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ABSTRACT The translocated actin recruiting phosphoprotein (Tarp) is a multido-
main type lll secreted effector used by Chlamydia trachomatis. In aggregate, existing
data suggest a role of this effector in initiating new infections. As new genetic tools
began to emerge to study chlamydial genes in vivo, we speculated as to what de-
gree Tarp function contributes to Chlamydia's ability to parasitize mammalian host
cells. To address this question, we generated a complete tarP deletion mutant using
the fluorescence-reported allelic exchange mutagenesis (FRAEM) technique and
complemented the mutant in trans with wild-type tarP or mutant tarP alleles engi-
neered to harbor in-frame domain deletions. We provide evidence for the significant
role of Tarp in C. trachomatis invasion of host cells. Complementation studies indi-
cate that the C-terminal filamentous actin (F-actin)-binding domains are responsible
for Tarp-mediated invasion efficiency. Wild-type C. trachomatis entry into Hela cells
resulted in host cell shape changes, whereas the tarP mutant did not. Finally, using
a novel cis complementation approach, C. trachomatis lacking tarP demonstrated
significant attenuation in a murine genital tract infection model. Together, these
data provide definitive genetic evidence for the critical role of the Tarp F-actin-
binding domains in host cell invasion and for the Tarp effector as a bona fide C. tra-
chomatis virulence factor.

KEYWORDS Chlamydia trachomatis, Tarp, effector, actin cytoskeleton, actin,
cytoskeleton, effector functions

imilar to the requirement of viruses, the sexually transmitted bacterium Chlamydia

trachomatis (serovars D to K, L1, L2, and L3) must enter a suitable host cell in order
to grow and cause disease (1). Consequently, interruption of chlamydial invasion of
tissues is an attractive target for novel approaches to reduce the burden of urethritis
and cervicitis and potential sequelae of epididymo-orchitis, proctitis, pelvic inflamma-
tory disease, tubal infertility, ectopic pregnancy, and miscarriage (2). Much of the
success of C. trachomatis as an intracellular pathogen stems from chlamydial proteins
evolved to hijack host cellular processes (3). Some of these early effector proteins
translocate into the mammalian cell via a type Il secretion apparatus where they
promote invasion and establishment of the parasitophorous vacuole (4). Specifically,
one early effector called translocated actin recruiting phosphoprotein (Tarp) is hypoth-
esized to manipulate the host cytoskeleton (both directly and indirectly) to create
favorable cell surface changes for bacterial invasion of mammalian cells and tissues (5).
A complete understanding of how Tarp alters the cell surface to promote invasion may
lead to strategies to prevent C. trachomatis infections.

Tarp associates directly with both globular actin (G-actin) and filamentous actin
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(F-actin) via small alpha helical domains contained within the C-terminal region of the
protein (6-8). Tarp binding to actin in vitro promotes actin nucleation and actin
bundling, suggesting that Tarp directs cytoskeletal changes in the host cell during entry
(6, 8). Furthermore, Tarp likely contributes to cytoskeletal changes indirectly following
Tarp phosphorylation by host cell kinases. Tyrosine residues within the phosphorylation
domain are phosphorylated by members of the Src family kinases (SFKs) and by other
tyrosine kinases, Syk and Abl/Arg kinases (9-11). Phosphorylated Tarp recruits the
guanine nucleotide exchange factors Sos1 and Vav2, and disruption of these signaling
proteins with small interfering RNA (siRNA) interferes with chlamydial entry presumably
by failing to activate the host cell Arp2/3 complex (12).

Phosphorylated Tarp may also play a role in altering host cell signaling shortly after
invasion to favor parasitization. Tarp associates with Src-homology domain 2 (SH2)-
containing protein phosphoinositide 3-kinase (PI3K) and Src homology 2 domain-
containing transforming protein (SHC) to modify host cell susceptibility to cell death
(12, 13).

Tarp’s multifaceted ability to interact with the host cell has been partially charac-
terized, and multiple protein domains have been found to be required for in vitro
activities such as actin binding, actin nucleation, actin bundling, oligomerization, and
phosphorylation (6-8). The contribution of Tarp and the protein domain activities of
Tarp have not been genetically assessed in vivo. In this work, we generated a complete
C. trachomatis tarP mutant using fluorescence-reported allelic exchange mutagenesis
(FRAEM). Additionally, the mutant was complemented in trans with wild-type (WT) and
mutant tarP alleles engineered to harbor in-frame domain deletions designed to
inactivate each specific function. We report that Tarp is critical for C. trachomatis
invasion of Hela cells, and this activity is dependent on the C-terminal F-actin-binding
domains of the protein. C. trachomatis entry was also found to induce host cell shape
changes. Although Tarp was not essential for propagation of C. trachomatis in culture,
the tarP mutant was severely attenuated in a mouse genital tract infection model.
These findings strongly support a role for Tarp in Chlamydia trachomatis pathogenesis
and, for the first time, define Tarp as a bona fide virulence factor.

RESULTS

Generation of a complete C. trachomatis tarP deletion mutant using FRAEM
technology. The Tarp effector is encoded by an apparent monocistronic gene and is
hypothesized to play a critical role in C. trachomatis entry of mammalian host cells. In
order to definitively examine the role of Tarp in a C. trachomatis infection model, we
employed fluorescence-reported allelic exchange mutagenesis (FRAEM) technology to
replace the tarP gene with genes encoding both green fluorescent protein (GFP) and
B-lactamase as previously described (14) (Fig. 1A). A mutant clone was isolated via
sequential limiting dilution, and the absence of tarP was confirmed by quantitative
real-time PCR (gPCR) (Fig. 1B) and Western blotting analysis (Fig. 1C). The presence of
the chlamydial plasmid pL2 and absence of shuttle vector pSUmC-encoded mCherry
were also confirmed via qPCR (Fig. 1B). Whole-genome sequencing analysis confirmed
that allelic exchange was limited to the tarP locus, yet the clone did harbor two
nucleotide changes compared to the parent WT strain. The first was an A—G transition
within an intergenic region upstream of ctl0677 while the second represented a
missense mutation resulting in a Y—M change at residue 302 of the 30S ribosomal
protein S1. Interestingly, the tarP mutant generated inclusion sizes and progeny
inclusion-forming units (IFUs) (Fig. 1D and E) similar to wild-type C. trachomatis over
one developmental cycle, suggesting Tarp is not required for chlamydial development
in Hela cells. Furthermore, the fact that a tarP mutant was successfully generated using
FRAEM also indicates that tarP is not an essential gene for propagation in tissue culture.

Tarp production is restored in the tarP mutant carrying the chlamydial shuttle
vector engineered to express wild-type or mutant tarP alleles. In order to restore
the Tarp effector to the tarP mutant, we employed a chlamydial shuttle vector engi-
neered to express wild-type or mutant tarP alleles (15). These plasmids have been
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FIG 1 Generation of C. trachomatis AtarP. (A) Schematic of the tarP locus in C. trachomatis L2. FRAEM was used to delete the entire tarP
(ctl0716) sequence and insert a cassette containing gfp and bla. (B) The loss of tarP and presence of gfp were confirmed in the resulting
strain via qPCR. Curing of pSUmC was confirmed using primers specific for mcherry, and retention of endogenous pL2 was verified using
primers specific for plasmid-encoded pgp7-8. (C) Chemiluminescence immunoblot of EB material from wild-type (WT) or mutant
Chlamydia (tarp) with TarP-specific antibodies. MOMP was probed as a loading control. Cultures of HelLa cells were infected with equal
IFU of WT or tarP chlamydiae. At 0, 12, 24, 36, and 48 h postinfection, one replicate was processed for enumeration of progeny EBs on
fresh HeLa monolayers (D) while the other was fixed and stained for measurement of inclusion areas (24 h is shown) (E).

successfully used to express dominant negative Tarp effectors in wild-type Chlamydia
trachomatis L2 (15). Mutant tarP alleles included in-frame deletions of the phosphory-
lation domain, the proline-rich domain, and the actin-binding domain as well as a
truncation which resulted in deletion of F-actin-binding domains 1 and 2 (Fig. 2A).
Transformation of the tarP mutant was accomplished by coinfection of Hela cells with
the tarP mutant clone lacking the endogenous plasmid and wild-type C. trachomatis
transformants harboring each of the shuttle vectors described above. GFP-positive,
drug-resistant inclusions were isolated by limiting dilution and expanded under anti-
biotic selection for several passages, density gradient purified, and tested for the
presence of Tarp by Western blotting analysis. All of the coinfections successfully led to
transfer of the desired shuttle vector into the tarP mutant resulting in production of
wild-type or domain deletion mutant Tarp effectors (Fig. 2B).

Complementation of the Chlamydia trachomatis tarP mutant restores Tarp
secretion and phosphorylation. In order to examine Tarp phosphorylation of the
mutant and complemented clones, a secretion assay was performed as previously
described (5). It has been shown that phosphotyrosine-containing proteins are not
observed in purified elementary bodies (EBs). Interestingly, however, Tarp phosphory-
lation by mammalian tyrosine kinases occurs shortly after Tarp translocation into the
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FIG 2 Schematic representation of Tarp and the complementation clones expressed in the tarP
mutant. (A) Chlamydia trachomatis (L2) Tarp harbors an N-terminal tyrosine-rich repeat region, which
is also referred to as the phosphorylation domain (phos; YYY, green boxes), a proline-rich domain
(PRD; blue box), a single G-actin-binding domain (ABD; red box), and two F-actin-binding domains
(yellow box [FAB 1] and pink box [FAB 2]). In-frame deletions engineered to remove specific protein
domains for complementation are indicated with hatch marks and the corresponding A designation
(Aphos, APRD, AABD, AFAB 1, and AFAB 2). Numbers along the top of the schematic indicate amino
acid positions encoded within the C. trachomatis L2 tarP gene. (B) Protein extracts from density
gradient purified wild-type C. trachomatis L2 (WT L2), tarP deletion mutant (Atarp), and mutants
complemented from plasmid-based expression employing the Tarp promoter with full-length tarP
(Atarp + pTarp), tarP lacking the phosphorylation domain (Atarp + pTarpAphos), tarP lacking the
proline-rich domain (Atarp + pTarpAPRD), tarP lacking the actin-binding domain (Atarp +
pTarpAABD), or tarP lacking the F-actin-binding domains (Atarp + pTarpAFAB). EBs were resolved by
SDS-PAGE and visualized by immunoblotting analysis with Tarp (a Tarp) and C. trachomatis heat
shock protein 60 (a Hsp60)-specific antibodies. The molecular masses of protein standards are
shown.

host cell during invasion (5). This modification is readily detected by Western blotting
analysis of protein lysates generated from Hela-infected cells with a phosphotyrosine-
specific antibody and, therefore, serves as a marker for Tarp delivery into the host cell
cytosol. Accordingly, Tarp phosphorylation was detected for wild-type C. trachomatis
and the tarP mutant clones complemented with full-length Tarp, Tarp lacking the
proline-rich domain, Tarp lacking the G-actin-binding domain, or Tarp lacking the
F-actin-binding domains (Fig. 3A). Interestingly, the extent of phosphotyrosine ob-
served in the complement clones harboring Tarp lacking the G-actin-binding domain or
the F-actin-binding domains was reduced compared to that of the complement clones
harboring full-length Tarp or Tarp lacking the proline-rich domain. Tarp phosphoryla-
tion was not detected for the tarP mutant or the mutant complemented with Tarp
lacking the tyrosine-rich phosphorylation domain (Fig. 3A). The lack of phosphorylation
of the mutant complemented with Tarp harboring the domain deletion of the phos-
phorylation domain was predicted given that the tyrosine amino acids expected to be
phosphorylated are missing. Although it remained a possibility in the absence of
phosphorylation, domain translocation of the TarpAphos protein into the host cell does
not occur. In order to test this possibility, we examined whether TarpAphos could be
detected in the host cell soluble fraction following subcellular fractionation of infected
Hela cells as previously described (15). Protein pellet and supernatant samples sequen-
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FIG 3 Tarp secretion and phosphorylation by Chlamydia trachomatis L2 tarP mutant and complemented
clones. (A) Protein lysates were generated from Hela cells infected with wild-type C. trachomatis L2 (NT
L2), a tarP deletion mutant (Atarp), and mutants complemented with full-length tarP (Atarp + pTarp),
tarP lacking the phosphorylation domain (Atarp + pTarpAphos), tarP lacking the proline-rich domain
(Atarp + pTarpAPRD), tarP lacking the actin-binding domain (Atarp + pTarpAABD), or tarP lacking the
F-actin-binding domains (Atarp + pTarpAFAB). Protein samples underwent immunoblotting analysis
with phosphotyrosine (a Y-PO4), Tarp (a Tarp), actin (« actin), and C. trachomatis heat shock protein 60
(a Hsp60)-specific antibodies. A protein lysate generated from uninfected Hela cells (uninfected Hela)
served as a negative control. (B) Subcellular fractionation of C. trachomatis-infected cells by differential
centrifugation out to 100,000 X g yields a soluble Tarp fraction that is distinct from intact elementary
bodies. Total lysates derived from Hela cells alone or HelLa cells infected with wild-type C. trachomatis
L2 (WT L2) or the tarP mutant complemented with pTarpAphos (Atarp + pTarpAphos) underwent
subcellular fractionation by centrifugation. Fractions were resolved by SDS-PAGE and transferred to
nitrocellulose for immunoblotting analysis with antibodies specific for phosphotyrosine (a Y-PO,); Tarp
(a Tarp); C. trachomatis major outer membrane protein (¢ MOMP); glyceraldehyde-3-phosphate dehy-
drogenase, a soluble protein marker (a« GAPDH); and actin, a protein expected to be present in all
fractions (a actin).

tially obtained from 800, 10,000, and 100,000 X g centrifugal spins indicated that
TarpAphos was detectable in the soluble fraction (100,000 X g supernatant) as was the
soluble control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Fig. 3B). Chla-
mydial EBs were restricted to the 10,000 X g pellet as demonstrated by tracking the
nonsecreted chlamydial antigen major outer membrane protein (MOMP) (Fig. 3B) and
other undefined EB antigens detected with polyclonal anti-EB serum (data not shown).
Wild-type C. trachomatis served as a positive control and wild-type Tarp was observed
in the soluble fraction as previously reported (Fig. 3B) (15). These data taken together
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FIG 4 The C. trachomatis tarP mutant is deficient in chlamydial entry (and the C-terminal F-actin-binding
sites play a key role in invasion). Wild-type Chlamydia trachomatis (WT L2, black circles), C. trachomatis
tarP mutant (Atarp, red squares), and C. trachomatis tarP mutant complemented with pTarp (Atarp +
pTarp, green triangles), pTarpAphos (Atarp +pTarpAphos, blue circles), pTarpAPRD (Atarp + pTarpAPRD,
yellow diamonds), pTarpAABD (Atarp + pTarpAABD, purple circles), or pTarpAFAB (Atarp + pTarpAFAB,
black squares) were examined for chlamydial invasion of HelLa 229 cells after 1 h. The graph presented
is from one representative experiment of three. Data sets were compared with one-way ANOVA and
Tukey’s multiple comparison test of the mean. *, P < 0.05; ****, P < 0.0001.

indicate that all of the Tarp proteins from the tarP mutant complement clones were
secreted into the mammalian host cell during invasion.

Chlamydia trachomatis Tarp is important for invasion of host cells, and the
Tarp F-actin-binding domains are required for this activity. To test the invasion
potential of the tarP mutant and complement clones, we performed invasion assays to
quantitate the number of elementary bodies that enter a host cell in a 1-h time period.
Strikingly, the tarP mutant demonstrated a significant reduction in host cell invasion
compared to that of wild-type C. trachomatis and tarP mutant complemented with
wild-type tarP (Fig. 4). Interestingly, the tarP mutants harboring Tarp lacking the
phosphorylation domain (TarpAphos) and Tarp lacking the F-actin-binding domains
(TarpAFAB) both demonstrated a significant reduction in EB invasion compared to that
of the wild type. An invasion phenotype was not observed for the tarP mutant carrying
Tarp lacking the proline-rich domain (TarpAPRD) or the G-actin-binding domain
(TarpAABD).

Chlamydia trachomatis mediates host cell shape changes during entry. The Tarp
effector has been biochemically shown to increase the rate of actin polymerization,
bind to actin filaments, and promote the formation of actin bundles (6, 8). We
hypothesized that these effector-induced cytoskeletal changes might manifest into
morphological host cell changes during the early stages of infection. In support of this,
hypertrophic microvilli have been observed on the cell surface of chlamydia-infected
cells when observed by scanning electron microscopy (16). We wondered whether C.
trachomatis was capable of inducing even more dramatic cell shape changes and
whether the Tarp effector might contribute to this change. In order to examine cell
shape changes triggered by a chlamydial infection, Hela cells were infected with
wild-type C. trachomatis, the tarP mutant, or the tarP mutant complemented with
wild-type or mutant tarP alleles. Infected cells were examined with a Zeiss 710 confocal
microscope, and the maximum cell height, length, and width were determined by
z-stack analysis and ImageJ. Hela cells infected with wild-type C. trachomatis were
found to be significantly thicker than uninfected cells (Fig. 5A). The tarP mutant yielded
a cell height similar to uninfected control cells while the tarP mutant complemented
with wild-type tarP produced a cell height similar to that of the wild type (Fig. 5A).
Further, the C. trachomatis-induced cell shape change was abrogated with the actin-
destabilizing drug cytochalasin D (Fig. 5A), which indicates that this cell shape change
is due to cytoskeletal changes of the host cell. In contrast to differences observed in cell
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FIG 5 Chlamydia trachomatis invasion of Hela cells alters the host cell shape. (A) Wild-type Chlamydia
trachomatis L2 (WT L2, light green squares), tarP mutant (AtarP, red triangles), or tarP mutant comple-
mented with pTarp (Atarp + pTarp, blue upside down triangles) underwent chlamydial invasion of HelLa
229 cells for 30 min. Bacteria were visualized by staining with anti-MOMP primary antibody followed by
goat anti-mouse Alexa Fluor 488 secondary antibody. The actin cytoskeleton was stained with Alexa
Fluor 568 Phalloidin. The cell thickness was compared to uninfected Hela cells (uninfected HelLa, green
circles) by z-stack analysis on a Zeiss 710 inverted confocal microscope. Samples were compared using
one-way ANOVA and Tukey’s multiple comparison test. ****, P < 0.0001. The graph presented is from one
representative experiment of three performed. Host cells pretreated with the actin-destabilizing drug
cytochalasin D (uninfected Hela + cyto D, black circles) or drug-treated cells infected with wild-type C.
trachomatis (WT L2 + cyto D, black triangles) did not undergo changes to cell shape. (B) Similarly, HeLa
229 cells were infected with wild-type Chlamydia trachomatis L2 (WT L2, black circles), tarP mutant (Atarp,
black squares), or tarP mutant complemented with pTarpAphos (Atarp + pTarpAphos, black triangles) or
pTarpAFAB (Atarp + pTarpAFAB, black diamonds), and the cell thickness was quantified as described in
panel A.

height, the maximum length and width measured for each infected population of cells
were heterogeneous and not significantly different.

The two mutant-complemented clones engineered to express TarpAphos and
TarpAFAB, which demonstrated retarded entry kinetics (Fig. 4), were tested for their
ability to increase the infected Hela cell height. Interestingly, only the mutant express-
ing Tarp missing the F-actin-binding domains failed to increase the cell height (Fig. 5B),
suggesting that this domain is responsible for this activity. Together, these data support
the hypothesis that Tarp is driving cytoskeletal changes, which result in alterations in
cell shape. However, these findings do not rule out the possibility that the observed cell
thickness differences result from a difference in EB internalization, which is significantly
reduced in the absence of Tarp (Fig. 4) as well as in the presence of cytochalasin D (16).

Attenuation of C. trachomatis tarP in a murine infection model. Finally, we
extended characterization of the tarP strain to the murine infection model in order to
test the overall requirement of Tarp during in vivo infection. Initial experiments using
the intravaginal infection route in susceptible C3H/HeJ mice indicated that Tarp was

May 2020 Volume 88 Issue 5 e00841-19

Infection and Immunity

iaiasm.org 7


https://iai.asm.org

Ghosh et al.

-------------- arg$ (ctl0714) 2 murA (ctl071 afp bla ctl071 - QAtarp

-------------- tarp (cti0716 aadA cti071
B. C. is-

WT Atarp cis-tarp 8
&
2
TarP SR 3 101
©
o
s
-
0.5
2
©
®
0.0-

WT

o
m

:En m WT a 100
2 4 = Atarp § -
<

] e o

d B3 cis-tarp T 400
S S
-‘32‘ g 101
9 >

3+ < 10°

o
1
-
o
A

S5 AN
o& o"* o's‘ ofs\

Days post infection

NI

et10715 W cis-tarp

Atarp cis-tarp

-+ WT

-& Atarp
- cis-tarp

'b\

P4
& P P
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replacement strategy to restore tarP to the mutant strain. FRAEM was used to replace the gfp-bla cassette in the AtarP mutant with the
tarP gene and a downstream aadA selection marker. (B) Representative fluorescence-based Western blot of tarP levels in 24-h culture
material derived from equal infections with wild-type (WT), mutant (tarp), and cis-complemented (cis-tarp) Chlamydia. Hsp60 was probed
as a loading control. (C) Signal intensity of Tarp-specific signal was normalized to Hsp60, and values are plotted as a function WT Tarp
signal. Error bars represent one standard deviation from blots derived from 3 separate experiments. Groups of 5 female C3H/HeJ mice

were infected intravaginally with equal input IFUs, and shed IFUs were enumerated every 4 days from

day 3 to 31 postinfection. Shed

bacteria were enumerated by passage in Hela cells and are represented as number of mice actively shedding detectible chlamydiae (D)
or numbers of detected inclusions (E). Data are represented with standard deviation, and two-way repeated measures (RM) ANOVA was

performed to establish statistical significance (¥, P < 0.0001) compared to the wild type.

essential for infection, yet we were unable to demonstrate complementation using the
tarP clone expressing the wild-type tarP allele in trans on the chlamydial shuttle vector
(not shown). Inclusions from swabs of tarP complement-infected mice were stained
with Tarp-specific antibodies, indicating that lack of complementation was not due to
plasmid loss (data not shown). Although no growth defect was detected in tissue
culture for the tarP mutant, in the absence of genetic complementation, we could not
rule out the possibility that point mutations present in the chromosome conferred the
observed attenuation in mice. It was also possible that nonphysiologic levels of Tarp
abundance during ectopic expression resulted in disruption of the host-pathogen
balance. To test this possibility, we adapted the FRAEM technology to restore wild-type
tarP in cis to the null clone using allelic replacement. This was accomplished by
transforming the tarP mutant clone with pSUmC containing tarP and 2.5 kb of 5’ and
3’ flanking DNA for homologous recombination. Since tarP is monocistronic (Fig. 6A),
we were also able to include aadA downstream of tarP to convey antibiotic selection.
Transformants were passaged until nonfluorescent, spectinomycin-resistant, and pen-
icillin G-sensitive inclusions were detected. A clone was isolated, and the presence of
tarP and endogenous pL2 was confirmed via gPCR (not shown). As expected, allelic
replacement resulted in essentially WT levels of Tarp being restored in Hela-infected
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cultures (Fig. 6B and Q). This clone was then tested in the intravaginal murine infection
model. Mice were infected with equal IFUs of WT, tarP, or cis-tarP Chlamydia, and shed
IFUs were enumerated over time. The absence of tarP correlated with early clearance of
bacteria compared to WT and cis-tarP strains (Fig. 6D). Enumeration of chlamydiae
revealed a ca. 2-log decrease in average shed mutant IFUs at day 3 postinfection (Fig.
6E), indicating a defect in establishing infection for the mutant clone. The tarP-deficient
chlamydiae were no longer detectible by day 15 postinfection, whereas infections with
both WT and cis-tarP strains persisted until day 31. Two-way analysis of variance
(ANOVA) indicated a significant difference in shedding for the null mutant compared to
that for the WT, whereas no significant difference was indicated between WT and
cis-tarP strains. We conclude that Tarp is an important virulence protein required to
establish and maintain infectivity in vivo.

DISCUSSION

Tarp is one of a handful of known prepackaged chlamydial effector proteins
secreted from the EB into the host cell during pathogen entry and is likely involved in
the molecular events that give rise to EB invasion of human tissues and the start of a
chlamydial infection. Biochemically, Tarp promotes actin polymerization and actin
bundle formation (6, 8). These reactions occur in vitro in the absence of other host cell
proteins, and it is hypothesized that Tarp catalyzes these reactions near the inner
membrane of the host cell cytoplasm juxtaposed to the attached EB on the host cell
surface (5). The current models suggest that altered cytoskeletal changes promote EB
penetration across the host cell surface, but a more detailed molecular mechanism of
EB entry has not been described. As genetic tools have emerged to characterize
chlamydial genes, the Tarp gene has remained a gene of importance. Interestingly,
strategies to generate a tarP mutant using ethyl methanesulfonate (EMS) or TargeTron
have not resulted in viable clones, leading to the suggestion that tarP may be an
essential gene. However, we report herein the successful generation of a tarP mutant
by fluorescence-reported allelic exchange mutagenesis (FRAEM). At this time, it is not
clear why one deletion strategy is more efficacious than another but deletion of tarP
with FRAEM suggests that multiple approaches to delete a gene of interest in C.
trachomatis might be prudent. Successful generation and isolation of the tarP mutant
via FRAEM indicate that Tarp is a nonessential gene for the overall growth of C.
trachomatis in tissue culture cells. In fact, when progeny counts were compared to
wild-type C. trachomatis after one developmental cycle, no difference in IFUs was
observed. In stark contrast to this phenotype, Tarp was absolutely essential in the
comparatively complex milieu of an in vivo infection. The impaired ability to establish
an infection was apparent by the significant decrease in IFUs shed by intravaginally
infected mice as early as day 3. We believe the early clearance seen by day 11 is most
likely manifested by deficiencies in cellular infection since C. trachomatis L2 infections
are confined to the lower genital tract (17) and do not require adaptive immunity for
resolution (18). In addition, lack of another invasion-related effector, tmeA, also results
in early clearance of chlamydiae (19). It is unclear why our initial experiments using
trans expression of Tarp failed to complement this phenotype, yet we speculate that
nonphysiological levels of Tarp could disrupt the delicate host-pathogen balance in
favor of the host. Indeed, early studies of type lll effectors in other bacterial systems
indicated a need for physiological levels of expression to achieve complementation in
animal infection models (20, 21). Regardless, our newly demonstrated ability to use allelic
replacement for cis-complementation should provide an effective means of complemen-
tation for future studies.

Upon a more focused in vitro analysis of EB entry examined 1 h postinfection, the
tarP mutant demonstrated a significant reduction in invasion compared to that of
wild-type C. trachomatis. The invasion phenotype was complemented by reintroduction
of the tarP gene on a chlamydial shuttle vector. We hypothesize that the absence of
Tarp results in retarded invasion kinetics, but eventually sufficient numbers of EBs gain
entry to produce infectious progeny (titers) similar to those of wild-type Chlamydia
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trachomatis. Interestingly, an invasion defect resulting in normal titers is similarly
detected for Chlamydia trachomatis mutants lacking the early effector TmeA (19).

The generation of a tarP mutant also enabled us to analyze the function of mutant
tarP alleles expressed from the chlamydial shuttle vector. We have previously described
mutant Tarp effectors expressed from the shuttle vector in wild-type C. trachomatis, but
these clones maintained the endogenous wild-type tarP gene and, therefore, the
phenotypes observed were the result of EBs producing both wild-type and mutant Tarp
proteins (15). Herein, production of the mutant Tarp proteins in the absence of
wild-type Tarp allowed us to examine Tarp translocation and phosphorylation as well
as assess the contribution of various Tarp protein domains to invasion. We found that
while all domain deletion mutant Tarp proteins were secreted, only those Tarp proteins
which harbored the tyrosine-rich repeat phosphorylation domain were phosphorylated.
The extent of Tarp phosphorylation for those mutants that were missing either the
G-actin-binding domain or F-actin-binding domains appeared to be lower than those
of the wild type and mutant complemented with wild-type tarP. We speculate that the
Tarp proteins that are deficient in binding to the actin cytoskeleton are less likely to
encounter host tyrosine kinases, some of which are associated with actin filaments
themselves (22). We believe it is less likely that the domain deletions may result in
changes in the protein folding restricting access to the phosphorylation sites, as we
have not observed alterations in the phosphorylation of recombinant Tarp proteins
harboring the same mutations. Furthermore, nuclear magnetic resonance (NMR) anal-
ysis of the actin-binding domain of Tarp, which is described as intrinsically disordered,
is stabilized following association with host cell actin (23). Therefore, failure to properly
engage the host cytoskeleton is likely to prevent the stabilization of Tarp, which may
be needed for optimal kinase engagement.

Analysis of EB entry of the tarP mutant complement clones engineered to express
mutant tarP alleles revealed that the absence of the C-terminal domain of the Tarp
protein, which contains the F-actin-binding and actin-bundling sites, resulted in atten-
uation of EB invasion of host cells to the same extent as the tarP mutant alone. Our
results suggest that actin bundling is more important than actin nucleation during
chlamydial entry. It is possible that the different mutant tarP alleles used in our studies
may not adequately disrupt actin nucleation, as two separate domains (G-actin-binding
domain and phosphorylation domain) may both contribute to actin nucleation in
different ways (6, 24). We have hypothesized that Tarp-mediated host actin bundles are
unique. We recently discovered that actin bundles generated by Tarp are more flexible
than « actinin or fascin-generated actin bundles, and this characteristic may promote
C. trachomatis entry (25). Like Tarp, the Salmonella SipC effector is able to promote actin
nucleation and actin bundle formation via two different protein domains. Furthermore,
analysis of SipC deletion mutants revealed that Salmonella entry of host cells was
inhibited to the greatest extent when the SipC actin bundling function was removed
(26). Even though Tarp and SipC lack primary amino acid sequence similarity, it is
interesting that the two unrelated pathogens, Chlamydia and Salmonella, employ
effectors with the same overall function, and in both cases, the actin bundling activities
are critical for pathogen invasion of host cells.

Chlamydia trachomatis invasion of host cells requires cytoskeletal rearrange-
ments, as cytochalasin D-treated cells are refractory to infection (16). In untreated
cells, EB entry of tissue culture cells triggers the formation of numerous microvilli,
a structure which requires orchestrated actin polymerization and bundle formation
(16). Examination of the host cell by confocal microscopy revealed that chlamydia-
infected cells were thicker than uninfected controls, requiring a greater number of
z-stacks to image cells. Interestingly, the tarP mutant did not induce a cell shape
change at the 15-, 30-, and 60-min time points examined, as the cell height
measured for the mutant was the same as the height for the uninfected controls.
To confirm that the cell shape change was due to cytoskeletal changes to the host
cell and not to unforeseen osmotic or other physical pressures, we examined
wild-type infected cells with cytochalasin D treatment and, as predicted, did not
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observe a cell shape change. We believe that the cell shape change is determined
by the high infectious dose and that Tarp promotes the efficient entry of EBs by
driving cytoskeletal changes in the host cell. We propose that Tarp triggers the
formation of new actin filaments directly by binding to G-actin and indirectly via the
activation of the Arp2/3 complex following Tarp phosphorylation. The newly gen-
erated actin filaments are then placed into Tarp-mediated actin bundles, which are
uncharacteristically flexible. However, in the absence of Tarp, EBs infect tissue
culture cells, albeit using a less efficient Tarp-independent entry mechanism. The
altered entry mechanism and kinetics do not require the dramatic cytoskeletal
changes induced by C. trachomatis, which harbors wild-type Tarp. It is intriguing to
speculate that a high C. trachomatis infectious dose in vivo might lead to cell shape
changes, which may allow other genital mucosal pathogens, such as HIV or human
papillomavirus (HPV), more favorable host receptor engagement. Epidemiological
data and in vitro experiments indicate that C. trachomatis infection predisposes
patients and cells to other sexually transmitted infections (STls), such as HIV and
HPV, and many models suggest that this association is driven by the inflammatory
response (27, 28). Our data, however, suggest that the connection between C.
trachomatis and other STIs could also be driven by physical changes to the infected
host cells within tissues.

Taken together, our analysis of the tarP mutant and complemented clones reveals
a role for Tarp in the efficient entry of host cells mediated by Tarp’s F-actin-binding and
-bundling domain. Furthermore, the tarP mutant is attenuated in a murine infection
model, allowing us to define Tarp as a bona fide virulence factor.

MATERIALS AND METHODS

Organisms and cell culture. C. trachomatis L2 (LGV 434) was propagated in HelLa 229 cells (ATCC
CCL-2.1) or McCoy B cells (ATCC CRL-1696) and purified by diatrizoate meglumine and diatrizoate sodium
density gradient centrifugation (29). All tissue culture cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% L-glutamine unless otherwise
stated.

SDS-PAGE and immunoblotting. Proteins were separated on SDS 4 to 12% polyacrylamide gels
(Thermo Fisher Scientific, Waltham, MA) and transferred to 0.45-um nitrocellulose immobilization
membrane (Schleicher & Schuell, Keene, NH). Immunoblotting employed peroxidase-conjugated sec-
ondary antibodies (Chemicon International, Temecula, CA) and SuperSignal West Pico chemiluminescent
substrate (Pierce). The anti-actin C4 monoclonal antibody was purchased from Chemicon International.
The anti-actin polyclonal antibody was purchased from Cytoskeleton, Inc. The anti-phosphotyrosine
4G10 monoclonal antibody was purchased from Upstate (Millipore). The antichlamydial EB polyclonal
antibody, the MOMP monoclonal antibody, and the GAPDH monoclonal antibody were all purchased
from Pierce. The antichlamydial Hsp60 A57-B9 monoclonal antibody was purchased from Thermo Fisher
Scientific. Polyclonal rabbit antibodies directed toward Chlamydia trachomatis L2 LGV 434 Tarp (CT456)
and MOMP (CT861) have been previously described (5, 30).

FRAEM-related constructs and C. trachomatis transformations. The tarP-specific suicide plasmid
was generated using described molecular techniques (31). Briefly, 3.8 kb of 5" and 3.9 kb of 3’ flanking
DNA was PCR amplified from C. trachomatis L2 genomic DNA and mobilized into pUC18A using primer
combinations 5tarp@pUCT8F (5'-GGTCTGACGCTCAGTGGAACG AGCAAGCGCTACCGTGAAAGG-3') +
5'tarp@pUCT8R (5'-GGGTTCCGCGCACATTTCCAACTACAAATTAAATAAAAACAACAGCCGATTTAATTAGATT
TTAAAAAGTTGT-3’) and 3'tarp@pUC18F (5'-CACATGGCATGGATGAACTATACAAGTAA AAAGCAAAGGAG
AACAGACGAGCAGAA-3') + 3'tarp@pUC18R (5'-CTCCCGGCATCCGCTTACAGCCATGCGAGTGCCCGGAAAA
A-3'), respectively. A gfp-blaM cassette was inserted into the tarP locus using insertion PCR and primers
Bla-gfp@tarpF (5'-ACAACTTTTTAAAATCTAATTAAATCGGCTGTTGTTTTTATTTAATTTGTAGTTGGAAATGTGC
GCGGAACCC-3') and Bla-gfp@tarpR (5'-TTCTGCTCGTCTGTTCTCCTTTGCTTTTTACTTGTATAGTTCATCCATG
CCATGTG-3’). The resulting DNA was mobilized into pSUmC to generate pSU-Atarp using primers
HomRR@pSUMC-F (5'-CTGCAGGTACCGGTCGACCATTCGGTCTGACGCTCAGTGGAACG-3') and HomRR@pSUmMC-R
(5'-GATCTTTCTACGGGGTCTGACGCTC CTGGCGTTACCCAACTTAATCGC-3'). The cis complement con-
struct, pSU-cistarp, was created via Gibson Assembly of three PCR-amplified fragments, using NEB HiFi
DNA assembly master mix. The first fragment (11.4 kb) was derived from the divergent PCR of the
template pSUmC-aadA-GFP-Sbfl using primers SpecTarpR2 (5'-GGGCCTGCAGGTTACCAATGCTTAATCAG
TGAGGCACC-3’) and aadASbflTarp-F (5'-GACCTGCAGGGCGTCAGACC-3') to delete gfp as well as add an
Sbfl restriction site downstream of aadA. The second fragment (5.4 kb) contained the tarP open reading
frame as well as the 2.5-kb region upstream DNA and was amplified from Chlamydia trachomatis L2,
using primers Tarp5armUpF (5'-TCCTCCGTCACTGCAGGTACCGGGACTTAGAATCTAAAAACCTTGTCACGCT
TTCTG-3') and TarpUpR (5'-GGCATGATGATGAATGGTCGATTATCCTACGGTATCAATCAGTGAGCTTAGC-3').
The final 2.5-kb fragment was also amplified from Chlamydia trachomatis L2 using primers TarpdownF
(5'-ATTAAGCATTGGTAACCTGCAAAAGCAAAGGAGAACAGACGAGCAGAAC-3’) and TarpdownR2 (5'-TTCT
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ACGGGGTCTGACGCAGTTAAAGGAATTGGAACAGCAGGCGG-3’) and includes the 2.5-kb region down-
stream of tarP. All three PCR fragments were digested with Dpnl and purified via phenol chloroform
extraction and ethanol precipitation. The 11.4-kb fragment was then digested with both Sall-HF and
Sbfl-HF and again purified via phenol chloroform extraction and ethanol precipitation. All fragments
were joined through a Gibson assembly reaction via NEB HiFi DNA assembly master mix in accordance
with the manufacturer’s protocol. One microliter of the reaction mixture was used to transform NEB
10-beta electrocompetent Escherichia coli (New England Biolabs). All constructs were verified by direct
DNA sequencing prior to mobilization into Chlamydia.

FRAEM was accomplished essentially as described (31) using plasmid DNA isolated from the E. coli
dam dcm mutant (NEB). The tarP deletion clone was created by transforming C. trachomatis L2 with
pSU-Atarp and selection with penicillin G. Allelic replacement was accomplished by transforming C.
trachomatis AtarP with pSU-cistarp and selecting with spectinomycin. Clonal isolates were generated by
sequential limiting dilution in 384 plates, and genome integrity was confirmed via whole-genome
sequencing. A consequence of the FRAEM technique in the generation of C. trachomatis mutants is the
potential loss of the endogenous plasmid. We took advantage of the creation of the plasmid minus the
tarP mutant and used it to transform our complementation plasmids restoring both the Tarp gene and
endogenous C. trachomatis plasmid genes.

Invasion assay and indirect immunofluorescence microscopy. Intrinsically fluorescent EBs were
purified from cell cultures supplemented with CellTracker red CMTPX dye as previously described (24). Briefly,
CMPTX-labeled C. trachomatis EBs (multiplicity of infection [MOI], ~50) were added to HelLa 229 cells prepared
in 24-well plates with coverslips. The cultures were then incubated at 37°C for 1 h. The cultures were fixed with
4% paraformaldehyde at room temperature for 15 min and rinsed with phosphate-buffered saline (PBS). The
cells were not permeabilized. Extracellular EBs were labeled for 1 h with a monoclonal antibody specific for
chlamydial major outer membrane protein (MOMP). After four washes in PBS, secondary antibody conjugated
to Alexa 488 was added for 1 h. Coverslips were rinsed and mounted in ProLong Gold antifade reagent
(Invitrogen). Cells were examined with a Zeiss Axio Observer A1 microscope. The number of green (external)
and red (total) EBs was determined for each host cell. These data were then used to determine the percentage
of internalized EBs. Twenty fields of view were taken from each cover slip, and these percentages were then
averaged together to give a final invasion rate.

Subcellular fractionation and protein extraction. Chlamydia trachomatis-infected cells under-
went subcellular fractionation as previously described (15, 32). Briefly, C. trachomatis-infected Hela
229 cells or host cells alone were removed from flasks and suspended in 100 mM KCI, 10 mM HEPES
(pH 7.7), 2 mM MgCl,, and 2 mM ATP (buffer A) and disrupted by sonication using a Misonix S-4000
ultrasonic liquid processor disintegrator equipped with a microtip (Misonix Incorporated, Farm-
ingdale, NY). All cell lysates underwent subcellular fractionation by sequential centrifugation in
which supernatants and pellets were separated. Lysates were initially subject to an 800 X g spin for
15 min at 4°C. The 800 X g supernatants were then subjected to a 10,000 X g spin for 30 min at 4°C.
The remaining 10,000 X g supernatant underwent a 100,000 X g spin for 1 h at 4°C. Protein sample
buffer was added to all pellets, and supernatants and proteins were resolved by SDS-PAGE and
transferred to nitrocellulose membranes for immunoblotting with antibodies specific for Tarp, actin,
GAPDH, and MOMP.

Chlamydia trachomatis development. Hela 229 cells were seeded into 6-well plates (2 X 10°
cells/well) 24 h prior to infection. Individual wells were infected with wild-type Chlamydia trachomatis L2
(LGV 434) or the Chlamydia trachomatis tarP mutant. All host cells and bacteria were collected from select
wells at 0, 12, 24, 36, and 48 h. Cell lysates were then frozen at —-80°C until samples from all time points
had been collected. Cell lysates were thawed on ice and diluted and then placed onto Hela cells grown
on 16-mm circular coverslips contained within 24-well plates. After a 40-h incubation, infected cells were
then immunostained and observed under a fluorescence microscope for inclusion formation. Twenty
fields of view were taken from each cover slip (the experiment was performed in triplicate), and cover
slip counts were averaged. Averages were plotted using GraphPad Prism software.

Shape change of individual cells. Hela cells were infected with C. trachomatis L2 EBs (MOI, 1,000)
and incubated at 37°C for 30 min. The infected cells were then fixed with 4% paraformaldehyde and
permeabilized by PBS + 0.1% Triton-X. After the infected cells were washed with PBS three times, they
were stained with mouse anti-MOMP primary antibody and goat anti-mouse Alexa Fluor 488 secondary
antibody. The actin cytoskeletons of the cells were stained with Alexa Fluor 568 Phalloidin as per
manufacturer’s protocol. Cells were then mounted on poly-L-lysine-coated microscope slides with
ProLong Gold antifade solution (Invitrogen, Karlsruhe, Germany), and the images were acquired in a Zeiss
710 inverted confocal microscope. The z-stack images were acquired from the coverslip to the top of the
cell at a step size of 230 nm using a 63X/1.4 oil objective. The images were analyzed by ZEN 2.3 SP1
imaging software. To obtain the estimated cellular thickness, the total number of steps with visible
Phalloidin fluorescence was multiplied by 230 nm. Images were also analyzed by ImageJ to obtain the
maximum length and width of each cell. Samples were compared using one-way ANOVA and Tukey's
multiple comparison test. ****, P < 0.0001.

Murine infectivity studies. Groups of 5 female C3H/HeJ (Jackson Laboratory) 6- to 8-week-old mice
were intravaginally infected as described (33). Mice were pretreated with 2.5 mg medroxyprogesterone
5 days prior to infection and then intravaginally infected with 5 X 10° IFU of each chlamydial strain. Mice
were swabbed for shed bacteria beginning on day 3 and then every 4 days until no chlamydiae were
detected for all WT-infected mice. Recovered IFUs were enumerated on fresh Hela cells as described
above. All manipulations were reviewed and approved by the University of Kentucky Institutional Animal
Care and Use Committee.
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