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Figure 2: Localization kinetics of Rab GTPases on M. tb- and S. aureus-containing phagosomes. The proportions of Rab GTPase-
positive phagosomes containing M. tb and S. aureus were examined at the indicated time-points p.i. Data represent the means and
standard deviations of three independent experiments in which more than 100 phagosomes were counted for each condition. Rab
GTPases were classified into two types according to their localization on S. aureus-containing phagosomes as follows: (A) Rab GTPases
transiently localizing to the phagosomes and (B) Rab GTPases consecutively or accumulatively localizing tc the phagosomes. Black
and white bars indicate the proportion of Rab-positive phagosomes containing M. tb and S. aureus, respectively. *p < 0.05 (unpaired
Student’s t-test).
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Figure 2: Continued.

M. tb for 2 or 8 h. Phagosomal fractions were isolated as
previously reported (26,27). We confirmed that the phago-
somal fractions were not contaminated with other subcel-
lular organelles using electron microscopy (Figure 3A) as
shown previously (17). Immunoblotting analysis revealed
that Rab5, Rab7, Rab9, Rab14 and Rab22a were recruited
to both phagosomal fractions (Figure 3B). We quantified
the band intensities corresponding to Rab GTPases in
latex bead- and M. tb-containing phagosomal fractions at
2 and 8 h p.i. to follow the dynamics of Rab GTPases on
the phagosomes (Figure 3C). In the latex bead-containing
phagosomes, the amounts of Rabb, Rab7, Rab9 and
Rab22a at 8 h showed no change or slightly decreased
in comparison with those at 2 h, whereas the amount
of Rab14 at 8 h decreased significantly to about 30% of
that at 2 h. In M. tb phagosomal fractions, the amounts
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of Rabb, Rab7, Rab14 and Rab22a at 8 h demonstrated
significant decreases to about 40, 20, 60 and 30% of
those at 2 h, respectively. Rab9 did not show significant
changes in M. tb phagosomal fractions. These results sug-
gest that Rabb, Rab7, Rab9 and Rab22a are associated
with the latex bead-containing phagosomes, but these
Rab GTPases except for Rab9 are subsequently released
from M. tb-containing phagosomes, and that recruited
Rab14 is dissociated from both phagosomes.

A network of Rab GTPases regulating phagosome
maturation

To examine the contribution of 22 Rab GTPases localizing
to S. aureus-containing phagosomes during phago-
some maturation, Raw264.7 macrophages were trans-
fected with two expression plasmids for EGFP and the
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Figure 3: Rab GTPases localization in isolated M. tb phagosomal fractions. A) Thin-section electron micrographs of isolated
phagosomal fractions containing the latex beads (A-1) and M. tb (A2, A-3) for 6 h. B) Immunoblotting analysis of latex bead and M.
tb phagosomal fractions with antibodies to Rab5, Rab7, Rab9, Rab14 and Rab22a is shown. Latex beads (LB) or M. tb (MTB) were
internalized for 2 h and phagosomal fractions were collected immediately (0-2 h) or after further incubation for 6 h (6-8 h). Total cell
lysates from Raw264.7 (TCL) and phagosomal fractions were subjected to SDS-PAGE, followed by immunoblotting analysis using
the indicated antibodies. C) Ratios of band intensity for Rab GTPase at 68 h relative to that at 0~2 h in phagosomal fractions. Gray
and white bars show the ratio of band intensity of indicated Rab at 6-8 h as compared to that at 0-2 h in latex bead and M. tb
phagosomal fractions, respectively. Data represent the means and standard deviations of three independent experiments. *p < 0.05

(paired Student’s t-test).

dominant-negative (DN) form of each Rab gene. For the
evaluation of phagosome maturation, we determined the
degree of phagosomal acidification and the recruitment
of cathepsin D to the phagosome, because both events
were exceedingly inhibited in the phagosomes contain-
ing M. tb H37Rv in macrophages (Figure 1). Transfected
cells were allowed to phagocytose latex beads for 3 h,
then acidification of the phagosome was investigated
(Figure 4). Phagocytosing cells were stained with Lyso-
Tracker and its accumulation within phagosomes was
observed by LSCM. Phagosomal acidification was clearly
observed in control cells (Figure 4A). We found that
phagosomal acidification was inhibited by Rab7DN as
described previously (5), confirming that the experiment
was being conducted correctly. Expression of Rab20DN or
Rab39DN also inhibited the accumulation of LysoTracker
within the phagosomes (Figure 4B,C). We quantified the
fluorescent density of LysoTracker accumulated in phago-
somes relative to that in other endosomal/lysosomal (E/L)
components of transfected cells expressing DN forms
of Rab GTPases (Figure 4D). As expected, the expres-
sion of Rab7DN, Rab20DN and Rab39DN decreased the
fluorescent ratio in comparison with that in the control
cells. These results suggest that Rab7, Rab20 and Rab39

412

function in phagosomal acidification. The mean fluores-
cence intensities derived from LysoTracker staining were
not affected by the expression of Rab7DN, Rab20DN or
Rab39DN (Figure S3), indicating that expression of these
DN forms of Rab GTPases had no effect on the generation
of acidic vacuoles in macrophages.

We next examined the recruitment of cathepsin D to the
phagosomes in macrophages expressing DN forms of the
Rab GTPases (Figure 5). Transfected cells were allowed
to phagocytose latex beads for 3 h and were then stained
with an anti-cathepsin D antibody. Stained cells were
observed by LSCM. Cathepsin D was recruited to the
phagosome in the control cells (Figure 5A). The recruit-
ment of cathepsin D was inhibited by the expression
of Rab7DN as described previously (17). Immunofluores-
cence microscopy also demonstrated that the expression
of Rab20DN, Rab22bDN, Rab32DN, Rab34DN, Rab38DN
or Rab43DN inhibited the recruitment of cathepsin D to
the phagosomes (Figure 5B,C). The ratiometric quantifi-
cation revealed that the expression of these DN forms
of Rab GTPases decreased the association of cathepsin
D with phagosomes (Figure 5D). Immunoblotting analysis
revealed that the amount of products and the processing

Traffic 2011; 12: 407-420
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Figure 4: Phagosomal acidification in macrophages expressing the DN forms of Rab GTPases. Raw264.7 macrophages were
transfected with plasmids encoding EGFP and control vector (mock) (A} or the DN form of Rab20 (Rab20DN) (B). Transfected cells
were allowed to phagocytose latex beads for 3 h and were then stained with LysoTracker (LT). Stained cells were observed by LSCM.
Enlarged images of the latex bead-containing phagosomes in A-1 and B-1 are represented in A-2, A-3 and B-2, B-3, respectively. C) The
proportion of LysoTracker-positive phagosomes in macrophages expressing the DN forms of Rab GTPases. Data represent the means
and standard deviations of three independent experiments in which more than 100 phagosomes were counted for each condition.
D) Ratiometric quantification of fluorescent density of LysoTracker associated with the phagosomes (pphagosome) relative to that of
other ¢E/L components. Data represent the means and standard deviations of three independent experiments in which more than 100
phagosomes were examined for each condition. *p < 0.05 (unpaired Student's t-test).

of cathepsin D did not change significantly in the cells
expressing the DN forms of the Rab GTPases as com-
pared with the control cells (data not shown). These
results suggest that Rab7, Rab20, Rab22b, Rab32, Rab34,
Rab38 and Rab43 regulate the recruitment of cathepsin D
to the phagosomes.

Constitutively active forms of Rab GTPases were
dissociated from M. tb-containing phagosomes

To elucidate the mechanism by which Rab GTPases
are dissociated from M. tb-containing phagosomes, we
examined the localization of the constitutively active (CA)
forms of Rab GTPases regulating phagosome matura-
tion on M. tb-containing phagosomes. We previously

Traffic 2011; 12: 407-420

demonstrated that Rab7CA is released from M. tb-
containing phagosomes (17). In this study, we found
that the recruitment of Rab20CA, Rab32CA, Rab34CA,
Rab38CA and Rab39CA to M. tb-containing phagosomes
is also impaired, in a similar way to the wild-type ver-
sions of these Rab GTPases (data not shown). We next
examined the fusion of M. tb-containing phagosomes
with lysosomes in macrophages expressing the CA forms
of the Rab GTPases (Figure 6). Macrophages transfected
with the expression plasmids for EGFP and each CA of
Rab GTPase were preloaded with Texas Red-dextran and
then infected with Alexa405-fluorophore-labeled M. tb for
6 h. Lysosomes did not fuse with the phagosomes con-
taining live M. tb in macrophages expressing Rab7CA,
Rab20CA, Rab32CA, Rab34CA, Rab38CA or Rab39CA
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Figure 5: Cathepsin D recruitment to phagosomes in macrophages expressing the DN form of Rab GTPases. Raw264.7
macrophages were transfected with plasmids encoding EGFP and control vector (mock) (A) or Rab20DN (B). Transfected cells were
allowed to phagocytose latex beads for 3 h and were then stained with anti-cathepsin D (CATD) and Alexa568-conjugated secondary
antibodies. Stained cells were observed by LSCM. Enlarged images of the latex bead-containing phagosomes in A-1 and B-1 are
represented in A-2, A-3 and B-2, B-3, respectively. C) The proportion of cathepsin D-positive phagosomes in macrophages expressing
the DN forms of Rab GTPases. Data represent the means of three independent experiments in which more than 100 phagosomes
were counted for each condition. D) Ratiometric quantification of fluorescent density of cathepsin D associated with the phagosomes
(bphagosome) relative to that of other ¢E/L components. Data represent the means and standard deviations of three independent
experiments in which more than 100 phagosomes were examined for each condition. *p < 0.05 (unpaired Student’s t-test).

(Figure 6 and data not shown). Taken together, these infected macrophages was reduced compared with that
results suggest that these Rab GTPases are not directly of the virulent M. tb H37Rv strain (data not shown),
targeted by M. tb for inhibition of phagolysosome bio- suggesting that the inhibition of phagolysosome bio-

genesis and suggest instead that the difference in the genesis was suppressed in macrophages infected with
localization of Rab GTPases between S. aureus-and M. tb- M. tb H37Ra. We examined the fusion of M. tb H37Ra
containing phagosomes is due to difference in how the phagosomes with lysosomes in infected macrophages.
phagosomes change or evolve over time. Raw264.7 macrophages were preloaded with Texas Red-

dextran, infected with M. tb strain H37Ra for 6 h and then
Localization of Rab GTPases on phagosomes observed by LSCM. Stronger fluorescent signals derived
containing an avirulent M. tb strain from dextran were observed within the phagosomes con-
To investigate the correlation between the dissociation taining S. aureus. The fluorescent signals on M. tb H37Ra
of Rab GTPases and the arrest of phagosome matu- phagosomes were weaker than those on S. aureus-
ration, we examined the localization of Rab GTPases containing phagosomes but stronger than those on M. tb

on phagosomes containing an attenuated strain, M. tb H37Rv phagosomes (Figure 7A-D). These results suggest
H37Ra. The proliferative activity of M. tb H37Ra, within that M. tb H37Ra phagosomes have the intermediate

414 Traffic 2011, 12: 407-420
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Figure 6: Impairment of fusion of lysosomes with M. th-containing phagosomes in macrophages expressing the CA form of
Rab7. Raw264.7 macrophages were transfected with plasmids expressing EGFP and the CA form of Rab7 (Rab7CA). Transfected cells
were preloaded with Texas Red-dextran (TRDX) to label lysosomal vesicles, followed by incubation with live (A) and dead (B) M. tb
labeled with Alexa405-fluorophore for 6 h. Fixed cells were observed by LSCM. Projections of focal planes with y—z and x—z side
views show the sequestration and colocalization of fluorescent dextrans with M. th-containing phagosomes in (A} and (B), respectively.
Enlarged images showing the M. tb-containing phagosomes of A-1 are presented in A2, A-3 and A-4. Enlarged images showing the
M. tb-containing phagosomes of B-1 are shown in B-2, B-3 and B-4. A-2 and B-2 show live and dead M. tb (MTB), respectively. A-3 and
B-3 show the localization of fluorescent dextran (TRDX). A-4 and B4 show the merged images of macrophages and bacteria (merge).
Scale bar, 10 pm. C) The proportion of M. tb-containing phagosomes labeled with Texas Red-dextran in macrophages expressing
Rab7CA. Macrophages transfected with the plasmid expressing Rab7CA or control vector {(mock) were incubated with live (L) or dead
(D) M. tb for 6 h. Data represent the means of three independent experiments in which more than 100 phagosomes were counted for

each condition.

ability to fuse with lysosomal vesicles compared with
M. tb H37Rv and S. aureus-containing phagosomes. We
finally examined the association of Rab GTPases regulat-
ing phagosome maturation with phagosomes containing
M. tb strain H37Ra. Macrophages expressing EGFP-Rab
GTPases found to be involved in phagosome maturation
were infected with Texas Red-labeled M. tb strain H37Ra
or H37Rv for 6 h. The proportions of Rab7-, Rab20-, Rab34-
and Rab39-positive phagosomes containing M. tb strain
H37Ra were significantly higher than those of phago-
somes containing M. tb strain H37Rv (Figure 7E), although
those were lower than those of phagosomes containing
S. aureus (Figure 2). These results suggest that M. tb
strain H37Ra impairs the association of Rab GTPases reg-
ulating phagosome maturation to phagosomes, but less
severely than M. tb strain H37Rv, leading to reduced
fusion of lysosomal vesicles with phagosomes.

Discussion

Intracellular pathogens are known to disrupt the normal
membrane trafficking pathway of the host cell, with this
alteration possibly contributing toward more hospitable
intracellular conditions for their growth and multiplication.
Rab GTPases play pivotal roles in membrane traffick-
ing (20,21). Therefore, the activity and localization of

Traffic 2011; 12: 407-420

these regulatory proteins may be targeted by intracellular
pathogens to establish a niche for their proliferation (28).
Several reports have investigated the localization of Rab5
and Rab7 on mycobacterial phagosomes (14-17,29,30),
because Rabb and Rab7 localize to the phagosome and
co-ordinately contribute to the control of phagosome
maturation (1). The localization of Rab14 and Rab22a on
mycobacterial phagosomes was also shown to regulate
early stages of phagosome maturation (12,19). However,
little is known about how mycobacteria subvert the net-
work of Rab GTPases regulating phagosome maturation
within infected macrophages. In this study, we compared
the subcellular localization of 42 distinct Rab GTPases
on M. tb-containing phagosomes with that on S. aureus-
containing phagosomes in macrophages to further under-
stand how mycobacteria disrupt membrane trafficking in
phagosomes.

We found that 22 Rab GTPases were recruited to
S. aureus-containing phagosomes and that 17 of these
Rab GTPases showed different localization kinetics on
M. tb-containing phagosomes (Figure 2). We also found
that some Rab GTPases localizing to phagosomes reg-
ulated phagosomal acidification and the recruitment of
cathepsin D to the phagosome (Figures 4 and 5). This is
the first report demonstrating that Rab20, Rab22b, Rab32,
Rab34, Rab38, Rab39 and Rab43 regulate phagosome
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Figure 7: Accession of lysosomes with the phagosomes correlates with phagosomal localization of Rab GTPases regulating
phagosomal maturation. A-C) Raw264.7 macrophages preloaded with Texas Red-dextran were infected with (A) M. tb strain H37Ra
(Ra), (B) M. tb strain H37Rv (Rv) and (C) S. aureus (SA) labeled with Alexa405-flucrophore for 6 h. Fixed cells were observed by LSCM.
A-1, B-1 and C-1 show macrophages labeled with fluorescent dextran. A-2, B-2 and C-2 show bacteria labeled with Alexa405-fluorophore.
A-3, B-3 and C-3 show the merged images of macrophages and bacteria. Arrows and arrowheads demonstrate phagosomes with
and without fluorescent dextran-labeled lysosomal vesicles, respectively. Scale bar, 10 um. D) Ratiometric quantification of fluorescent
dextran within the phagosomes relative to that of other E/L components. The ratio of fluorescent density within the phagosomes
(pphagosome) relative to that of other E/L components ($E/L) was shown. Data represent the means and standard deviations of three
independent experiments in which more than 100 phagosomes were examined for each condition. *p < 0.05 (Tukey—Kramer multiple
comparison test). E) Recruitment of Rab GTPases regulating phagosome maturation of M. tb strains H37Ra (Ra) and H37Rv (Rv).
Raw264.7 macrophages were transfected with plasmids encoding EGFP-fused Rab GTPases. Macrophages were infected with M. tb
strains H37Ra or H37Rv labeled with Texas Red, fixed at 6 h (Rab7, Rab34 and Rab39), 1 h (Rab32 and Rab38) and 30 min (Rab20), and
then observed by LSCM. Data represent the means and standard deviations of three independent experiments in which more than 100

phagosomes were counted for each condition. *p < 0.05 {unpaired Student's t-test).

maturation. Rab22b, Rab32, Rab34 and Rab38 were
reported to localize to the trans-Golgi network (31-33).
We found that these Rab GTPases showed various asso-
ciation and dissociation kinetics with the phagosomes
(Figure 2A) and were involved in the recruitment of
cathepsin D to the phagosome. Our observations are
consistent with a previous report showing the direct trans-
port of cathepsin D from the trans-Golgi network to the
phagosome (34). Rab34 is also reported to interact with
RILP (32), suggesting its involvement in the promotion of
phagolysosome biogenesis. In the present study, Rab43, a
regulator of endoplasmic reticulum-Golgi trafficking (35),
was also found to regulate the recruitment of cathepsin D
to the phagosome. Rab20 was reported to localize to the
endoplasmic reticulum (36) and colocalize with vacuolar-
type ATPases (37). Additionally, we demonstrated the
involvement of Rab20 in both phagosomal acidification
and cathepsin D recruitment. We also found that Rab39
regulates phagosomal acidification and colocalizes with
lysosomes (Table S1). Considering its recruitment kinetics
to the phagosomes (Figure 2), Rab39 seems to maintain
the phagosomal acidification at the late stage of phagocy-
tosis. These observations, taken together, suggest that

416

these Rab GTPases differentially regulate phagosome
maturation at the various stages of phagocytosis.

Rabb is widely accepted as a marker of mycobacte-
rial phagosomes in infected macrophages (14,15). In this
study, we found that Rab5 is not recruited to M. tb-
containing phagosomes at 10 min p.i. (Figure 2). However,
Kelley and Schorey (15} investigated Rab5 recruitment to
the phagosomes containing Mycobacterium avium using
a retrovirus transduction system. A previous live cell imag-
ing analysis revealed that Rab5 is transiently associated
with and then dissociated from mycobacterial phago-
somes immediately after infection (12). We also found
that Rabb was recruited to approximately 40% of phago-
somes containing Mycobacterium bovis strain bacille Cal-
mette—Guérin (BCG) in Raw264.7 macrophages at 10 min
p.i. (Figure S4). These results suggest that the kinetics of
Rabb recruitment to the phagosomes is different between
the mycobacteria infected. Inconsistent with the fluores-
cent microscopic analysis, Rab5 could be detected in
phagosomal fractions containing M. tb and latex beads
by immunoblotting analysis at 6 h p.i. (Figures 2 and 3).
Desjardins et al. {27) showed that recruited Rab5 to the
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latex bead-containing phagosome decreases continuously
over time. Via et al. (14) also reported that recruited Rab5
to the phagosomes containing latex beads or M. bovis
BCG decreases over time but detectable by immunoblot-
ting analysis. It is likely that the detection of Rab5
recruitment to the phagosomes at 6 h p.i. in our study is
caused by the high sensitivity of immunoblotting analysis.

Rab7 localization on mycobacterial phagosomes has
been controversial for a long time. Rab7 was reported
to be absent from mycobacterial phagosomes in
macrophages (12—15). Clemens et al. (29) reported that
Rab7 localizes to M. tb-containing phagosomes in Hela
cells, but they also mentioned that Rab7 localization
is caused by its overexpression. Sun et al. (16) demon-
strated that Rab7 localizes to phagosomes containing
M. bovis BCG in Raw264.7 macrophages. Recently, pro-
teomic analysis also revealed that Rab7 localizes to the
phagosomes containing M. bovis BCG in a human mono-
cyte cell line (38). Rab7 depletion by RNA interference
increased the proliferation of Mycobacterium fortuitum
in Drosophila S2 cells (39), but did not affect prolifera-
tion of M. tb in a human monocyte cell line (40). These
results suggest that Rab7 localizes to phagosomes con-
taining avirulent mycobacteria, but not to those containing
virulent mycobacteria, leading to inhibition of avirulent
mycobacterial proliferation. Our previous and current stud-
ies demonstrated that Rab7 is transiently recruited to, and
subsequently released from M. tb-containing phagosomes
using imaging and immunoblotting analyses (Figures 2 and
3} (17). This dissociation would invalidate Rab7-mediated
inhibition of M. tb proliferation in macrophages. We found
that Rab20 shows a very weak localization to M. tb-
containing phagosomes and regulates both phagosomal
acidification and recruitment of cathepsin D (Figures 2, 4
and b). The recruitment of Rab20 to S. aureus-containing
phagosomes occurs transiently at 30 min after phagocyto-
sis, when Rab7 recruitment coincides. We confirmed that
the expression of Rab7DN and Rab20DN did not inhibit
the recruitment of Rab20 and Rab7, respectively (data not
shown), indicating that they independently contribute to
phagosome maturation. Considering that Rab7 depletion
inhibits the biogenesis of lysosomes (41), the function
of Rab7 in the biogenesis of lysosomes has a significant
connection to phagosome maturation and phagolysosome
biogenesis. This finding raises the possibility that Rab20
contributes to phagosome maturation in other ways such
as the biogenesis of late endosomes or lysosomes. Taken
together, these results suggest that the dissociation of
Rab7 and Rab20 from M. tb-containing phagosomes con-
tributes to arresting the maturation of M. tb-containing
phagosomes.

Transferrin receptors remain on mycobacterial phago-
somes as a result of phagosomal fusion with early endoso-
mal vesicles (42). In this study, we found that Rab11a and
Rab11b are transiently recruited to S. aureus-containing
phagosomes, but not M. tb-containing phagosomes
(Figure 2). According to the evidence that Rab11 is

Traffic 2011; 12: 407-420

involved in the recycling of transferrin receptors (43), the
failure torecruit Rab11a/b might be one of the reasons why
transferrin receptors are associated with M. tb-containing
phagosomes. Rab14 and Rab22a were reported to local-
ize to mycobacterial phagosomes and arrest phagosome
maturation (12,19). In this study, we found that these Rab
GTPases were transiently recruited to M. tb-containing
phagosomes through imaging and immunablotting anal-
yses (Figures 2 and 3). Our results also showed that
Rab14 and Rab22a were recruited to S. aureus- and the
latex bead-containing phagosomes (Figures 2 and 3), while
other imaging analyses showed no localization of these
Rab GTPases to latex bead or inactivated mycobacterial
phagosomes (12,19). Certain proteomic analysis results
support the association of these Rab GTPases with the
latex bead-containing phagosomes (22--24). It is pos-
sible that the differing results between imaging and
immunoblotting analyses of Rab14 and Rab22a recruit-
ment to the latex-bead phagosome were caused by the
emphasizing effect of our imaging analysis due to overex-
pression of GFP fusion proteins. We also found that the
CA and DN forms of these Rab GTPases had no influence
on the fusion of lysosomal vesicles with phagosomes con-
taining S. aureus or M. tb (data not shown). These results
suggest that Rab14 and Rab22a are passive markers for
the progression of phagosome maturation.

Some Rab GTPases that were not recruited to phago-
somes containing a virulent M. tb strain were actively
associated with phagosomes containing the avirulent
M. tb strain H37Ra (Figure 7E) or M. bovis BCG (data not
shown). In parallel with the recruitment of Rab GTPases
regulating phagosome maturation, the ability of M. tb
H37Ra to inhibit phagolysosome biogenesis was weaker
than that of M. tb H37Rv (Figure 7A-D). These findings
raise the possibility that the recruitment of Rab GTPases
to virulent M. tb-containing phagosomes is modulated. It
is known that ESAT-6 secretion is inhibited in M. tb strain
H37Ra (44), and that M. bovis BCG lacks the RD-1 region
encoding genes for ESAT-6 and secretion machineries for
ESAT-6 and other secretory proteins (ESX-1) (45). These
observations suggest that virulence proteins secreted by
ESX-1 directly or indirectly control the dissociation of Rab
GTPases from M. tb-containing phagosomes. Of these
virulent proteins, ESAT-6 may be involved in the dissocia-
tion of Rab GTPases from M. tb-containing phagosomes,
as it is reported to induce pore formation on biomem-
branes (46). Pore formation in phagosomal membranes
may cause the instability or dissociation of Rab GTPases
anchoring to the phagosomes.

Cardoso et al. (47) reported that Rab10 regulates phago-
some maturation and does not localize to phagosomes
containing M. bovis BCG. They also reported that
the expression of CA or DN forms of Rab10 modu-
lates the maturation of mycobacterial phagosomes (47).
We observed that about 10% of S. aureus-containing
phagosomes, but less than 1% of M. th-containing phago-
somes acquire Rab10 at 10 min p.i. (Figure S4). We did not
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examine the function of Rab10 in phagosome maturation
in detail in this study because the association of Rab10
to the phagosome was very weak in our experimental
system.

In conclusion, we propose a model in which the net-
work of Rab GTPases regulates phagosome maturation,
and the recruitment of Rab GTPases are modulated
by phagosomes containing M. tb during inhibition of
phagolysosome biogenesis (Figure Sb). At least 22 Rab
GTPases localize on the phagosome transiently or con-
secutively during progression of phagosome maturation,
with Rab7, Rab20 and Rab39 regulating acidification of the
phagosome. Rab7, Rab20, Rab22b, Rab32, Rab34, Rab38
and Rab43 regulate the recruitment of cathepsin D to the
phagosome. The recruitment of these Rab GTPases to
M. tb-containing phagosomes is modulated, except for
Rab22b and Rab43. The current study does not support
that M. tb directly targets these Rab GTPases during
M. tb-induced inhibition of phagolysosome biogenesis,
but suggests that the modulation of the recruitment of
Rab GTPases to M. th-containing phagosomes is involved
in the arrest of phagosome maturation and inhibition of
phagolysosome biogenesis. We are currently investigat-
ing the roles of these Rab GTPases in phagolysosome
biogenesis to further understand how M. tb evades killing
activities within the phagosome.

Materials and Methods

Cell and bacterial cultures

Raw264.7 macrophages were obtained from the American Type Culture
Collection and maintained in DMEM (Sigma-Aldrich) supplemented with
10% FBS (invitrogen), 25 pg/mL penicillin G and 25 pg/mL streptomycin,
at 37°C under 5% CO,. M. tb strains, H37Rv and H37Ra, were obtained
from Japan Research Institute of Tuberculosis. M. bovis BCG Tokyo was
obtained from Japan BCG Laboratory. M. tb strains H37Rv and H37Ra, and
M. bovis BCG, were grown to mid-ogarithmic phase in 7H9 medium sup-
plemented with 10% Middlebrook ADC {BD Biosciences), 0.5% glycerol
and 0.05% Tween 80 {Mycobacterium complete medium) at 37°C. M. tb
transformed with a plasmid encoding DsRed (48) was grown in Mycobac-
terium complete medium containing 25 pg/mL kanamycin. S. aureus was
grown in brain heart infusion broth (BD Biosciences) at 37°C.

Bacteria labeling

M. tband S. aureus were labeled with Texas Red or Alexad05 (Invitrogen)
as described previously (49), with minor modifications. Briefly, bacterial cul-
tures were centrifuged for 5 min at 8000 x g and washed with PBS three
times. Bacterial cells were then labeled with 20 ug/mL Texas Red ester or
100 pug/mL Alexa405 succinimidyl ester in PBS at 37°C for 30 min, followed
by washing with PBS containing 0.05% Tween 80 for mycobacteria and
PBS for S. aureus. Labeled bacteria were then suspended in DMEM with
10% FBS and incubated at 37°C for 30 min. Bacterial suspensions were
passed through a 26-gauge needle 10 times and centrifuged for 5 min at
1000 x g to remove clumps and aggregates. If necessary, M. tb was heat
inactivated before labeling with fluorescent dyes by incubation at 90°C for
10 min. The viability of heat-inactivated M. tb cells were confirmed as less
than 1% of that of nontreated bacteria by a colony counting assay. M. th
expressing DsRed was washed three times with PBS containing 0.05%
Tween 80, and then a single cell suspension was prepared. The viability
of inoculated bacteria labeled with fluorescent dyes or expressing DsRed
was confirmed more than 99% by staining with SYTOX Green (Invitrogen).
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Infection of bacteria

Transfected cells grown on round coverslips in 12-well plates were infected
with bacteria. Bacterial cells were washed with PBS containing 0.05%
Tween 80 three times and suspended in DMEM with 10% FBS at a
multiplicity of infection (MOI) of 10-30. Aliquots of 1 mL of bacterial
suspension were added to 3 x 10° cells of Raw264.7 macrophages on
coverslips in 12-well plates, followed by centrifugation at 150 x g for
5 min and incubation for 10 min at 37°C. Infected cells on coverslips were
washed with DMEM three times to remove non-phagocytosed bacteria
and then incubated with DMEM containing 10% FBS. At the indicated time-
points, infected cells were fixed with 1 or 3% paraformaldehyde in PBS.

Antibodies

Rabbit anti-Rab5 polyclonal antibody (Abcam), mouse anti-Rab7 mono-
clonal antibody {Abcam), rabbit anti-Rab9 monoclonal antibody (Abcam),
rabbit anti-Rab14 polyclonal antibody (Sigma-Aldrich), rabbit anti-Rab22a
polyclonal antibody (Proteintech Group, Inc.), rat anti-mouse LAMP-2
monoclonal antibody (SouthernBiotech) and goat anti-mouse cathepsin
D polyclonal antibody (R&D systems) were ali purchased. Alexa488- and
Alexab46-anti-lgG antibodies (Invitrogen) were purchased.

Isolation of the latex bead- and M. tb-containing

phagosomes

Eight 15-cm plates of Raw264.7 macrophages were used for each condi-
tion. For isolation of latex-bead phagosomal fractions, latex beads (0.7 um,
Polysciences, Inc.) were added to cells for 2 h, washed three times with
prewarmed DMEM. For preparation of 2- or 8-h phagosomal fractions, cells
were collected immediately after washing or further incubated in DMEM
with 10% FBS, respectively. Collected cells were lysed and subjected to
discontinuous sucrose gradient centrifugation as described previously (27).
For isolation of M. tb phagosomal fractions, bacteria at an MOI of 30 were
infected to Raw264.7 for 2 h, washed and then incubated for the indicated
times. Infected cells were collected, lysed and subjected to fractionation
as described previously (26). Both phagosomal fractions were extracted by
the cell lysis buffer containing 25 mm Tris—HCI pH 7.6, 150 mm NaCl, 1%
Nonidet P-40, 1% sodium deoxycholate and 0.1% SDS. We confirmed that
mycobacterial proteins are not extracted by the cell lysis buffer as described
previously (38). Forimmunoblotting analysis, aliquots of 50 pg of Raw264.7
cell lysate and 6 ug of phagosomal fractions were separated by SDS—-PAGE
and then subjected to immunoblotting analysis using anti-Rab5 antibody
(1:100 v/v), anti-Rab7 antibody (1:100 v/v), anti-Rab8 {1:100 v/v), anti-Rab14
(1:100 v/v) and anti-Rab22a (1:100 v/v). Band intensity from three indepen-
dent experiments was quantified by IMageJ (http://rsbweb.nih.goviij/).

Thin-section electron microscopy

Phagosomal fractions were isolated at 6 h p.i., fixed with 1% glutaralde-
hyde in 0.1 M sodium phosphate buffer (pH 7.4) and washed with
phosphate buffer. Fixed phagosomal fractions were incubated with 0.1%
(w/v) osmium tetroxide. Dehydration was carried out with a series of
ethanol washes, followed by treatment with propylene oxide. Samples
were embedded in Qetol812 resin {OKEN) according to the manufacturer's
protocol. Thin sections were cut with diamond knives and mounted on
copper grids. Samples on grids were counter stained with 2% (w/v) uranyl
acetate and then observed with a JEM-1220 electron microscope (JEOL).

LysoTracker staining, labeling lysosomal vesicles
with fluorescent dextran and immunofluorescence
microscopy

For LysoTracker staining, cells were incubated with 300 nm LysoTracker
Red DND-99 (Invitrogen) for 30 min before fixation. Stained cells were
fixed with 1% paraformaldehyde in PBS for 1 h, washed with PBS and
observed by LSCM as previously described (17). For flow cytometric
analysis, macrophages stained with LysoTracker were washed with PBS
and suspended in PBS containing 1% FBS. Flow cytometric analysis
was performed on a FACSAria flow cytometer (BD Bioscience). For
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labeling lysosormal vesicles with fluorescent dextran, cells were incubated
with Texas Red-dextran (Invitrogen) at 100 pg/mL for 8 h, followed by
washing and chasing in fluorescent-dextran-free DMEM with 10% FBS
for 16 h. Immunofluorescence microscopy was performed as previously
described (17). For quantification of fluorescence, serial confocal sections
at 0.5 um steps within a z-stack spanning a total thickness of 12 um
were taken, and z-stacks were collapsed into a single x—y projection. The
accumulation of LysoTracker, cathepsin D and fluorescent dextran within
the phagosome and other E/L. components was quantified by IMAGeJ using
collapsed fluorescent images. Fluorescent density was calculated as that
the fluorescent intensity is divided by the area.

Plasmid constructs and transfection

PCR was carried out using cDNA derived from Hela cells as a template
and the primer sets were fisted in Table $2. PCR products of the amplified
Rab GTPase genes were inserted into the pEGFP-C1 (Invitrogen) or
pCl (Promega) vectors. CA and DN mutants of Rab GTPases were
prepared by site-directed mutagenesis as described previously (50,51)
using the primer sets listed in Table S3. Transfection of cells with plasmid
was performed as described previously (17). Briefly, two million cells of
Raw264.7 macrophages were transfected with 10 ug of plasmid DNA
using an MP-100 electroporator (Digital Bio Technology), according to the
manufacturer's instructions. Transfected cells were incubated in DMEM
with 10% FBS for 24 h prior to the experiments.

Statistics

The unpaired or paired two-sided Student’s t-test was used to assess
the statistical significance of differences between the two groups.
Tukey—Kramer multiple comparison test was used for the assessment
of the statistical significance of differences among three groups. For the
assessment of the differences of the proportions of fluorescence-positive
phagosomes, we did three independent experiments and counted more
than 100 phagosomes at each condition. Assessment of the differences in
fluorescent density accumulating within the phagosomes was conducted
over three independent experiments, with more than 100 phagosomes
examined for each condition.
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Supporting Information

Additional Supporting Information may be found in the online version of
this article:

Figure S1: Localization of Rab GTPases on S. aureus- and M. tb-
containing phagosomes. The subcellular localization of the Rab GTPases
from Figure 2 is shown. Raw264.7 macrophages expressing EGFP-Rab
GTPases were infected with S. aureus labeled with Texas Red (SA) or
M. tb expressing DsRed (MTB). Infected cells were fixed at the indicated
time-points and observed by LSCM. Left and right panels show images of
macrophages with and without images of infected bacteria, respectively.
Arrows and arrowheads indicate phagosomes with and without the
localization of Rab GTPases, respectively. Scale bar, 10 um.
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Figure S2: Rab GTPases not associated with S. aureus-containing
phagosomes. The subcellular localization of 20 Rab GTPases are shown.
No significant associations with S. aureus (A) and M. tb (B) were observed
at any of the time-points up to 6 h (less than 20% of the phagosomes).

Figure $3: Flow cytometric analysis reveals that expression of the
DN forms of Rab GTPases has no influence on the generation of
acidic vesicles in macrophages. Macrophages were transfected with
expression plasmids for EGFP and the DN forms of Rab GTPases.
Transfected cells were stained with 300 nm LysoTracker for 30 min,
followed by flow cytometric analysis. The ratio of mean fluorescent
intensity derived from GFP-positive cells (Q2) to that from GFP-negative
cells (Q4) is indicated. The proportions of cells that were GFP positive (Q2)
and negative (Q4) are also indicated.

Figure S4: Localization of Rab5 and Rab10 to the phagosomes.
A) Raw264.7 macrophages expressing EGFP-Rab5 were infected with
M. bovis BCG. B and C) Raw264.7 macrophages expressing EGFP-Rab10
were infected with S. aureus (SA) or M. tb (MTB). A-1, B-1 and C-1 show
subcellular localization of Rab GTPases (Rab5 and Rab10). A-2, B-2 and B-3
show bacteria (BCG, SA and MTB). A-3, B-3 and C-3 show the merged
images of macrophage and bacteria {merge). Arrows and arrowheads
indicate phagosomes with and without the localization of Rab GTPases,
respectively. Scale bar, 10 um.

Figure $5: Rab GTPases recruited to phagosomes containing M. tb.
Rab GTPases recruited to phagosomes containing S. aureus or M. tb
are shown. Rab GTPases shown in blue, green or red are involved in
phagosomal acidification, cathepsin D recruitment to the phagosomes
or both, respectively. Boxed Rab GTPases are dissociated from M. tb-
containing phagosomes. EE, early endosomes; ER, endoplasmic reticulum;
LE, late endosomes; LY, lysosomes; RE, recycling endosomes; TGN,
trans-Golgi network.

Table 81: Subcellular localization of Rab GTPases

Table 82: Primer list for construction of plasmid of EGFP-fused Rab
GTPases

Table $3: Primer list for site-directed mutagenesis

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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