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Chlamydiae are obligate intracellular pathogens that efficiently induce their endocytosis by susceptible
eukaryotic host cells. Recently, a Chlamydia trachomatis type III secreted effector protein, Tarp, was found to
be translocated and tyrosine phosphorylated at the site of entry and associated with the recruitment of actin
that coincides with endocytosis. C. trachomatis Tarp possesses up to six direct repeats of approximately 50
amino acids each. The majority of the tyrosine residues are found within this repeat region. Here we have
ectopically expressed distinct domains of Tarp in HeLa 229 cells and demonstrated that tyrosine phosphor-
ylation occurs primarily within the repeat region, while recruitment of actin is mediated by the C-terminal
domain of the protein. A comparison of other sequenced chlamydial genomes revealed that each contains an
ortholog of Tarp, although Chlamydia muridarum, Chlamydophila caviae, and Chlamydophila pneumoniae Tarp
lack the large repeat region. Immunofluorescence and immunoblotting using an antiphosphotyrosine antibody
show no evidence of phosphotyrosine at the site of entry of C. muridarum, C. caviae, and C. pneumoniae,
although each species similarly recruits actin. Ectopic expression of full-length C. trachomatis and C. caviae
Tarp confirmed that both recruit actin but only C. trachomatis Tarp is tyrosine phosphorylated. The data
indicate that the C-terminal domain of Tarp is essential for actin recruitment and that tyrosine phosphory-
lation may not be an absolute requirement for actin recruitment. The results further suggest the potential for
additional, unknown signal transduction pathways associated specifically with C. trachomatis.

Chlamydiae are bacterial, obligate intracellular parasites
that are responsible for a number of serious human diseases.
Chlamydia trachomatis serovars A, B, Ba, and C are the etio-
logic agents of trachoma, the leading cause of preventable
blindness worldwide. Serovars D to K are associated with sex-
ually transmitted diseases, and serovars L1, L2, and L3 cause
lymphogranuloma venereum, a more invasive sexually trans-
mitted disease. Chlamydophila psittaci is a zoonotic agent that
occasionally causes psittacosis in humans. Chlamydophila
pneumoniae is a causative agent of community-acquired pneu-
monia that has also been associated with cardiovascular and
other persistent diseases (30). All chlamydiae share several
biological properties unique to the species, including a biphasic
developmental cycle that involves cell types adapted for extra-
cellular survival (elementary bodies [EBs]) and intracellular
multiplication (reticulate bodies) (26). All species also share a
unique interaction with the host cell in which they inhabit a
parasitophorous vacuole, termed the inclusion, that is nonfu-
sogenic with endocytic vesicles but is instead interactive with

an exocytic pathway that delivers sphingomyelin and choles-
terol from the Golgi apparatus to the inclusion (15).

Chlamydiae induce their internalization so efficiently that
the process has been termed “parasite-specified phagocytosis”
(5). Because entry into host cells is a critical step in the chla-
mydial developmental cycle and one potentially amenable to
immune or chemotherapeutic intervention, there has been
considerable effort to understand the molecular mechanisms
mediating chlamydial endocytosis. Several chlamydial ligands
and host receptors have been proposed (21), although there
has been little consensus as to which are of primary impor-
tance. It is likely that many of these interactions do not func-
tion in all situations but may play a role on different cell types
or anatomic sites. An efficient obligate intracellular pathogen
such as chlamydia may utilize multiple means to gain entry into
a host cell. Indeed, available evidence suggests that alternative
means of entry, such as Fc-mediated endocytosis of opsonized
EBs (37), can lead to productive infection and that the out-
come of the initial interaction with the host is defined by the
ability of the chlamydiae to synthesize protein to modify the
inclusion membrane (32).

An initial electrostatic and reversible interaction mediated
through heparan sulfate-like proteoglycans is thought to pre-
cede an irreversible host-dependent step that leads to inter-
nalization of EBs (36, 40). Recent efforts to understand the
chlamydial entry process have employed chemically mu-
tagenized CHO cells to distinguish two distinct stages in the
chlamydial entry process (9, 17). The identity of the host gene
mutated to block this secondary irreversible step was not de-
termined in either study. The events associated with chlamyd-
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ial entry are, however, beginning to be described. The first
demonstrable host response is the recruitment of actin to the
site of entry to form a pedestal-like structure at the site of EB
attachment (8). This recruitment of actin is transient and cul-
minates in the endocytosis of the EB into a membrane-bound
vesicle that very quickly becomes devoid of known cellular
markers of the endocytic pathway (31). Once internalized, the
EB-containing vesicle remains noninteractive with host cy-
toskeletal components or vesicular trafficking pathways until
such time as chlamydial transcription and translation are ini-
tiated and the inclusion membrane is modified by the insertion
of chlamydial proteins (19, 32).

Recently, a chlamydial protein which is preexisting in EBs

was found to be secreted via a type III-dependent mechanism
into the host cell at the site of entry where it is tyrosine
phosphorylated (11). This protein, termed Tarp for translo-
cated actin-recruiting phosphoprotein, is temporally and spa-
tially associated with the recruitment of actin and proposed to
play a key role in mobilizing cellular signal transduction path-
ways that regulate actin recruitment and endocytosis of EBs.
Tarp is notable in possessing several tyrosine-rich tandem re-
peats of approximately 50 amino acids each in length. The
number of repeats differs between a C. trachomatis urogenital
isolate, serovar D, with three repeat units (35) and an LGV
strain with almost six full repeat units (11). The tandem repeat
domain is absent from Chlamydia muridarum (C. trachomatis
MoPn), Chlamydophila caviae (C. psittaci GPIC), and C. pneu-
moniae (22, 27, 28). In an effort to understand the role of the
distinct domains of Tarp and the significance of tyrosine phos-
phorylation, we have examined the tyrosine phosphorylation
patterns of Tarp from several chlamydial species as well as of
ectopically expressed Tarp.

MATERIALS AND METHODS

Organisms and cell culture. C. trachomatis serovars L2 (LGV-434) and D
(UW3-Cx), C. muridarum (MoPn), C. caviae (GPIC), and C. pneumoniae AR-39
were grown in HeLa 229 cells as previously described (6, 29, 39). EBs used for
infections were purified by Renografin (E. R. Squibb and Sons, Princeton, NJ)
density gradient centrifugation (6). Fluorescent CMTMR-labeled EBs were pre-
pared as described previously (4, 8).

Antibodies. Full-length L2 Tarp (anti-Tarp-F) was cloned into pRSET-B (In-
vitrogen), expressed as a His-tagged fusion protein, purified on a nickel column
(Invitrogen), and used as an immunogen for production of specific polyclonal
antibodies in female New Zealand White rabbits, as previously described (33).
Antiphosphotyrosine monoclonal antibody (MAb) clone 4G10 and 4G10 cou-
pled to agarose were from Upstate USA (Waltham, MA). Secondary antibodies
for immunoblotting were horseradish peroxidase-conjugated anti-mouse or anti-
rabbit (Cell Signaling Technology, Inc., Beverly, MA).

SDS-PAGE and immunoblotting. Proteins were separated on 7.5 or 10%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels
(25) and Coomassie stained (Bio-Rad Laboratories, Hercules, CA) for total
protein or transferred to a 0.45-�m Trans-blot nitrocellulose membrane (Bio-
Rad Laboratories). Immunoblots were developed using Super Signal West Pico
chemiluminescence reagent (Pierce Biotechnology, Rockford, IL).

Cloning. In-frame green fluorescent protein (GFP) fusion proteins for the
full-length, N terminus (amino acids 1 to 155), repeat region (amino acids 120 to
431), and C terminus (amino acids 425 to 1005) of the CT 456 gene were
amplified from Chlamydia trachomatis serovar L2 genomic DNA (QIAGEN
genomic purification kit) in a Perkin-Elmer Cetus DNA thermocycler using
Deep Vent DNA polymerase (New England BioLabs) and custom-synthesized
oligonucleotide primers (Integrated DNA Technologies) engineered with KpnI
and BamHI linkers. Full-length Tarp (CCA00170) from C. caviae was similarly
amplified and expressed as an in-frame GFP fusion. Clones of amplified chla-
mydial DNA were first constructed in a Zero Blunt vector (Invitrogen) and
subsequently transferred to the GFP expression vector pEGFP-C3 (Clontech).
Miniprep DNA was isolated using the QIAGEN maxi prep kit according to the
manufacturer’s instructions and quantitated by UV spectrophotometry.

pTarp�R was generated from full-length pTarp-FT (11) using the Quikchange
II XL site-directed mutagenesis kit (Stratagene) and oligonucleotide sense (5�-
TCCCCCGGGGATAGAAGTAGTTTCATTCTTGTTCCTAACGG-3�) and
antisense (5�-TCCCCCGGGATCGCTTGATGAGGTAGAGCTAGTTTCTG
AGC-3�) primers containing engineered SmaI restriction sites. The PCR-ampli-
fied product was SmaI digested and ligated to yield the mutant Tarp lacking
codons 121 to 360. pTarp-FT and pTarp�R were expressed in translocation-
competent (YPIII pIB29MEKA) and null (YPIII pIB29MEKBA) Yersinia
pseudotuberculosis. Tests in liquid media were performed as described previously
(16) to confirm that both Tarp proteins were secreted by the type III system (data
not shown). For translocation assays, yersiniae from overnight 26°C cultures in
Ca2�-depleted heart infusion broth were diluted to an A620 of 0.1 into fresh
media and cultivated at in the presence of 0.1 mM isopropyl-�-D-thiogalactopy-
ranoside (IPTG). After 2 h, bacteria were diluted into 37°C Hanks balanced salt

FIG. 1. Ectopic expression of C. trachomatis GFP-Tarp domains
indicates tyrosine phosphorylation of the repeat region of Tarp.
(A) Schematic of the C. trachomatis L2 Tarp domains expressed as
C-terminal GFP fusions. (B) Immunoblots of protein extracts from
HeLa 229 cells transfected with the various enhanced GFP (EGFP)
fusion constructs. F, full-length Tarp; N, N-terminal domain; R, repeat
region; C, C-terminal domain; E, EGFP vector control; H, uninfected
HeLa cells. Blots were probed with MAb 4G10 for tyrosine phosphor-
ylation and anti-GFP to confirm expression and relative migration.
Asterisks identify tyrosine phosphorylation of TARP and the repeat
region. An apparent degradation product of the repeat region is also
detected. Please note that the repeat region fusion migrates aberrantly
on SDS-PAGE, as does native Tarp (11). The same Kpn-Bam insert
was also cloned into pRsetB for expression in E. coli, and the product
was confirmed as the Tarp repeat region by matrix-assisted laser de-
sorption ionization–time of flight mass spectroscopy (data not shown).
Background tyrosine-phosphorylated host protein bands seen in HeLa
cells are apparent in all lanes probed with MAb 4G10.
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solution containing 0.1 mM IPTG and semiconfluent HeLa monolayers were
infected at a multiplicity of infection (MOI) of 10. Cultures with centrifuged for
5 min at 700 � g to initiate bacterium-host cell contact and then incubated for 4 h
at 37°C in 5% CO2. Cultures were then washed with Hanks balanced salt
solution, and cells were lysed by the addition of ice-cold H2O. Whole-culture
material was trichloroacetic acid precipitated and resolved via SDS-PAGE, and
Tarp and Tarp�R were specifically detected in immunoblots using Tarp-specific
or phosphotyrosine-specific 4G10 antibodies.

Transfection and GFP expression. HeLa 229 cells were seeded on 12-mm glass
coverslips in 24-well plates to obtain a monolayer of approximately 50% conflu-
ence. Transfections of plasmid constructs were performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. The transfection
mixture was prepared as follows. DNA (1.0 �g) was diluted in 8 �l of PLUS
reagent and 50 �l Optimem serum-free media (Invitrogen) and added to a
solution of 2.5 �l Lipofectamine 2000 in 50 �l Optimem. After a 20-minute
incubation at room temperature, the complexes were added to 1 well of a 24-well
plate containing 400 �l of Optimem. The transfection cocktail was incubated at
37°C. After 4 hours, the Optimem with transfection cocktail was removed and

fresh, antibiotic-free RPMI media with 10% fetal bovine serum was added.
Expression from the transfection vectors was allowed to proceed for 24 hours at
37°C. Transfected HeLa 229 cells were fixed with 4% paraformaldehyde for 30
minutes at room temperature and permeabilized for 5 minutes with 0.1% Triton
X-100 plus 0.05% SDS in phosphate-buffered saline (PBS). Actin staining was
performed using Texas Red X-phalloidin (Molecular Probes) in PBS–3% bovine
serum albumin for 2 hours. Phosphotyrosine staining was performed using an-
tiphosphotyrosine 4G10 mouse monoclonal antibody (Upstate Biotechnology) in
PBS–3% bovine serum albumin for 1 hour followed by the secondary Alexa Fluor
594-conjugated goat anti-mouse immunoglobulin G (IgG) (Molecular Probes)
for 1 hour. Fluorescent images were digitally acquired on a Nikon FXA micro-
scope equipped with a Photometrics CoolSnap HQ camera supported by RS
Image software (Roper Scientific, Inc.). Images were processed using Photoshop
6.0 (Adobe Systems).

Actin recruitment. GFP-actin was expressed in HeLa 229 cells, and recruit-
ment during chlamydial entry was monitored by spinning disk confocal micros-
copy as previously described (8).

FIG. 2. Immunofluorescent staining of C. trachomatis Tarp-enhanced GFP (EGFP) constructs for tyrosine phosphorylation. The constructs
described in the legend to Fig. 1 were expressed in HeLa 229 cells and stained for tyrosine phosphorylation using MAb 4G10 with an Alexa Fluor
594-conjugated anti-mouse IgG secondary antibody or stained for actin recruitment using Texas Red phalloidin. Full-length Tarp and the
C-terminal domain form aggregates in the host cell. The N-terminal domain and repeat region show diffuse localization throughout the cytoplasm
and nucleus. CT229, an inclusion membrane protein (1, 34) expressed as a negative control, also forms aggregates within the cytoplasm. Bar, 10
�m.
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FIG. 3. Alignment of Tarp orthologs from C. trachomatis serovars L2 and D, C. muridarum, C. caviae, and C. pneumoniae. Sequences of C.
trachomatis serovar L2 (LGV-434) CT456 (11) and serovar D (UW3-Cx) CT456 (35), Chlamydia muridarum (MoPn) TC0741 (27), Chlamydophila
caviae (GPIC) CCA00170 (28), and Chlamydophila pneumoniae (CWL029) (CPn) CPn0572 (22) were aligned using Clustal W, version 1.82,
multiple-sequence alignment software (http://www.ebi.ac.uk/clustalw). Asterisks indicate identities.
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RESULTS

Tyrosine phosphorylation of Tarp domains and recruitment
of actin. Full-length C. trachomatis L2 Tarp ectopically ex-
pressed as a GFP fusion in HeLa cells forms aggregates within
the cytoplasm. GFP-Tarp is tyrosine phosphorylated when ex-
pressed in HeLa cells, suggesting that an unknown host kinase
is responsible, and recruits actin as evidenced by staining with
phalloidin or antiactin antibody (11). C. trachomatis L2 Tarp
contains a domain with almost six nearly identical tandem
repeats of approximately 50 amino acids each. Full-length Tarp
and the N-terminal, repeat region, and C-terminal domains of
Tarp (Fig. 1A) were cloned as GFP fusions and expressed in
HeLa 229 cells. Tyrosine phosphorylation of the transfected
full-length Tarp and repeat domain was observed by immuno-
blotting against the MAb 4G10 (Fig. 1B). The GFP fusions
were then expressed in HeLa cells, and each was stained with
MAb 4G10 or phalloidin (Fig. 2). Full-length Tarp and the
C-terminal domains formed distinct aggregates within the cy-
toplasm of the transfected HeLa cells, whereas the N-terminal
and repeat domains were soluble and showed diffuse staining
throughout the cytoplasm and nucleus. Although aggregated
full-length Tarp shows staining with both antiphosphotyrosine
MAb 4G10 and phalloidin, the C-terminal domain stains with
phalloidin but no antiphosphotyrosine staining is observed. No
alterations of cytoskeletal structure were seen with either the
N-terminal or repeat domains. However, diffuse staining of the
repeat domain with the antiphosphotyrosine antibody was ob-
served. Actin recruitment thus appears to be independent of
tyrosine phosphorylation.

Orthologs of Tarp among chlamydial species. An alignment
of Tarp orthologs from C. trachomatis serovars L2 and D, C.

muridarum (MoPn), C. caviae (GPIC), and C. pneumoniae
(Cpn) is shown in Fig. 3. Total primary amino acid sequence
identities with C. trachomatis L2 Tarp range from 94.3%,
59.0%, 43.0%, and 40.6% in C. trachomatis serovar D, C.
muridarum, C. caviae, and C. pneumoniae, respectively (by
BESTFIT alignment). In C. trachomatis L2, 26 of 31 tyrosine
residues occur within the tandem repeat domain; for serovar
D, 12 of 21 tyrosine residues reside within this domain. Note
that the latter three species lack the tandem repeat domain.
The highest degree of similarity occurs in the C-terminal do-
main downstream of the repeats in C. trachomatis.

Actin recruitment by C. muridarum, C. caviae, and C. pneu-
moniae. Internalization of C. trachomatis serovars L2 and D is
associated with the localized recruitment of actin (7, 8, 11). To
confirm that actin is recruited to the site of entry of the other
chlamydial species, HeLa 229 cells expressing GFP-actin were
infected with intrinsically fluorescent C. muridarum (MoPn),
C. caviae (GPIC), and C. pneumoniae (Cpn) EBs and actin
recruitment was monitored by live cell imaging using a spin-
ning disk confocal microscope (Fig. 4). All chlamydial species
transiently recruited actin as has been demonstrated for C.
trachomatis serovars L2 and D (8).

Tyrosine phosphorylation of Tarp is specific to C. trachoma-
tis. Because Tarp orthologs from C. muridarum, C. caviae, and
C. pneumoniae lack the tyrosine-rich repeat domain, we exam-
ined these species for tyrosine phosphorylation of Tarp during
the entry process. Tyrosine phosphorylation was not observed
in association with C. muridarum (MoPn), C. caviae (GPIC),
and C. pneumoniae EBs by immunofluorescence with MAb
4G10, although C. trachomatis serovars L2 and D EBs showed
colocalization as previously described (11) (Fig. 5). Similarly,

FIG. 4. Actin is recruited to the site of entry by C. trachomatis, C. muridarum, C. caviae, and C. pneumoniae EBs. HeLa 229 cells expressing
GFP-actin were infected with CMTMR-labeled (red) C. trachomatis serovars L2 and D, C. muridarum (MoPn), C. caviae (GPIC), and C.
pneumoniae (Cpn) EBs and examined by spinning disk confocal microscopy for recruitment of actin. All chlamydial species and serovars examined
demonstrated robust but transient recruitment of actin to the site of entry. The figure is a composite of single frames taken from a time-lapse series
for each strain or species. Bar, 5 �m.
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no evidence of tyrosine phosphorylation of Tarp from C. muri-
darum (MoPn), C. caviae (GPIC), and C. pneumoniae (Cpn)
was observed by immunoblotting (Fig. 6). These results suggest
that although chlamydial species other than C. trachomatis
possess Tarp orthologs, these are not tyrosine phosphorylated
as part of the entry process.

Tarp with a deletion of the repeat region is not tyrosine
phosphorylated. We have established that full-length C. tra-
chomatis L2 Tarp is secreted from Y. pseudotuberculosis by a
type III-dependent mechanism in liquid cultures (11). We ex-
pressed Tarp in Y. pseudotuberculosis translocation-competent
MEKA or -deficient MEKBA to test whether this protein

could additionally be targeted to host cells in a HeLa cell
infection model (Fig. 7). For these experiments, we also con-
structed an in-frame deletion mutant (Tarp�R) lacking the
Tarp-specific repeat region (codons 121 to 360). Both Tarp and
Tarp�R were type III secreted from MEKA and MEKBA
yersiniae in liquid cultures (data not shown). HeLa cells were
infected at an MOI of 10 yersiniae (16), and whole-culture
lysates were prepared. Both Tarp and Tarp�R were readily
detectible in immunoblots probed with Tarp-specific antibod-
ies. Tarp was detectible with phosphotyrosine-specific antibod-
ies when expressed in MEKA but not in MEKBA, which lacks
the translocator protein YopB. No signal was detected in ma-
terial containing Tarp�R. These data indicate that a pool of
Tarp is successfully translocated to host cells where it is sub-
sequently phosphorylated. These data are consistent with the
phosphorylation event occurring within the repeat region,
since Tarp�R was not detected in the 4G10 immunoblot.

Actin recruitment by expressed C. caviae Tarp is independent
of tyrosine phosphorylation. To confirm the lack of association
of tyrosine phosphorylation with actin recruitment, C. caviae
(GPIC) Tarp was ectopically expressed in HeLa 229 cells as a
GFP fusion, as was C. trachomatis L2 Tarp. Like C. trachomatis
Tarp-GFP, C. caviae Tarp-GFP cells appeared as aggregates
within the cytoplasm and stained intensely with Texas Red
phalloidin (Fig. 8). However, in contrast to C. trachomatis,
MAb 4G10 did not visibly label expressed C. caviae Tarp-GFP,
thus providing further evidence that C. caviae Tarp is not
tyrosine phosphorylated yet still recruits actin.

DISCUSSION

Chlamydiae readily induce their uptake by eukaryotic host
cells through mechanisms that are only now beginning to be

FIG. 5. Immunofluorescent staining for tyrosine phosphorylation
in association with C. trachomatis L2 and D, C. muridarum (MoPn), C.
caviae (GPIC), and C. pneumoniae (Cpn) EBs during internalization
by HeLa 229 cells. Cultures at 1 h postinfection were costained by
indirect immunofluorescence for EBs using a rabbit polyclonal anti-
serum and tyrosine phosphorylation with MAb 4G10. Tyrosine phos-
phorylation is not seen in association with C. muridarum, C. caviae, and
C. pneumoniae EBs but is readily observed with C. trachomatis serovars
L2 and D. Bar, 5 �m.

FIG. 6. C. muridarum, C. caviae, and C. pneumoniae Tarp is not
tyrosine phosphorylated. Total protein lysates were collected from
HeLa cells that were either mock-infected (Unt) or infected (MOI,
�100) with C. trachomatis L2 or D, C. muridarum (MoPn), C. caviae
(GPIC), or C. pneumoniae (CPn) for 1 h at 4°C (time � 0) or at 30 min
post-temperature shift to 37°C. Equal volumes of parallel mock-in-
fected or infected cultures were loaded on each lane. Immunoblots
were probed with 4G10 and visualized by chemiluminescence. Aster-
isks indicate the positions of tyrosine-phosphorylated Tarp; molecular
masses in kilodaltons are indicated on the left.
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deciphered. Recently, a chlamydial type III effector protein,
Tarp, has been described as being translocated and exposed to
the cytoplasm of the host cell where it is tyrosine phosphory-
lated by unknown kinases (11). Tyrosine-phosphorylated Tarp
is temporally and spatially associated with the recruitment of
actin that is required for endocytosis of EBs by cultured epi-
thelial cells. C. trachomatis Tarp is characterized by a region of
tandem repeats of approximately 50 amino acids each in sero-
vars L2 and D. The number of repeats differ, however, with
almost six complete copies in L2 and only three in serovar D.
Although the tyrosine residues phosphorylated have not been
identified, the majority of the tyrosines occur within the repeat
region. Ectopic expression of full-length Tarp as well as of the
N-terminal, repeat region, and C-terminal domains confirmed
tyrosine phosphorylation of the full-length protein as well as of
the isolated repeat region. This finding is supported by the

absence of tyrosine phosphorylation on deletion mutants of
Tarp secreted by Yersinia. Further analysis of the transfected
domains of Tarp demonstrated that the C-terminal domain of
the protein is associated with the recruitment of actin despite
the inability to detect tyrosine phosphorylation of this domain.
Orthologs of Tarp are present in the other chlamydial species
but lack the tyrosine-rich repeat domain and show the greatest
degree of similarity within the C-terminal domain (22, 27, 28).
Consistent with the absence of the repeat region, tyrosine
phosphorylation was undetectable on Tarp from C. murida-
rum, C. caviae, and C. pneumoniae, although each species sim-
ilarly recruits actin to the site of entry. Collectively, the data
suggest that tyrosine phosphorylation of Tarp may not be an
absolute requirement for chlamydial entry.

The translocation of Tarp, its tyrosine phosphorylation, and
its association with the recruitment of actin in conjunction with
the formation of small pedestal-like structures are reminiscent
of the pedestal formation induced by the Tir protein of enter-
opathogenic Escherichia coli (EPEC) and enterohemorrhagic
E. coli (EHEC). Tir is similarly secreted into the host cytoplas-
mic membrane via a type III mechanism and is localized at the
apex of the pedestal in association with the bacterium (24). For
EPEC, phosphorylation of tyrosine 474 is an absolute require-
ment for pedestal formation (12, 23). EHEC Tir is not tyrosine
phosphorylated, although EHEC also recruits actin to form
phenotypically indistinguishable pedestals (13). The signal
transduction pathways culminating in the recruitment of actin
also appear to differ (18). The host adaptor protein, Nck, is
bound by EPEC Tir and required for actin assembly (20).
EHEC pedestals are formed independently of Nck but require
additional bacterial effector proteins (12). The inability to de-
tect tyrosine phosphorylation of Tarp from species other than
C. trachomatis suggests that the conserved C-terminal domain
of Tarp may be responsible for initiating actin recruitment
regardless of tyrosine phosphorylation. In that case, tyrosine
phosphorylation may initiate a signal transduction cascade spe-
cific to C. trachomatis and unrelated to actin recruitment. Al-
ternatively, chlamydial species may signal actin recruitment
through different mechanisms.

Previous studies have demonstrated tyrosine phosphoryla-
tion in response to C. trachomatis infection by both immuno-
fluorescence and immunoblotting (2, 3, 14), although the ty-
rosine-phosphorylated proteins were not identified and the
majority migrated on SDS-PAGE to a position corresponding
to a molecular mass much less than that of Tarp. Subsequent
studies described tyrosine phosphorylation of C. trachomatis
EBs undergoing microtubule-dependent intracellular traffick-
ing. Interestingly, and consistent with the results shown here,
intracellular C. pneumoniae EBs showed distinctly less tyrosine
phosphorylation by immunofluorescence and no infection-spe-
cific tyrosine phosphorylation by immunoblotting (10).

Distinct requirements for attachment and entry of different
chlamydial strains and species are well recognized (21, 26). De-
spite these differences, all chlamydial species and strains exam-
ined show recruitment of actin to the site of entry and thus likely
share at least some common mechanisms. Recently, differences in
the cellular signal transduction pathways required for chlamydial
species have been suggested. Several cellular signal transduction
molecules have been identified as playing a role in the recruit-
ment of actin to the site of EB entry. Rho family GTPases are

FIG. 7. C. trachomatis Tarp secreted from Yersinia pseudotubercu-
losis is translocated via type III secretion into HeLa cells and tyrosine
phosphorylated. Immunoblots of HeLa cells infected with Yersinia
pseudotuberculosis MEKA (translocation competent) and MEKBA
(translocation incompetent) vector controls or expressing C. tracho-
matis L2 full-length Tarp or Tarp with the repeat domain deleted are
shown. Whole-cell lysates were probed for tyrosine phosphorylation
with MAb 4G10 (A) or for Tarp expression with polyclonal rabbit
anti-Tarp antibody (B). Asterisks indicate the positions of full-length
Tarp; the diamond shows the position of the truncated product.
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FIG. 8. Staining of C. caviae Tarp-enhanced GFP constructs for tyrosine phosphorylation and actin recruitment. Full-length C. caviae (GPIC)
Tarp was expressed in HeLa 229 cells and stained for tyrosine phosphorylation using MAb 4G10 with an Alexa Fluor 594-conjugated anti-mouse
IgG secondary antibody. Actin recruitment was detected using Texas Red phalloidin. Full-length C. trachomatis Tarp-enhanced GFP was expressed
as a control. Bar, 10 �m.
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now known to be recruited to the site of attachment and essential
for internalization of EBs. Although direct side-by-side compar-
isons have not yet been performed, initial independent studies
suggest that the requirements may be species specific. Rac is
required for C. trachomatis internalization (7), while both Rac
and Cdc42 are necessary for C. caviae entry (38). Additional host
factors required for C. trachomatis entry include Wave2 and
Arp2/3 (R. A. Carabeo, S. S. Grieshaber, C. A. Dooley, and T.
Hackstadt, Abstr. 104th Gen. Meet. Am. Soc. Microbiol., abstr.
D222, p. 231, 2004). Although Tarp has been proposed to play a
role in actin recruitment, the actual molecular mechanisms re-
main unclear. It could potentially act as a guanine nucleotide
exchange factor or indirectly activate Rac through unknown path-
ways. Alternatively, the role of Tarp could conceivably be unre-
lated to Rac activation. The absence of the repeat domain and
lack of tyrosine phosphorylation by the non-C. trachomatis species
indicate that any role of Tarp in actin nucleation may be inde-
pendent of tyrosine phosphorylation and suggests the possibility
of unrecognized phosphotyrosine-mediated signal transduction
cascades specific to C. trachomatis.
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