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Chlamydiae are obligate intracellular bacteria that replicate within an inclusion that is trafficked to the peri-
Golgi region where it fuses with exocytic vesicles. The host and chlamydial proteins that regulate the trafficking
of the inclusion have not been identified. Since Rab GTPases are key regulators of membrane trafficking, we
examined the intracellular localization of several green fluorescent protein (GFP)-tagged Rab GTPases in
chlamydia-infected HeLa cells. GFP-Rab4 and GFP-Rab11, which function in receptor recycling, and GFP-
Rab1, which functions in endoplasmic reticulum (ER)-to-Golgi trafficking, are recruited to Chlamydia tracho-
matis, Chlamydia muridarum, and Chlamydia pneumoniae inclusions, whereas GFP-Rab5, GFP-Rab7, and GFP-
Rab9, markers of early and late endosomes, are not. In contrast, GFP-Rab6, which functions in Golgi-to-ER
and endosome-to-Golgi trafficking, is associated with C. trachomatis inclusions but not with C. pneumoniae or
C. muridarum inclusions, while the opposite was observed for the Golgi-localized GFP-Rab10. Colocalization
studies between transferrin and GFP-Rab11 demonstrate that a portion of GFP-Rab11 that localizes to in-
clusions does not colocalize with transferrin, which suggests that GFP-Rab11’s association with the inclusion
is not mediated solely through Rab11’s association with transferrin-containing recycling endosomes. Finally,
GFP-Rab GTPases remain associated with the inclusion even after disassembly of microtubules, which dis-
perses recycling endosomes and the Golgi apparatus within the cytoplasm, suggesting a specific interaction
with the inclusion membrane. Consistent with this, GFP-Rab11 colocalizes with C. trachomatis IncG at the
inclusion membrane. Therefore, chlamydiae recruit key regulators of membrane trafficking to the inclusion,
which may function to regulate the trafficking or fusogenic properties of the inclusion.

Chlamydiae are major bacterial pathogens of ocular, uro-
genital, and pulmonary mucosal surfaces (51). Infections
caused by Chlamydia trachomatis are the leading cause of bac-
terially acquired sexually transmitted disease (10), as well as of
preventable blindness worldwide (64). In addition, Chlamydia
pneumoniae infections are major causes of upper respiratory
tract infections and have recently been linked to chronic heart
disease (24, 25). Chlamydiae are obligate intracellular bacteria
that replicate within a nonacidified vacuole termed an inclu-
sion (26). Within the inclusion, chlamydiae undergo a biphasic
developmental cycle that alternates between the infectious
metabolically inactive elementary body (EB) and the nonin-
fectious metabolically active reticulate body (40). Although
chlamydiae enter nonprofessional phagocytes by multiple
mechanisms (reviewed in reference 26), once the chlamydiae
are internalized, they actively modify the properties of the
nascent vacuole during the first 2 h postinfection, resulting in
trafficking of the inclusion to the peri-Golgi region, fusion of
the inclusion with a subset of Golgi-derived exocytic vesicles,
and avoidance of lysosomal fusion (57). The molecular mech-
anisms that chlamydiae utilize to control the biogenesis of the
vacuole are not known. However, chlamydial gene expression
is required (57), suggesting that chlamydial proteins that are

secreted into the host cell cytoplasm or incorporated into the
inclusion membrane are likely to be important mediators of
these properties (49). Although chlamydiae do not appear to
traffic through early or late endocytic organelles, transferrin
(Tfn)-containing tubular endosomes are intimately associated
with both nascent and mature chlamydial inclusions (2, 54, 55,
70).

To facilitate the intracellular trafficking of chlamydiae, chla-
mydiae are likely to exploit host trafficking pathways via re-
cruitment of components of the host’s membrane trafficking
machinery to the inclusion membrane. Intracellular membrane
trafficking and organelle biogenesis are tightly controlled by a
variety of highly conserved membrane and soluble cellular
factors, including N-ethylmalemide-sensitive factor (NSF) at-
tachment receptor proteins (v-SNARE and t-SNARE), NSF,
soluble NSF attachment proteins, the small GTP binding pro-
teins, ADP-ribosylating factors, and Rab GTPases (reviewed in
reference 50). To date, the association of these host factors
with the inclusion has not been investigated. However, traf-
ficking of the inclusion is dependent on host microfilaments
and microtubules, although differences in dependence on the
host cytoskeleton have been observed between different chla-
mydial species (14, 53). In addition, the intracellular trafficking
and the perinuclear localization of the C. trachomatis inclusion
are also dependent on Ca2� (35) and the minus-ended micro-
tubule motor dynein (14). In contrast, the intracellular traf-
ficking of the C. pneumoniae inclusion appears to be dynein
independent (14).
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Rab GTPases are the largest family of Ras-like small
GTPases (45). More than 50 mammalian Rab GTPases have
been identified, each localizing to a distinct organelle or or-
ganellar domain and function at every known transport step
within the cell, including both constitutive and regulated path-
ways (reviewed in references 16, 46, and 66). Rab GTPases
cycle between a cytoplasmic, GDP-bound, inactive state and a
membrane-associated, GTP-bound, active state and regulate
membrane traffic at multiple steps, including formation of
transport vesicles at donor membranes, transport and docking
of vesicles, and fusion of vesicles at target membranes. Rab
GTPases regulate central roles, such as SNARE recruitment
and vesicle tethering, as well as other functions specific to
distinct membrane trafficking steps, primarily through specific
recruitment of effector molecules (66).

Recently, the selective inclusion or retention of Rab
GTPases on vacuolar membranes has been shown to regulate
the biogenesis of phagosomes inhabited by several bacteria
including Mycobacterium species (71) and Salmonella enterica
serovar Typhimurium (39). Because of the importance and
specificity imparted by Rab GTPases in membrane trafficking
and their role in the maturation of bacterium-containing vacu-
oles, we sought to determine whether chlamydiae exploit host
vesicular trafficking machinery through selective recruitment
or exclusion of Rab GTPases to the inclusion membrane. Since
inclusions interact with both Tfn-containing recycling endo-
somes and the Golgi apparatus, we chose to examine the in-
tracellular localization of a collection of Rab GTPases that
function in both endocytic and biosynthetic membrane traffick-
ing in chlamydia-infected HeLa cells. In this report, we exam-
ined the subcellular localization of Rab GTPases that func-
tion in endosomal trafficking (Rab4, Rab5, Rab7, Rab9, and
Rab11) (7, 8, 23, 34, 37, 38, 68), Tfn receptor recycling (Rab4
and Rab11) (37, 47, 67), endosome-to-trans-Golgi network
(TGN) trafficking (Rab6 and Rab11) (18, 36, 73), endoplasmic

reticulum (ER)-to-Golgi and intra-Golgi trafficking (Rab1)
(65), and Golgi-to-ER retrograde trafficking (Rab6) (22, 72)
and demonstrate that chlamydiae recruit a subset of GFP-Rab
GTPases to the inclusion membrane in both a species-depen-
dent and species-independent manner.

MATERIALS AND METHODS

Cell culture and organisms. Monolayer cultures of HeLa 229 epithelial cells
(CCL 1.2; American Type Tissue Culture) were grown in RPMI 1640 (Media-
tech, Inc., Herndon, Va.) supplemented with 10% fetal bovine serum (Media-
tech) and 10 �g of gentamicin (Invitrogen, Carlsbad, Calif.) per ml at 37°C in an
atmosphere of 5% CO2 and 95% humidified air. C. trachomatis LGV 443 (se-
rotype L2), UW-3/CX (serotype D), Chlamydia muridarum (previously referred
to as Chlamydia trachomatis mouse pneumonitis biovar), and C. pneumoniae
(AR-39) were propagated in HeLa cells and purified by renografin density
centrifugation (9). Purified C. pneumoniae was provided by Ted Hackstadt and
Kate Wolf (Rocky Mountain Laboratories [RML], National Institute of Allergy
and Infectious Diseases [NIAID], National Institutes of Health [NIH], Hamil-
ton, Mont.), while stock cultures of C. trachomatis and C. muridarum were
provided by Harlan Caldwell (RML, NIAID, NIH).

Reagents and antibodies. Mouse antichlamydial lipopolysaccharide (LPS) was
generously provided by Harlan Caldwell (RML, NIAID, NIH), and rabbit anti-
IncG was prepared as described previously (58). Goat anti-mouse immunoglob-
ulin G (IgG) conjugated to Alexa 568 and Tfn conjugated to Alexa 568 were
purchased from Molecular Probes (Eugene, Oreg.), goat anti-mouse IgG con-
jugated to Cy5 was purchased from Zymed Laboratories, Inc. (South San Fran-
cisco, Calif.), and nocodazole was purchased from CalBiochem (San Diego,
Calif.).

Plasmid constructions. Mammalian expression plasmids containing human
green fluorescent protein (GFP)-tagged Rab5 (GFP-Rab5) and GFP-Rab7 were
generously provided by Craig Roy (Yale University, New Haven, Conn.) and
pEGFP-Rab9 was generously provided by Suzanne Pfeffer (Department of Bio-
chemistry, Stanford University, Stanford, Calif.). pEGFP-Rab11A was con-
structed by PCR amplification using a 5� gene-specific primer designed with a 5�
EcoRI site (GAATTCATGGGCACCCGCGACGACGAG) and a 3� gene-spe-
cific primer designed with a 5� XhoI site (CTCGAGTTAGATGTTCTGACAG
CACTGC). The PCR product was digested with EcoRI and XhoI and cloned
into the EcoRI and SalI sites of pEGFPC2. pGreenLantern-Rab11A was used as
the template and obtained from Craig Roy (Yale University). pEGFP-Rab11B
was constructed by PCR amplification using a 5� gene-specific primer designed
with an EcoRI site (GAATTCATGGGGACCCGGGACGACGAG) and a 3�
gene-specific primer designed with a XhoI site (CTCGAGTCACAGGTTCTG
GCAGCAGTGC) using a HeLa cDNA library (Clontech, Palo Alto, Calif.) as
the template DNA. The PCR product was digested with EcoRI and XhoI and
cloned into the EcoRI and SalI sites of pEGFPC2 (Clontech, Palo Alto, Calif.).
pEGFP-Rab4A and pEGFP-Rab6A/B were constructed by cloning the coding
regions of the respective human gene contained on BamHI/XhoI fragments into
the BglII and SalI sites of pEGFPC1 (Clontech) using standard molecular biol-
ogy techniques. cDNA clones containing each human Rab gene were generously
provided by Guthrie cDNA Resource Center, Guthrie Research Institute, Sayre,
Pa. (www.cDNA.org). pEGFP-Rab4B was constructed by cloning the coding
region of human Rab4B contained within an EcoRI/XhoI fragment (Guthrie
cDNA Resource Center) into the EcoRI and SalI sites of pEGFPC2. All PCR
amplifications were performed using HiFidelity Platinum Taq polymerase (In-
vitrogen), and each fusion construct was confirmed by DNA sequencing (BioRe-
source Center, Cornell University, Ithaca, N.Y.).

Eukaryotic transfection. HeLa 229 cells grown on 12-mm-diameter coverslips
(no. 1 thickness) in 24-well plates were washed once in serum-free RPMI 1640
(Mediatech) and transfected with Lipofectamine using a total of 0.4 �g of DNA
per well according to the manufacturer’s protocol (Invitrogen). For C. tracho-

TABLE 1. Rab GTPases examined and sites of action

Rab GTPase Site(s) of actiona Reference(s)

Rab1 ER to Golgi, intra-Golgi 65
Rab4 EE to PM 37, 69
Rab5 PM to EE 7, 23
Rab6 Golgi to ER, intra-Golgi, EE to TGN 22, 36, 72
Rab7 EE to LE, LE to lysosome 38
Rab9 LE to TGN 34
Rab10 Golgi-associated 13
Rab11 RE to PM, EE to TGN, TGN to PM 11, 47, 52,

67, 73

a Abbreviations: EE, early endosome; PM, plasma membrane; LE, late endo-
some; RE, recycling endosome.

FIG. 1. Localization of GFP-Rab GTPases in C. trachomatis serovar L2-infected HeLa cells. HeLa cells were transiently transfected with DNA
containing the indicated GFP-tagged Rab GTPases (B to L) or with pEGFPC1 (A). At 24 h posttransfection, the cells were infected with C.
trachomatis serovar L2, and at 18 h postinfection, the cells were fixed and viewed by LSCM. Arrowheads indicate chlamydial inclusions, as
determined by indirect immunofluorescence staining with antichlamydial LPS (data not shown). Specific associations between GFP-Rab1A,
GFP-Rab4 (GFP-Rab4A and GFP-Rab4B), GFP-Rab6 (GFP-Rab6A and GFP-Rab6B), and GFP-Rab11 (GFP-Rab11A and GFP-Rab11B) and
the C. trachomatis serovar L2 inclusion were detected, as shown by rim-like fluorescence staining around the entire periphery of the inclusion. Bar,
10 �m.
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matis serovar L2 infections, 24 h posttransfection, the cells were infected at a
multiplicity of infection of approximately 1 and incubated for an additional 18 h
at 37°C in RPMI 1640 containing 10% fetal bovine serum at 37°C unless other-
wise noted (9). For C. trachomatis serovar D, C. muridarum, and C. pneumoniae,
the chlamydial inoculum was centrifuged onto transfected HeLa cell mono-
layers for 1 h at room temperature (RT) at 900 � g, and cycloheximide was
added to growth media at a final concentration of 1 �g/ml. Cells were infected
for 18 h, except for C. pneumoniae infections, which were allowed to proceed
for 44 h.

LSCM. Cells were fixed in 4% formaldehyde in phosphate-buffered saline
(PBS) for 60 min at RT. For antibody labeling, fixed cells were permeabilized
in PBS containing 0.05% saponin and 0.2% bovine serum albumin for 10 min
at RT, and primary and secondary antibodies were incubated in permeabili-
zation buffer sequentially for 60 min each at RT. Coverslips were mounted
onto glass slides using Prolong Antifade (Molecular Probes) and viewed by
laser-scanning confocal microscopy (LSCM). An Olympus Fluoview 500 con-
focal laser-scanning imaging system equipped with krypton, argon, and
He-Ne lasers on an Olympus IX70 inverted microscope with a PLAPO 60�
objective was used (Olympus America, Inc., Melville, N.Y.). Confocal images
were processed using Adobe Photoshop 6.0 (Adobe Systems, Inc., Mountain
View, Calif.).

Nocodazole treatment of cells. Cells were transfected and infected as described
above. Prior to fixation, cells were treated with 20 �M nocodazole or 0.1%
dimethyl sulfoxide for the indicated times at 37°C. After the indicated treatment,
cells were fixed in 4% formaldehyde in PBS and labeled with antibodies as
described above.

Tfn uptake. Cells were serum starved for 2 h in RPMI 1640 (Mediatech) at
37°C before the addition of Alexa 568-conjugated Tfn (Molecular Probes) at a
final concentration of 10 �g/ml. Cells were incubated with Alexa 568-conjugated
Tfn for 60 min, washed once in Hank’s balanced salt solution, and fixed for 60
min at RT in PBS containing 4% formaldehyde. Cells were stained with anti-
chlamydial LPS as described above and viewed by LSCM.

RESULTS

GFP-Rab1, GFP-Rab4, GFP-Rab6, and GFP-Rab11 are as-
sociated with the C. trachomatis inclusion. If Rab GTPases
function in the maturation, biogenesis, or fusogenicity of the
chlamydial inclusion, we reasoned that we would expect to see
recruitment of specific Rab proteins to the inclusion mem-
brane in infected cells. Since GFP-tagged Rab fusion proteins
expressed in tissue culture cells have been shown to localize to
subcellular compartments similar to those of their respective
endogenous counterparts (5, 11, 12, 18, 20, 30, 32, 42, 59, 60,
72), we chose to examine the intracellular localization of GFP
or enhanced GFP (EGFP) fusion proteins in infected cells.
We analyzed the following set of GFP-tagged Rab GTPases:
Rab1A, Rab4 (Rab4A and Rab4B), Rab5, Rab6 (Rab6A
and Rab6B), Rab7, Rab9, Rab10, and Rab11 (Rab11A and
Rab11B) (Table 1). All human Rab genes were fused in frame
with EGFP except for Rab5 and Rab7, which were fused in
frame with GFP, and all are referred to as GFP-Rab proteins.
The collection consisted of Rab proteins that act at distinct
steps in the endocytic and exocytic pathways as summarized in
the introduction and in Table 1.

To identify the subcellular localization of each GFP-Rab

GTPase, HeLa cells were transiently transfected with DNA
containing each respective GFP-Rab protein. Cells were also
transfected with a plasmid expressing only GFP (Fig. 1A).
Twenty-four hours posttransfection, HeLa cells were infected
with C. trachomatis serovar L2 at a multiplicity of infection of
approximately 1, and at 18 h postinfection, the intracellular
localization of each GFP-Rab fusion protein was analyzed by
LSCM. Chlamydial inclusions were identified by labeling with
antichlamydial LPS (data not shown). Colocalization experi-
ments with well-characterized cellular markers of endocytic
organelles and the Golgi apparatus demonstrated that each
GFP-Rab protein localized to its appropriate subcellular local-
ization (data not shown). No differences in localization pat-
terns were observed between isoforms of the same Rab pro-
tein. As shown in Fig. 1, in C. trachomatis serovar L2-infected
cells, a subset of GFP-Rab proteins localize specifically to the
chlamydial inclusion. Although adjacent to the inclusion, GFP-
Rab5 (Fig. 1E), GFP-Rab7 (Fig. 1H), GFP-Rab9 (Fig. 1I), and
GFP-Rab10 (13) (Fig. 1J) do not associate specifically with the
inclusion. In contrast, GFP-Rab1A (Fig. 1B), GFP-Rab4A and
GFP-Rab4B (Fig. 1C and D), GFP-Rab6A and GFP-Rab6B
(Fig. 1F and G), and GFP-Rab11A and GFP-Rab11B (Fig. 1K
and L) are enriched at the periphery of the inclusion in a
discrete rim-like staining pattern indistinguishable from the
intracellular staining patterns of chlamydial inclusion mem-
brane proteins (49) and Fig. 8. Because not all GFP-Rab pro-
teins analyzed localize circumferentially to the inclusion, the
inclusion association that we detect between GFP-Rab1, GFP-
Rab4, GFP-Rab6, and GFP-Rab11 is unlikely to be the result
of an interaction with GFP. The failure to detect localization of
GFP-Rab5, GFP-Rab7, and GFP-Rab9 is consistent with the
absence of classical endocytic markers within the inclusion (29,
55, 70). Of the GFP-Rab proteins that are associated with the
inclusion, GFP-Rab4 and GFP-Rab11 localize primarily to
pericentriolar recycling endosomes (52, 60, 67, 69), and GFP-
Rab1 and GFP-Rab6 localize to early Golgi compartments (18,
44, 65).

GFP-Rab proteins are associated with chlamydial inclu-
sions in both a species-independent and species-dependent
fashion. To date, only one host protein, 14-3-3�, a phospho-
serine binding protein that regulates cell cycle control, mito-
genic signal transduction, and apoptotic cell death, has been
shown to interact with the chlamydial inclusion membrane (21,
56). 14-3-3� directly interacts with C. trachomatis IncG, and its
association with the chlamydial inclusion is species specific,
since it is associated only with C. trachomatis and C. muridarum
(mouse pneumonitis biovar) inclusions and not with Chlamydia
psittaci or C. pneumoniae inclusions (56).

To determine the specificity of interaction for each GFP-
Rab fusion protein, we examined their intracellular localiza-

FIG. 2. Localization of GFP-Rab GTPases in C. trachomatis serovar D-infected HeLa cells. HeLa cells were transiently transfected with DNA
containing the indicated GFP-tagged Rab GTPases (B to L) or pEGFPC1 (A). At 24 h posttransfection, the cells were infected with C.
trachomatis serovar D, and at 18 h postinfection, the cells were fixed and viewed by LSCM. Arrowheads indicate chlamydial inclusions,
as determined by indirect immunofluorescence staining with antichlamydial LPS (data not shown). Specific associations between GFP-
Rab1A, GFP-Rab4 (GFP-Rab4A and GFP-Rab4B), GFP-Rab6 (GFP-Rab6A and GFP-Rab6B), and GFP-Rab11 (GFP-Rab11A and GFP-
Rab11B) and C. trachomatis serovar D inclusion were detected, as shown by rim-like fluorescence staining around the entire periphery of
the inclusion. Bar, 10 �m.
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tion in HeLa cells infected with the following representative
chlamydial strains: C. trachomatis serovar D (Fig. 2), C. muri-
darum (Fig. 3), and C. pneumoniae AR39 (Fig. 4). As in the
previous experiment, HeLa cells transiently expressing each
GFP-Rab protein were infected with the indicated chlamydial
serovars and grown in the presence of cycloheximide to permit
growth of C. trachomatis serovar D and C. pneumoniae. The
presence of cycloheximide in the growth media did not alter
the localization of any GFP-Rab protein in C. trachomatis
serovar L2-infected HeLa cells (data not shown). Due to the
slower growth of C. pneumoniae, C. pneumoniae infections
were allowed to proceed for 44 h. Similar to the results ob-
tained with serovar L2, no colocalization was observed be-
tween GFP-Rab5 (Fig. 2E, 3E, and 4E), GFP-Rab7 (Fig. 2H,
3H, and 4H), or GFP-Rab9 (Fig. 2I, 3I, and 4I) and any
chlamydial inclusion, while GFP-Rab1A (Fig. 2B, 3B, and 4B),
GFP-Rab4A and GFP-Rab4B (Fig. 2C and D, 3C and D, and
4C and D) and GFP-Rab11A and GFP-Rab11B (Fig. 2K and
L, 3K and L, and 4K and L) localized specifically to all chla-
mydial inclusions. In contrast, GFP-Rab6A and GFP-Rab6B
localized only to C. trachomatis serovar L2 (Fig. 1F and G)
and serovar D inclusions (Fig. 2F and G) but not to C.
muridarum (Fig. 3F and G) or C. pneumoniae (Fig. 4F and
G) inclusions. The opposite was observed for GPF-Rab10
(Fig. 1J, 2J, 3J, and 4J). GFP-Rab recruitment to inclusions
may be temporally regulated with respect to the chlamydial
developmental cycle. Therefore, because the C. pneumoniae
developmental cycle differs dramatically in duration from
that of C. trachomatis species, we examined the intracellular
localization of GFP-Rab6 in C. pneumoniae-infected HeLa
cells at different times postinfection (18 to 96 h postinfec-
tion). Consistent with what was observed at 44 h postinfection,
GFP-Rab6 was not recruited to the inclusion at any time point
examined (data not shown). Therefore, a subset of GFP-Rab
GTPases is recruited to chlamydial inclusions in both a species-
dependent and species-independent fashion (summarized in
Table 2).

The association of GFP-Rab GTPases with chlamydial in-
clusions is microtubule independent. The pericentriolar local-
ization and morphology of recycling endosomes and the Golgi
apparatus are dependent on an intact microtubule network
(15, 63). Since chlamydiae also traffic to and replicate in the
pericentriolar region of the host cell, the association of peri-
centriolar Rab proteins (Rab4 and Rab11) and Golgi-localized
Rab proteins (Rab1, Rab6, and Rab10) with inclusions may
simply reflect their presence in the same region of the cell.
Therefore, if GFP-Rab GTPases are associated with inclusions
due to the physical proximity of each Rab protein to the in-
clusion, then dispersal of pericentriolar recycling endosomes
and the Golgi apparatus should redistribute the inclusion-as-
sociated GFP-Rabs to the cytoplasm. On the other hand, if
there is a specific interaction between any of the GFP-Rab

proteins and the inclusion, then those GFP-Rabs should re-
main associated with the inclusion even in the absence of an
intact microtubule network. To test this, we analyzed the in-
tracellular localization of each GFP-Rab protein after treat-
ment with the microtubule-destabilizing drug nocodazole in
HeLa cells infected with C. trachomatis serovar L2 (GFP-Rab1,
GFP-Rab4, GFP-Rab6, and GFP-Rab11) or C. pneumoniae
(GFP-Rab10) (Fig. 5). HeLa cells were transiently transfected
with DNA containing each fusion protein, and 24 h posttrans-
fection, cells were mock infected or infected with the indicated
chlamydial strain. After confirming by fluorescence microscopy
that each GFP-Rab protein was specifically localized to the
inclusion, cells were treated for 3 h with nocodazole. Micro-
tubules were completely dissembled during this incubation
period as determined by indirect immunofluorescence micros-
copy using a monoclonal antitubulin antibody (data not shown).
In uninfected nocodazole-treated cells, the intracellular localiza-
tion of each of the GFP-Rab proteins was dramatically altered in
comparison to untreated cells (Fig. 5). Each of the endosome-
localized GFP-Rab proteins, GFP-Rab4 (Fig. 5D and E) and
GFP-Rab11 (Fig. 5J and K), and the Golgi-localized Rabs, GFP-
Rab1 (Fig. 5A and B), GFP-Rab6 (Fig. 5G and H), and GFP-
Rab10 (Fig. 5M and N) were dispersed throughout the cytoplasm.
In infected cells, the majority of each GFP-Rab protein re-
mained associated with the inclusion despite the absence of
intact microtubules as indicated by the distinct rim-like stain-
ing pattern surrounding the chlamydial inclusion (Fig. 5C, F, I,
L, and O). Identical results were obtained in C. muridarum-
infected cells expressing GFP-Rab10 (data not shown). There-
fore, intact microtubules are not required to maintain the as-
sociation of GFP-Rab1, GFP-Rab4, GFP-Rab6, or GFP-Rab11
with C. trachomatis serovar L2 inclusions or of GFP-Rab10
with C. pneumoniae or C. muridarum inclusions. These data
suggest that a stable interaction exists between each GFP-Rab
fusion protein and the inclusion membrane and that mainte-
nance of each interaction is not dependent on the pericentrio-
lar localization of either recycling endosomes or the Golgi
apparatus.

Next, we examined whether microtubules were required for
the initial association with the chlamydial inclusion. For this
experiment, we analyzed only GFP-Rab11A. To determine
whether GFP-Rab11A’s initial association with the inclusion
was dependent on microtubules, microtubules were depoly-
merized prior to chlamydial infection. Transfected cells were
treated with nocodazole for 3 h prior to chlamydial infection
and during the subsequent 8-h infection period. Cells were
subsequently fixed and labeled with antichlamydial LPS. As
previously reported, in the absence of microtubules, chlamyd-
iae remain dispersed throughout the cytoplasm in nonfused
vacuoles (53) (Fig. 6). However, even under these conditions,
GFP-Rab11A is still associated with individual EB-containing
vacuoles, demonstrating that GFP-Rab11A’s initial association

FIG. 3. Localization of GFP-Rab GTPases in C. muridarum-infected HeLa cells. HeLa cells were transiently transfected with DNA containing
the indicated GFP-tagged Rab GTPases (B to L) or pEGFPC1 (A). At 24 h posttransfection, the cells were infected with C. muridarum, and at
18 h postinfection, the cells were fixed and viewed by LSCM. Arrowheads indicate chlamydial inclusions, as determined by indirect immunoflu-
orescence staining with antichlamydial LPS (data not shown). Specific associations between GFP-Rab1A, GFP-Rab4 (GFP-Rab4A and GFP-
Rab4B), GFP-Rab10, and GFP-Rab11 (GFP-Rab11A and GFP-Rab11B) and the C. muridarum inclusion were detected, as shown by rim-like
fluorescence staining around the entire periphery of the inclusion. Bar, 10 �m.
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with the inclusion is also microtubule independent and that
localization of the chlamydial vacuole at the pericentriolar
region of the host cell is not required.

The association of GFP-Rab11A with the inclusion is in-
dependent of the Tfn-containing endosome association with
the inclusion. Although Rab11 preferentially localizes to
Tfn-containing pericentriolar recycling endosomes in non-
polarized tissue culture cells, Rab11-positive Tfn-negative
endosomes have been reported (67). Because Tfn-containing
tubular endosomes are closely associated but do not fuse with
either early or late chlamydial inclusions (2, 54, 55, 70), we
wanted to determine whether GFP-Rab11A is associated with
the chlamydial inclusion via its association with Tfn-containing
recycling endosomes. To address this question, we compared
the intracellular localization of fluorescently labeled Tfn (Al-
exa 568-labeled Tfn) with that of GFP-Rab11A in C. tracho-
matis serovar L2-infected HeLa cells. Transiently transfected
infected cells were serum starved for 2 h, incubated for 60 min
at 37°C in the presence of Tfn, fixed, and labeled with anti-
chlamydial LPS. Labeled cells were then viewed by LSCM
(Fig. 7). A steady-state distribution of endosomes containing
fluorescent Tfn is obtained under these labeling conditions. In
infected cells, in addition to the Tfn localized in the peri-
centriolar region, Tfn also localized to discrete sites adja-
cent to the inclusion membrane (55) (Fig. 7). Although Tfn
and EGFP-Rab11A partially colocalize at the inclusion mem-
brane, a portion of the inclusion-associated GFP-Rab11A does
not colocalize with Tfn (Fig. 7). These observations demon-
strate that not all inclusion-associated GFP-Rab11A is associ-
ated with Tfn-containing endosomes.

GFP-Rab11A partially colocalizes with C. trachomatis IncG
at the inclusion membrane. The chlamydial inclusion mem-
brane comprises a large family of highly variable chlamydial
inclusion membrane proteins, termed Inc proteins (3, 49). The
carboxy-terminal domains of many Inc proteins are exposed to
the host cell cytoplasm, which may permit interaction with host
cytoplasmic proteins (49, 56). Therefore, Rab GTPases may be
recruited to the inclusion through direct interactions with chla-
mydial inclusion membrane proteins. To investigate this, we
compared the intracellular localization of GFP-Rab11A to the
localization of a well-characterized C. trachomatis inclusion
membrane protein, IncG (58), by LSCM. As shown in Fig. 8,
some colocalization between the inclusion-associated GFP-
Rab11A and IncG was observed, as indicated by the yellow
immunofluorescence staining suggesting a close association
of GFP-Rab11A with the inclusion membrane. However,
GFP-Rab11A and IncG did not colocalize completely. In
addition, in many infected cells, chlamydial Inc-laden fibers
extend from the inclusion membrane (6). As shown in Fig. 8,
GPF-Rab11A colocalizes to some of these IncG-laden fi-
bers. A greater degree of colocalization with these fibers is
seen in cells expressing GFP-Rab11AQ70L, a constitutively

active GTPase-deficient Rab11 allele (data not shown). The
function of these Inc-laden fibers is not known, but it has
been suggested that chlamydial antigens may be trafficked to
the plasma membrane along these fibers, since several in-
tracellular chlamydial antigens have been shown to colocalize
with these fibers under certain growth conditions (6, 76). This
is the first report of a host protein that localizes to Inc-laden
fibers.

GFP-Rab11A is associated with C. trachomatis inclusions
early during the chlamydial developmental cycle. As men-
tioned above, the recruitment of Rab proteins to chlamydial
inclusions may be regulated temporally with respect to the
chlamydial developmental cycle, and this in turn may influence
the role that each Rab protein may play during chlamydial
infection. As the first step in determining the stage during the
chlamydial developmental cycle that GPF-Rab11A is recruited
to the chlamydial inclusions, we examined the intracellular
localization of GFP-Rab11A in C. trachomatis-infected HeLa
cells during the initial 8 h postinfection. HeLa cells expressing
GFP-Rab11A were infected at a multiplicity of infection of
approximately 25, and at different times postinfection, the in-
tracellular localization of GFP-Rab11A was determined by
LSCM. Beginning as early as 1 h postinfection, GFP-Rab11A
colocalizes with individual chlamydial vacuoles (Fig. 9A, B,
and C), and by 4 h postinfection, a distinct rim of GFP-
Rab11A is observed surrounding each chlamydial vacuole
(Fig. 9G, H, and I). GFP-Rab11A remains associated with
the chlamydial vacuoles throughout the time course of the
experiment and can be seen associated with chlamydial vacu-
oles that have not yet been trafficked to the pericentriolar
region of the cell.

TABLE 2. Summary of GFP-Rab interactions with
chlamydial inclusions

GFP-Rab
GFP-Rab interaction with chlamydial inclusiona

CT L2 CT D MoPn Cpn

GFP-Rab5 � � � �
GFP-Rab7 � � � �
GFP-Rab9 � � � �

GFP-Rab1 � � � �
GFP-Rab4 � � � �
GFP-Rab11 � � � �

GFP-Rab6 � � � �
GFP-Rab10 � � � �

a Interaction with inclusions (�) or no association with chlamydial inclusions
(�) of C. trachomatis serovar L2 (CT L2), C. trachomatis serovar D (CT D),
C. muridarum (formerly C. trachomatis mouse pneumonitis biovar) (MoPn), and
C. pneumoniae (Cpn). Interactions were determined by LSCM.

FIG. 4. Localization of GFP-Rab GTPases in C. pneumoniae AR39-infected HeLa cells. HeLa cells were transiently transfected with DNA
containing the indicated GFP-tagged Rab GTPases (B to L) or pEGFPC1 (A). At 24 h posttransfection, the cells were infected with C. pneumoniae
strain AR39, and at 44 h postinfection, the cells were fixed and viewed by LSCM. Arrowheads indicate chlamydial inclusions, as determined by
indirect immunofluorescence staining with antichlamydial LPS (data not shown). Specific associations between GFP-Rab1A, GFP-Rab4 (GFP-
Rab4A and GFP-Rab4B), GFP-Rab10, and GFP-Rab11 (GFP-Rab11A and GFP-Rab11B) and the C. pneumoniae inclusion were detected, as
shown by rim-like fluorescence staining around the entire periphery of the inclusion. Bar, 10 �m.
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DISCUSSION

The specific host and chlamydial factors that mediate the
biogenesis or intracellular trafficking of the chlamydial in-
clusion remain largely undefined. Here, we report a specific
and intimate association of a subset of eukaryotic GFP-Rab
GTPases with mature chlamydial inclusions. Specific associa-
tions between GFP-Rab4 and GFP-Rab11 isoforms (which
function sequentially in Tfn receptor recycling) and GFP-Rab1
(which functions in ER-to-Golgi and intra-Golgi trafficking)
were detected with all chlamydial inclusions tested. In contrast,
association of the Golgi-localized Rab GFP-Rab6 was ob-
served only with C. trachomatis inclusions, while association of
another Golgi-localized Rab, GFP-Rab10, was observed only
with C. pneumoniae and C. muridarum inclusions. Since not all
GFP-Rab proteins tested associated with the inclusion, the
interactions that we observed are specific and not likely due to
GFP itself. These data suggest that chlamydiae selectively re-
cruit critical components of the host Rab membrane trafficking
machinery to the inclusion in both a species-dependent and
species-independent fashion.

We examined the intracellular distribution of Rab GTPases
in infected HeLa cells that overexpressed amino-terminal
GFP-tagged Rab GTPases. In this transient-transfection sys-
tem, no toxic effects were observed, and each GFP-Rab local-
ized to subcellular compartments similar to those of their en-
dogenous counterparts (5, 11, 12, 18, 20, 30, 32, 42, 59, 60, 72)
(data not shown). This approach will aid in future functional
studies by allowing the use of activated, GTP-restricted, and
dominant interfering inactive mutants and will also facilitate
the examination of Rab-inclusion interactions in viable cells
through the use of time-lapse video microscopy. These obser-
vations demonstrate that GFP-Rab GTPases, when overex-
pressed, are able to interact with the chlamydial inclusion, but
they do not demonstrate that endogenous Rab GTPases be-
have in a similar fashion. Attempts to localize endogenous Rab
GTPases in infected HeLa cells by indirect immunofluores-
cence microscopy using antibodies specific to Rab4, Rab6, and
Rab11 were unsuccessful. The inability to detect endogenous
Rab proteins in infected cells may be due to the fact that the
levels of endogenous Rab proteins recruited to the inclusion
are too low to detect by indirect immunofluorescence micros-
copy using the available antibodies. Therefore, although over-
expressed GFP-tagged Rab proteins localize to subcellular
compartments similar to those of their endogenous counter-
parts and are thought to function similarly, the role of endog-
enous Rab GTPases in infected cells should be examined fur-
ther in the future. However, consistent with a possible role for
Rab6A during chlamydial infection, Rab6A is transcriptionally
induced in C. trachomatis-infected HeLa cells (77). In addition,
Rab4, Rab6, and Rab11 isoforms are ubiquitously expressed,

which suggests that they are expressed in chlamydia-infected
cells in vivo.

It has been shown previously that the chlamydial inclusion
does not interact with the host’s degradative endosomal or
lysosomal pathway as demonstrated by the absence of classical
endocytic markers, such as Tfn, Tfn receptor, early endosomal
antigen 1 (EEA1), cation-independent M6PR, and lysosomal
glycoprotein Lamp1 (29, 54, 55, 61, 70). The failure to detect
specific associations between the endosomal Rabs, GFP-Rab5,
GFP-Rab7, and GFP-Rab9, and the inclusion is consistent
with these previous data. However, since we examined only
cells infected for 18 h, we cannot discount transient interac-
tions with the inclusion. This is unlikely, given that even as
early as 5 min postinfection, EEA1 does not associate with the
inclusion membrane (54). Thus, chlamydiae appear to bypass
the early endocytic pathway completely.

Even though no fusion between endosomes and the inclu-
sion has been detected, an intimate association of Tfn-contain-
ing tubular endosomes with inclusions has been described (2,
54, 55, 70). Tfn endosomal association with the inclusion is
dependent on early chlamydial gene expression and occurs by
2 h postinfection. Both GFP-Rab4 and GFP-Rab11, which are
recruited to all inclusions, are primarily associated with recy-
cling endosomes in nonpolarized epithelial cells (60, 67). How-
ever, not all inclusion-associated GFP-Rab11A colocalizes
with Tfn or its receptor. Because recycling endosomes are
heterogeneous in nature (62), these data suggest that inclu-
sion-associated GFP-Rab11 or GFP-Rab4 may be associated
with different populations of recycling endosomes, including
those that are Tfn positive and those that are Tfn negative (67).
Alternatively, GFP-Rab4 or GFP-Rab11, as well as the other
inclusion-associated GFP-Rab proteins, may be anchored with-
in the inclusion membrane. We cannot distinguish between
these two possibilities by LSCM. Therefore, immunoelectron
microscopy should be done to clarify whether each GFP-Rab
protein is associated with the inclusion via an intimate as-
sociation of nonfused closely juxtaposed vesicles, as was
demonstrated for Tfn-containing vesicles (51), or anchored
within the inclusion membrane. Rab5, Rab4, and Rab11
regulate sequential steps along the recycling pathway and
are localized to distinct domains on early and recycling endo-
somes (60). Therefore, the absence of GFP-Rab5 and the
association of GFP-Rab4 and GFP-Rab11 demonstrate that
inclusions are associated with markers or endosomal do-
mains that are characteristic of late steps in the recycling path-
way.

Recruitment of Rab proteins to the inclusion may regulate
the transport of the nascent inclusion to the peri-Golgi region,
since isoforms of both Rab6 (36) and Rab11 (73) regulate
transport from early endosomes to the TGN. Consistent with

FIG. 5. Association of GFP-Rab proteins with chlamydial inclusions is maintained in the absence of microtubules. Transiently transfected HeLa
cells were mock infected (A, B, D, E, G, H, J, K, M, and N) or infected with C. trachomatis serovar L2 for 18 h (C, F, I, and L) or with C.
pneumoniae for 44 h (O). Cells were treated with 20 �M nocodazole for 3 h to disassemble microtubules, fixed, permeabilized, and stained with
antichlamydial LPS (data not shown). Although treatment with nocodazole disrupts the microtubule network and causes dispersal of recycling
endosomes and the Golgi apparatus, GFP-Rab1, GFP-Rab4, GFP-Rab6, GFP-Rab11, and GFP-Rab10 remain associated with the inclusion.
Arrowheads indicate inclusions. Bar, 5 �m.
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this, Rab proteins interact with several different molecular
motors, such as myosin Vb (32), cytoplasmic dynein light chain
(5), and rabkinesin 6 (17). However, to function in this man-
ner, Rab proteins would have to be recruited to the inclusion
early during development. At least for GFP-Rab11A, we de-
tect association with chlamydia-containing vacuoles as early as
1 h postinfection, a point during chlamydial development when
chlamydia-containing vacuoles are in the process of being traf-
ficked to the peri-Golgi region (57).

One of the unique characteristics of all chlamydial inclusions
is their ability to fuse with Golgi-derived vesicles containing
NBD-sphingomyelin, endogenously synthesized from 6{N-[(7-
nitrobenzo-2-oxa-1,3-diazol-4-yl)amino]caproylsphingosine}
(C6-NBD-ceramide) (27, 48, 74) in a process that is dependent
on early chlamydial gene expression (57). The recruitment of
Golgi-localized Rab GTPases to the inclusion may provide a
mechanism for delivery and fusion of exocytic vesicles with the
inclusion. Since fusion with exocytic vesicles is a property
shared by all chlamydial inclusions, Rab1, which is associated
with all inclusions, may regulate this trafficking step. Alterna-

tively, chlamydiae may exploit functionally redundant path-
ways regulated by either Rab6 or Rab10. On the other hand,
the roles of Rab1 and Rab6 during chlamydial infection might
not be related to their Golgi trafficking function but might
instead be related to Rab6’s role in endosome-to-TGN traf-
ficking or Rab1’s proposed role in transcytosis in polarized
epithelial cells (31). Chlamydiae also obtain other molecules
from the host, including eukaryotic glycerophospholipids and
cholesterol (75). Therefore, Rab GTPases may also be in-
volved in regulating acquisition of these compounds. Con-
sistent with this, Rab11 has recently been shown to be in-
volved in regulating cholesterol trafficking and homeostasis
(30). Finally, because of Rab11’s association with the Inc-
laden fibers, Rab11 may play a role in trafficking chlamydial
antigens along these fibers, thus providing a mechanism for
the appearance of chlamydial antigens at the plasma mem-
brane (6, 76).

The distinct rim-like intracellular localization patterns of the
GFP-Rab GTPases, the colocalization of Rab11A with IncG,
and the fact that each GFP-Rab protein remains associated

FIG. 6. Association of GFP-Rab11A with the chlamydial inclusion is independent of microtubules. Transiently transfected HeLa cells express-
ing GFP-Rab11A were treated with nocodazole (D to F) or dimethyl sulfoxide (A to C) for 3 h prior to chlamydial infection to depolymerize
microtubules. Cells were then infected with C. trachomatis serovar L2 at a multiplicity of infection of approximately 20. The cells were
infected for 8 h in the presence of nocodazole, fixed in formaldehyde, permeabilized, labeled with antichlamydial LPS, and incubated with
goat anti-mouse IgG conjugated to Alexa 594 (red). (A and D) GFP-Rab11A (green), (B and E) antichlamydial LPS (red), (C) panels A
and B merged, (F) panels D and E merged. In the complete absence of microtubules, GFP-Rab11A is still recruited to individual chlamydia-
containing vacuoles (D to F). The arrowhead indicates Golgi-localized chlamydial vacuoles, and arrows indicate examples of dispersed chlamydial
vacuoles. Bar, 5 �m.
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with the inclusion even after microtubules are disassembled
and both pericentriolar recycling endosomes and the Golgi
apparatus are redistributed strongly support a specific interac-
tion with the inclusion membrane. These interactions may be
mediated directly through an interaction between each Rab

protein and an inclusion membrane protein, as was recently
demonstrated between 14-3-3 and IncG (56). Alternatively,
Rab recruitment to the inclusion may be mediated through
Rab effector interactions, since Rab1 (1, 41), Rab4 (5, 33, 43),
Rab6 (17), and Rab11 (28, 78) interact with a variety of effec-
tor molecules.

The differential association of GFP-Rab GTPases to inclu-
sions containing different chlamydial species highlights
the fact that individual inclusions interact differently with
their hosts. On the basis of comparative genomic analysis,
the protein compositions of chlamydial inclusion membranes
are thought to differ dramatically for different chlamydial spe-
cies (3). The exposure of a different complement of inclu-
sion membrane proteins to the host cytosol creates the poten-
tial for extreme diversity in host-pathogen interactions. For
instance, GFP-Rab6 may associate only with C. trachomatis
inclusions, because it interacts with an inclusion membrane
protein that is present and exposed only in C. trachomatis
inclusions. Although recent data have suggested that differ-
ences in tissue tropism and disease expression for different
chlamydial species may be due in part to genetic differences
found within a specific region of the chlamydial genome
termed the plasticity zone (4, 19), the differential associa-
tion of Rab GTPases and 14-3-3 species-specific interac-
tions with chlamydial inclusions suggest that different host
interactions with the inclusion may also play significant
roles.

Although we have not yet determined the biological conse-
quences of Rab recruitment to the inclusion, the association of
GFP-tagged Rab GTPases involved in both recycling and bio-
synthetic pathways to the inclusion demonstrates for the first
time that chlamydiae recruit key regulators of membrane traf-
ficking to the inclusion in both a species-specific and species-
independent fashion. These data lend support to the idea that
chlamydiae, by modulating the activity of host factors that
function in vesicle trafficking, control the biogenesis of the

FIG. 7. GFP-Rab11A partially colocalizes with Tfn-containing en-
dosomes at the periphery of the chlamydial inclusion. Transiently trans-
fected HeLa cells expressing GFP-Rab11A were infected with C. tra-
chomatis serovar L2 for 18 h. Recycling endosomes were labeled with
Alexa 568-labeled Tfn by serum starving cells for 2 h and incubated
with Alexa 568-labeled Tfn for 60 min at 37°C. Cells were fixed, per-
meabilized, stained with antichlamydial LPS, and incubated with goat
anti-mouse IgG conjugated to Cy5 (blue). In the inset in panel D, the
arrowhead indicates Rab11A-positive Tfn-negative regions around
the inclusion and the arrow indicates Rab11A-positive Tfn-positive
regions. (A) GFP-Rab11A (green), (B) Alexa 568-labeled Tfn (red),
(C) antichlamydial LPS (blue), (D) panels A, B, and C merged. Bar,
5 �m.

FIG. 8. GFP-Rab11A partially colocalizes with IncG at the inclusion membrane. Transiently transfected HeLa cells expressing GFP-Rab11A
were infected with C. trachomatis serovar L2 for 18 h. Cells were fixed, permeabilized, stained with polyclonal anti-C. trachomatis IncG, and
incubated with goat anti-rabbit IgG conjugated to Alexa 594. GFP-Rab11A colocalizes with IncG at many regions along the inclusion membrane,
as indicated by the yellow fluorescence, but there are regions that are IncG positive but Rab11A negative. In addition, Rab11A partially colocalizes
to the IncG-laden fibers that stain and that extend from the inclusion membrane. The arrowheads indicate representative areas where GFP-
Rab11A and IncG colocalize along the fibers. Two inclusions, at different focal planes, are visible within the cell, and each is indicated with an
asterisk. (A) GFP-Rab11A (green), (B) IncG (red), and (C) panels A and B merged. Bar, 5 �m.
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FIG. 9. Temporal analysis of GFP-Rab11A recruitment to C. trachomatis inclusions. HeLa cells transiently expressing GFP-Rab11A were
infected at a multiplicity of infection of approximately 20. At different times postinfection (shown to the left of the figure), the cells were fixed and
stained with antichlamydial LPS. The cells were then incubated with goat anti-mouse IgG conjugated to Alexa 594 (red) and viewed by LSCM.
Beginning as early as 1 h postinfection, colocalization of EBs and GFP-Rab11A is observed. At each time point, insets show representative vacuoles
colocalizing with GFP-Rab11A. (A, D, G, J, and M) GFP-Rab11A, (B, E, H, K, and N) antichlamydial LPS, (C, F, I, L, and O) GFP-Rab11A
(green) and antichlamydial LPS (red) merged. Bars, 10 �m (O) and 2 �m (inset in panel O).
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inclusion. Further characterization through the expression of
dominant interfering and constitutively active Rab mutants
should help to elucidate the roles that Rab GTPases may play
during chlamydial infection and determine whether recruit-
ment of Rab GTPases is essential for the intracellular survival
of chlamydia.
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