSMEG_4247 (see Fig. 3A). Thus, MSMEG_4247
can exert its effect on LM/LAM biosynthesis immediately, and
the timing appears to be too fast to be explained by secondary
mutations.

The Effect of Overexpressed MSMEG_4247 Can Be Alleviated
by the Overexpression of MSMEG_4241—Our data suggested
that overexpressed MSMEG_4247 dominates the elongating
enzymes, preventing the efficient elongation of the linear a1,6-
mannose chain. We wanted to test if this effect of MSMEG_
4247 overexpression can be competed by the overexpression of
an elongating mannosyltransferase, MSMEG_4241. Therefore,
we created another mutant in which an episomal vector for
acetamide-inducible MSMEG_4241 expression was trans-
fected into the MSMEG_4247 overexpressing strain (used in
lane 3 of Fig. 3). MSMEG_4241 expression was maximized at
4 h after the addition of acetamide (Fig. 54). At this time point,
we metabolically labeled cells with [*H]mannose in a pulse-
chase experiment. In control cells overexpressing MSMEG _
4247 only, dwarfed LM immediately accumulated, and dwarfed
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LAM also accumulated over time A

(Fig. 5B). When MSMEG_4241 over-

expression was induced, we found lit- —
tle accumulation of dwarfed LM and

identified a radiolabeled species

1241

migrating at around 35 kDa, which 024024024024 (b

was comparable with wild-type L 11 11 T ] '
LAM (Fig. 5B). The synthesis of nor- [ * + | Acetamide
mal size LM (~20 kDa) was less Vec Paceq41

prominent, which might be due
to the relative overexpression of
MSMEG_4241. Next, we examined B
if the biosynthetic changes induced
by the overexpression of MSMEG_
4241 can lead into changes in cell - , V , '

wall composition of LM/LAM. With- . - : '

Phsp604247

out acetamide induction, dwarfed LM ] LAM
and dwarfed LAM persisted over the D
12-h time course (Fig. 5C, left). Being ] fo\l/i‘fed

consistent with the metabolic label-

ing experiments, a species compara- ‘ ~ 1Dwarfed
ble with wild-type LAM started to L , ~ S LM
appear at around 35 kDa after the 00512 0051 2 00512 0051 2 Chase(h)
4-h induction and accumulated L 1 o 11 1 .
over the 12-h induction (Fig. 5C, L - + 1 1 N > ; Acetamide
right). In contrast to metabolic la- . Vec Pacega41

J

beling, dwarfed LM persisted dur-
ing the time course, suggesting a
slow turnover rate of this species.
We purified dwarfed LAM (from
0-h induction) and LAM-like spe-
cies (from 12-h induction) by elec-
troelution (Fig. 5D) and examined
the sugar composition (Fig. 5E). The
LAM-like species carried a mannan
moiety with a size comparable with
the wild-type LAM (see Fig. 2E for
comparison). In contrast, arabinan
size was only partially restored,

Phsp604247

suggesting that the rate of arabinan i 0 4 8 121 Lﬂ 4 8 lzl (h)
biosynthesis falls short of that of - T Acetamide
mannan biosynthesis when both L 1

elongating and branching manno- Phsp604247 & Paceqn41

syltransferases are overexpressed in
wild-type cells. These data together
suggest that the dwarfing effect of kDa
overexpressed MSMEG_4247 can
be partially overridden by MSMEG _
4241 overexpression.

Spatial and Temporal Control of Dwarfed
MSMEG_4241 and MSMEG_4247
Expressions in  Wild-type Cells—
The above results suggested that
MSMEG_4247 and MSMEG_4241

E »s

L o d
h <o

[9,}

Molar Ratio to Ino
o
=)

function in close collaboration with : 0 12 0
each other during the synthesis of § 0 12
- Acetamide (h) .
LM/LAM. Therefore, we predicted Acetamide (h)
that these two enzymes are located
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FIGURE 6. Subcellular localization and growth phase-dependent expres-
sion of MSMEG_4247 and MSMEG_4241 in wild-type cells. A, sucrose den-
sity (dashed line) and protein concentration (open circle) profiles of wild-type
cell lysate fractionated by a density sedimentation. B, PIM biosynthetic activ-
ities of each fraction measured by GDP-[*H]mannose radiolabeling. PPM,
polyprenol-phosphate-mannose. C, Western blotting using anti-MSMEG_
4247 (top), anti-MSMEG_4241 (middle), or anti-PimB’ (bottom) antibodies.
D, growth phase-dependent changes in LM/LAM levels of wild type cells
grown in Middlebrook 7H9 broth. Culture was initiated by 1:100 dilution of a
confluent starter culture, and aliquots were collected at the indicated time
points, which correspond to logarithmic (18 h), early stationary (41 h), and late
stationary (90 h) phases. Purified LM/LAM were separated by SDS-PAGE and
visualized by carbohydrate staining. Loading was adjusted for equal cell pel-
let equivalents. E, growth phase-dependent changes in levels of
MSMEG_4247 and MSMEG_4241 detected by Western blotting using anti-
MSMEG_4247 or anti MSMEG_4241 antibodies. Loading was adjusted to 15
ng of protein/lane.

in the same domain of the plasma membrane. We tested this
possibility using subcellular fractions of wild-type M. smegma-
tis (Fig. 6A). M. smegmatis has two functionally distinct mem-
brane fractions designated PMf and PM-CW (30). PMf frac-
tions contain membrane vesicles free of cell wall components,
whereas PM-CW fractions represent plasma membranes

tightly associated with the cell wall. PMf and PM-CW mem-
branes can be separated by a sucrose density gradient sedimen-
tation and are responsible for distinct biochemical reactions,
such as the early (up to AcPIM2) and late (up to AcPIM®6) parts
of the PIM biosynthetic pathway, respectively (30) (Fig. 6B).
As expected from the enriched PIM2 biosynthetic activities
in PMf fractions (Fig. 6B), PimB’ was specifically localized to
these fractions (Fig. 6C). In contrast, MSMEG_4247 and
MSMEG_4241 were both enriched in PM-CW fractions, sug-
gesting that LM/LAM biosynthesis takes place in PM-CW frac-
tions. These data are consistent with MSMEG_4247 and
MSMEG_4241 acting in proximity to coordinate the LM/LAM
biosynthesis. We have also tested co-immunoprecipitation of
these two proteins to show their physical interaction, but it was
not successful (data not shown; also see “Discussion”). Another
interesting feature of LM/LAM biosynthesis is that it appears to
be down-regulated in the late stationary phase (17) (Fig. 6D).
Because imbalanced expressions of MSMEG_4247 and
MSMEG_4241 canresult in the production of aberrant forms of
LM/LAM, we thought it important for the cells to down-regu-
late the expression levels of both enzymes in a concerted man-
ner. Indeed, the expression levels of these two proteins were
reduced simultaneously in the stationary phase (Fig. 6E), in cor-
relation with the reducing levels of LM/LAM. Taken together,
MSMEG_4247 and MSMEG_4241 were expressed in a tempo-
rally and spatially controlled manner.

Rv2181, an Ortholog of MSMEG_4247, Functions Similarly in
M. tuberculosis—To examine whether the phenotypic charac-
teristics of the AMSMEG_4247 mutant were also displayed by
other mycobacterial species, we generated an M. tuberculosis
mutant in which the Rv2181 gene, the MSMEG_4247 ortholog,
was deleted. The mutant was successfully generated (supple-
mental Fig. S5, A and B), and the ARv2181 mutant showed a
smaller sized LAM and disappearance of LM (Fig. 7, lane 2),
similar to the M. smegmatis mutant. When the Rv2181 gene
was introduced with its endogenous promoter region, LM syn-
thesis was restored, and the size of LAM was also restored to
that of wild-type LAM (lanes 3 and 4). When Rv2181 was intro-
duced via an integrative vector with Phsp60, the size of LM
appeared normal, but the size of LAM appeared slightly smaller
(lanes § and 6). Although the phenotypes are less prominent
than those in M. smegmatis, these data highlight the conserved
role of the «l,2-mannosyltransferase in producing properly
sized LM and LAM.

DISCUSSION

Our analysis on MSMEG_4247, a branch-forming «l1,2-
mannosyltransferase involved in LM/LAM synthesis, revealed
unexpected effects of its expression levels on the sizes and

FIGURE 5. Dwarfing effect of MSMEG_4247 overexpression on LM/LAM can be competed by overexpression of MSMEG_4241. A, acetamide induction
of MSMEG_4241 examined by Western blotting using anti-MSMEG_4241 antibody. The MSMEG_4247 overexpression mutant was transfected with either
acetamide-inducible MSMEG_4241 expression vector ("*°4241) (transfected with pYAB262) or empty vector (Vec) (transfected with pJAM2) and incubated
with (+) and without (—) acetamide for the indicated period to induce MSMEG_4241 expression. The loading was adjusted to 5 ug of protein//ane. B, metabolic
labeling with [*HJmannose. Cells were preincubated with (+) or without (—) acetamide for 4 h, pulsed for 15 min with [*HJmannose, and then chased in the
presence of excess non-radioactive mannose for up to 2 h. C, changes in total LM/LAM profiles after induction of MSMEG_4241 expression in MSMEG_4247
overexpression mutant. LM/LAM were separated by SDS-PAGE and visualized by carbohydrate staining. D, dwarfed LAM at 0 h and LAM-like species at 12 h
after acetamide induction, shown in C, were purified by electroelution, and the purities were confirmed by SDS-PAGE and carbohydrate staining. £, composi-
tional analysis of LAM-like species produced after MSMEG_4241 overexpression. Trifluoroacetic acid-hydrolyzed carbohydrates were quantified by HPAEC.
Data are presented as molar ratio relative to inositol. Averages of triplicate measurements with S.D. values are shown.

APRIL 30, 2010+VOLUME 285-NUMBER 18

A CEVON

JOURNAL OF BIOLOGICAL CHEMISTRY 13333

— 357 —

0102 '8 Aepy uo ‘Ausiaaiun AjD exesQ e B10°ogmmm woljy papeojumo(]



