PLOS PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Faris R, McCullough A, Andersen SE,
Moninger TO, Weber MM (2020) The Chlamydia
trachomatis secreted effector TmeA hijacks the
N-WASP-ARP2/3 actin remodeling axis to facilitate
cellular invasion. PLoS Pathog 16(9): €1008878.
https://doi.org/10.1371/journal.ppat.1008878

Editor: Zhao-Qing Luo, Purdue University, UNITED
STATES

Received: April 28, 2020
Accepted: August 12, 2020
Published: September 18, 2020

Copyright: © 2020 Faris et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: This work was supported by NIH Grant
RO1AI150812-01 and University of lowa startup
funds to MMW. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

The Chlamydia trachomatis secreted effector
TmeA hijacks the N-WASP-ARP2/3 actin
remodeling axis to facilitate cellular invasion

Robert Faris'®, Alix McCullough®'®, Shelby E. Andersen®', Thomas O. Moninger?, Mary
M. Weber' *

1 Department of Microbiology and Immunology, University of lowa Carver College of Medicine, lowa City,
lowa, United States of America, 2 Central Microscopy Research Facility, University of lowa Carver College of
Medicine, lowa City, lowa, United States of America

@ These authors contributed equally to this work.
* mary-weber@uiowa.edu

Abstract

As an obligate intracellular pathogen, host cell invasion is paramount to Chlamydia tracho-
matis proliferation. While the mechanistic underpinnings of this essential process remain ill-
defined, it is predicted to involve delivery of prepackaged effector proteins into the host cell
that trigger plasma membrane remodeling and cytoskeletal reorganization. The secreted
effector proteins TmeA and TarP, have risen to prominence as putative key regulators of
cellular invasion and bacterial pathogenesis. Although several studies have begun to
unravel molecular details underlying the putative function of TarP, the physiological function
of TmeA during host cell invasion is unknown. Here, we show that TmeA employs molecular
mimicry to bind to the GTPase binding domain of N-WASP, which results in recruitment of
the actin branching ARP2/3 complex to the site of chlamydial entry. Electron microscopy
revealed that TmeA mutants are deficient in filopodia capture, suggesting that TmeA/N-
WASP interactions ultimately modulate host cell plasma membrane remodeling events nec-
essary for chlamydial entry. Importantly, while both TmeA and TarP are necessary for effec-
tive host cell invasion, we show that these effectors target distinct pathways that ultimately
converge on activation of the ARP2/3 complex. In line with this observation, we show that a
double mutant suffers from a severe entry defect nearly identical to that observed when
ARP3 is chemically inhibited or knocked down. Collectively, our study highlights both TmeA
and TarP as essential regulators of chlamydial invasion that modulate the ARP2/3 complex
through distinct signaling platforms, resulting in plasma membrane remodeling events that
are essential for pathogen uptake.

Author summary

Chlamydia trachomatis is the etiological agent of trachoma and is the most common bac-
terial sexually transmitted infection worldwide. As an obligate intracellular pathogen, bac-
terial proliferation only occurs within the confines of a host cell, thus invasion is the
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critical step in the infection process. While the secreted effector protein TmeA is known
to be essential for invasion and bacterial pathogenesis, how TmeA promotes invasion was
previously unknown. Here we show that TmeA binds to the GTPase binding domain of
the nucleation promoting factor N-WASP and their interaction is necessary for recruit-
ment of the ARP2/3 complex to the bacterial entry foci. Moreover, our study shows that
while the secreted effector protein TarP is also involved in recruiting the ARP2/3 complex,
it functions in a pathway that is distinct from N-WASP. Collectively, our study suggests
that TmeA and TarP target distinct cell signaling pathways that converge on the ARP2/3
complex, a key regulator of pathogen uptake.

Introduction

Chlamydia trachomatis is an obligate intracellular pathogen that is the leading cause of infec-
tious blindness and is the most common bacterial sexually transmitted infection worldwide
[1]. Despite the significant impact chlamydia has on global human health, we still lack a funda-
mental understanding of the most crucial step in the establishment of infection, invasion of
the host cell.

All chlamydiae exhibit a biphasic developmental cycle in which the bacteria alternates
between two forms: an infectious elementary body (EB) and the replicative reticulate body
(RB) [1]. Following invasion of non-phagocytic cells, the EB resides in a membrane bound
endosome-like compartment, termed the inclusion. The inclusion quickly diverges from the
default endocytic pathway and instead traffics along microtubules to the peri-Golgi region
where the EB differentiates into an RB and replication ensues [2,3]. Following completion of
the developmental cycle, the RBs undergo asynchronous conversion into EBs which are then
released by host cell lysis or extrusion, allowing the infection cycle to begin anew [4].

As an obligate intracellular bacterium, C. trachomatis cannot complete its replicative cycle
independently and is completely dependent on a host cell to provide a replicative niche condu-
cive to bacterial replication. Similar to other Gram-negative bacteria, chlamydia possesses a
type III secretion system (T3SS) that it uses to translocate bacterial virulence factors, termed
effectors into the host cell [5]. At the end of the developmental cycle, C. trachomatis pre-pack-
ages select effector proteins into the T3SS apparatus, priming the EB to initiate new rounds of
infection [6,7]. Evidence suggests that some of these effector proteins must be translocated
into the host cell and successfully interact with host proteins to modulate endocytic dynamics
and initiate uptake of the bacterium. Translocated membrane effectors A and B (TmeA and
TmeB), translocated actin recruiting protein (TarP), and translocated early phosphoprotein
(TepP) are all delivered into the host cell prior to pathogen entry and are thus presumed to be
crucial for successful host cell infiltration [6]. Although the literature has reported on some
aspects of each of these effector proteins, including putative binding partners, their precise
roles in chlamydial uptake remains ill-defined. TarP binds to Rac guanine exchange factors
(GEFs) Sosl and Vav2 which activate Rac, presumably to activate the ARP2/3 complex via the
nucleation promoting factor (NPF) WAVE2 [8,9], although this has yet to be demonstrated
during invasion. TarP can also potentiate cytoskeletal rearrangements through direct nucle-
ation and polymerization of actin [10,11], although this has yet to be directly linked to plasma
membrane remodeling during chlamydial invasion. Recent advances in chlamydial genetics
confirmed that TarP is indeed important for C. trachomatis invasion of nonphagocytic cells
[12,13]. TepP binds and recruits the scaffolding proteins CrkI-II and phosphatidylinositol
3-kinase to entry foci, however TepP null mutants are not impaired in invasion [6,14]. TmeA
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has been shown to be necessary for bacterial invasion and pathogenesis [15,16]; however the
mechanisms utilized by TmeA to promote invasion are unknown. TmeA was previously
shown to bind a large scaffolding protein, AHNAK, yet depletion of AHNAK does not impair
bacterial invasion and AHNAK is still recruited to the entry site in the absence of TmeA
[15,17]. Thus, TmeA’s role in invasion is independent of its interaction with AHNAK and the
physiological relevant host targets of TmeA were unknown prior to this report.

Nucleation promoting factors (NPFs) such as N-WASP stimulate the ARP2/3 complex,
promoting actin nucleation and branching required for filopodia formation, membrane ruf-
fling, membrane invagination, and endocytosis [18]. Intramolecular interactions between the
GTPase binding domain (GBD) and C-terminal WH2-connector-acidic (WCA) domain of
N-WASP autoinhibit its NPF activity [18]. Binding of the small GTPase Cdc42 to the GBD of
N-WASP induces a conformational change, freeing the WCA region to interact with the
ARP2/3 complex [18,19]. Using molecular mimicry, the Escherichia coli T3SS effector protein
EspFu circumvents the need for Cdc42 by directly perturbing N-WASP autoinhibition to pro-
mote actin assembly, which facilitates translocation of additional T3SS effectors into the host
cell [20-22]. The Shigella flexneri virulence factor IcsA similarly binds to the GBD to relieve
N-WASP autoinhibition, allowing recruitment of the actin machinery necessary for actin-
based motility and cell to cell spread [23,24]. While pathogenic manipulation of N-WASP has
been suggested to be necessary for bacterial invasion by Salmonella enterica serovar Typhimur-
ium [25] and C. trachomatis [26], how intracellular pathogens hijack N-WASP function to
promote invasion is ill-defined.

Here we show that the C. trachomatis effector protein TmeA binds N-WASP and coloca-
lizes with the ARP2/3 complex correlating with plasma membrane perturbations at the site of
chlamydial entry. We demonstrate the necessity of the ARP2/3 complex and N-WASP for
chlamydial invasion and show that TmeA interacts with N-WASP through binding of the
GBD region. Significantly, our results indicate that TmeA targets the ARP2/3 complex through
a pathway that is distinct from TarP. Thus, we propose that TmeA activates N-WASP, which
subsequently activates the ARP2/3 complex to stimulate actin branching events essential for
remodeling the plasma membrane to facilitate chlamydial uptake. Our findings shed new light
on how this important human pathogen induces its own entry into host cells.

Results

TmeA possesses a C-helix GTPase binding domain ligand motif that binds
to the GTPase binding domain of N-WASP

TmeA is a C. trachomatis T3SS effector protein that was previously shown to be essential for
chlamydial invasion and in vivo infection [15]. Yeast-2-hybrid and proximity-based labeling
approaches revealed that TmeA binds the large scaffolding protein AHNAK [15,17]. However,
TmeA’s role in invasion is independent of its interaction with AHNAK as AHNAK is dispens-
able for bacterial invasion and AHNAK is recruited to the site of bacterial entry in a manner
independent of TmeA [15]. To identify alternative host targets of TmeA, we used a bioinfor-
matics-guided approach to determine whether TmeA might possess eukaryotic-like domains
indicative of effector function. Bioinformatic analysis of TmeA using the Eukaryotic Linear
Motif (ELM) resource revealed a Lig GBD_Chelix1 herein referred to as a GBD ligand motif
(Fig 1A). This motif is defined by the sequence [ILV][VA][AP][AP][LI][AP][AP][AP][LM]. In
TmeA, this helix motif spans amino acid residues 118-126 (LATHIQSKL) and consists of
hydrophobic residues in the 1, 2", 5™ and 9™ positions. A similar motif is found in the
WCA region of WASP and N-WASP, which, through intramolecular interactions, associates
with the GTPase binding domain of itself to prevent activation of the ARP2/3 complex [18].
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Fig 1. The GTPase binding domain ligand motif of TmeA is necessary for binding to the GTPase binding domain of
N-WASP. (A) Bioinformatic analysis of TmeA using the Eukaryotic Linear Motif (ELM) identified a Lig_ GBD_Chelix1
herein referred to as a GBD ligand motif. (B) HeLa cells were transfected with GFP-tagged TmeA (CT694), TmeB
(CT695), or CT696 and flag-tagged N-WASP. The flag-tagged fusion was immunoprecipitated and samples were resolved
by western blotting. (C) Site-directed mutagenesis was used to conservatively mutate (LATHIQSKL-2VSTHVQSKYV) the
GBD ligand motif of TmeA. Immunoprecipitations were conducted as in (B). (D) The entire GBD of N-WASP was
deleted and immunoprecipitations were conducted as in (B). (B-D) Data are representative of 3 independent experiments.

https://doi.org/10.1371/journal.ppat.1008878.9001

The Enterohemorrhagic Escherichia coli (EHEC) effector protein EspFu possesses 5 and a half
nearly identical repeats that contain five identical Lig GBD_Chelix1 motifs (VAQRLVQHL)
that can potently activate N-WASP [20,21]. Thus, our bioinformatic analysis suggest TmeA
might bind to N-WASP.

To determine whether TmeA binds to N-WASP, we transfected HeLa cells with flag-tagged
N-WASP and GFP alone or GFP-tagged C. trachomatis effector proteins TmeA (CT694),
TmeB (CT695) or CT696. We immunoprecipitated flag-tagged N-WASP and assessed binding
of the GFP-tagged effector proteins. Using this approach, we show that TmeA, but not TmeB
or CT696, binds to N-WASP (Fig 1B). To confirm that the bioinformatically predicted GBD
ligand motif of TmeA is necessary for binding to N-WASP we used site-directed mutagenesis
to introduce conservative mutations (LATHIQSKL->VSTHVQSKYV) into this motif. As pre-
dicted, mutation of the bioinformatically predicted GBD ligand motif of TmeA substantially
reduced binding to N-WASP (Fig 1C). These results indicate that TmeA possesses a putative
ligand motif that is necessary for binding to N-WASP.

The GBD ligand motif found in N-WASP and the E. coli T3SS effector protein EspFu binds
to the GTPase binding domain of N-WASP. Given that TmeA harbors a similar motif, we
hypothesized that TmeA binds to the GBD of N-WASP. To test this hypothesis, the GBD
region of N-WASP (residues 190-274) was deleted and TmeA binding was evaluated by coim-
munoprecipitation. As shown in Fig 1D, deletion of the GBD region of N-WASP abolished
TmeA binding. Collectively our results indicate that the GBD ligand motif of TmeA is required
for binding to the GBD of N-WASP.
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TmeA temporally recruits N-WASP and the ARP2/3 complex to the site of
Chlamydia trachomatis invasion

To begin to investigate whether the interaction between N-WASP and TmeA could promote
C. trachomatis invasion, we evaluated endogenous N-WASP localization in human cervical
cells infected with wild-type (WT) C. trachomatis serovar L2 for 0, 15, 30, or 45 min. At 15
min post-infection, partial co-localization between C. trachomatis EBs and N-WASP was
noted for 29% of the invading bacteria (Fig 2A). By 30 min post-infection, total co-localization
between the EBs and N-WASP was noted for 29% of EBs (Fig 2A, S1 Fig). By 45 min post-
infection, the association between EBs and N-WASP dropped to 7.3% (Fig 2A). The associa-
tion and subsequent dissociation of N-WASP and chlamydial EBs indicates N-WASP likely
plays a role during the early stages of chlamydia infection. Recruitment of N-WASP to serovar
D was also noted (S2A Fig). To test whether TmeA is necessary for the recruitment of
N-WASP to the site of the invading EBs, we evaluated N-WASP localization in the TmeA null
strain at 30min post-infection. As shown in Fig 2B, recruitment of N-WASP to the chlamydial
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Fig 2. N-WASP and the ARP2/3 complex are temporally recruited to the EB invasion site by TmeA. (A) Human cervical cells were infected at
aMOI of 5 for 0, 15, 30, or 45min. Chlamydial EBs were stained using an anti-LPS antibody (green) and anti-N-WASP or anti-ARP2/3 (red)
antibodies were used to visualize host factors. (B) Human cervical cells were infected at a MOI of 5 for 30min with wild-type or tmeA-Ix and
stained as described for (A). (A, B) Recruitment was assessed from 30 fields of view per experiment. Data are representative of 2 independent
experiments. (B) Statistical significance was determined using t-test. *** P<0.001. Scale bar is 0.3um.

https://doi.org/10.1371/journal.ppat.1008878.9002
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EBs was nearly abolished in the absence of TmeA, confirming TmeA is necessary for N-WASP
recruitment to the site of the invading bacteria.

N-WASP interacts with the ARP2/3 complex via its WCA domain to promote actin poly-
merization and branching [18]. To evaluate whether the subcellular localization of endogenous
ARP2/3 is also perturbed during chlamydial invasion, human cervical cells were infected with
WT C. trachomatis for 0, 15, 30, and 45 min. Similar to observations with N-WASP, partial or
full co-localization between C. trachomatis EBs and ARP2/3 was noted for ~20% of the invad-
ing bacteria at 15 or 30min post-infection, respectively (Fig 2A, S1 Fig). By 45 min post-infec-
tion the association between EBs and ARP2/3 had dropped to ~5% (Fig 2A). Thus, the
temporal recruitment of the ARP2/3 complex appears to mirror that of N-WASP. Recruitment
of ARP2/3 to serovar D was also noted (S2A Fig). To determine whether TmeA impacts the
recruitment of the ARP2/3 complex, we evaluated ARP2/3 localization in the TmeA null
strain. As shown in Fig 2B, ARP2/3 was still recruited to the TmeA null mutant, albeit recruit-
ment was significantly reduced compared to WT (26% vs. 8%). These results indicate that
while TmeA is necessary for N-WASP recruitment, it is only partially required for recruitment
of the ARP2/3 complex during C. trachomatis invasion of nonphagocytic cells.

The fact that the temporal recruitment of the ARP2/3 complex mirrors N-WASP recruitment
and that N-WASP is a potent NPF of the ARP2/3 complex prompted us to next ask whether
N-WASP is necessary for ARP2/3 recruitment to C. trachomatis EBs during invasion. Using
siRNA, we knocked down the expression of N-WASP and evaluated recruitment of ARP2/3 to
chlamydial EBs. As shown in Fig 3, siRNA knockdown of N-WASP reduced ARP2/3 recruitment.
Whereas 38% of EBs recruited ARP2/3 in scramble treated cells, only 12% of EBs recruited the
ARP2/3 complex in N-WASP knockdown cells (Fig 3). Taken together our results indicate that the
chlamydial T3SS effector protein TmeA is required to recruit N-WASP to the bacterial entry site
and both TmeA and N-WASP are partially required for the recruitment of the ARP2/3 complex.

N-WASP and the ARP2/3 complex are essential for C. trachomatis invasion
of nonphagocytic cells

Previous studies have demonstrated that while TmeA is essential for chlamydial invasion, its
role in invasion occurs independently of its interaction with AHNAK [15]. Additional studies
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Fig 3. N-WASP is partially required for recruitment of the ARP2/3 complex to the EB invasion site. N-WASP
knockdown cells were infected at a MOI of 5 for 30min and stained using anti-ARP2/3 (red) and anti-LPS (green)
antibodies. Images were captured by confocal microscopy. The * denotes area used for orthogonal view. Scale bar is
20pum. Recruitment was assessed from 30 fields of view per experiment. Knock down efficiency was confirmed by
western blotting. Data are representative of 2 independent experiments. Statistical significance was determined using t-
test. ** P<0.01

https://doi.org/10.1371/journal.ppat.1008878.9003
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Fig 4. N-WASP and the ARP2/3 complex are required for chlamydial invasion. (A) N-WASP and ARP3 knockdown cervical cells were infected at a MOI of
5 for 60min with wild-type, tmeA-Ix, or tmeA-Ix comp. The number of internal bacteria was determine using differential immunostaining. Knockdown
efficiency was determined by western blotting. (B) Dual knockdown of N-WASP and ARP3 was conducted in cervical cells and invasion of wild-type L2 was
determined as described in A. (C) Human cervical cells were treated with CK-666 and infected at a MOI of 5 for 60min with wild-type, tmeA-Ix, or tmeA::ix
comp. The number of internal bacteria was determined using differential immunostaining. Scale bar is 20pm. (A-C) The number of internal bacteria was

enumerated from 30 fields of view per experiment. Data are representative of 2 independent experiments. Statistical significance was determined using One-
Way ANOVA (A) or t-test (B, C). *** P<0.001.

https://doi.org/10.1371/journal.ppat.1008878.9004

evaluating the host cell signaling pathways exploited during C. trachomatis internalization
revealed an unprecedented role for N-WASP [26]. Thus, we sought to determine whether it is
TmeA’s interaction with N-WASP that promotes chlamydial invasion. siRNA knockdown of
N-WASP expression resulted in a 58% reduction in chlamydial invasion whereas siRNA
knockdown of ARP3 resulted in a 69% reduction in invasion (Fig 4A). Importantly, a similar
reduction in the ability of serovar D to invade human cervical cells was noted (S2B Fig).
Strikingly, siRNA knockdown of N-WASP did not further exacerbate the TmeA null mutant
phenotype (Fig 4A), suggesting that TmeA is likely the sole chlamydia factor that targets
N-WASP. In contrast, siRNA knockdown of ARP3 further reduced the TmeA null mutant’s
invasion defect by 70% (Fig 4A). To confirm the synergistic role between N-WASP and the
ARP2/3 complex we evaluated the ability of serovar L2 to invade N-WASP/ARP3 dual knock-
down cells. As shown in Fig 4B, a 70% reduction in L2 invasion was noted in the dual knock-
down cells. A similar invasion defect was noted in the ARP3 knockdown cells (Fig 4A).
Collectively, these results suggest that while TmeA uniquely targets N-WASP, chlamydia likely
employs other factors that modulate the ARP2/3 complex to ensure pathogen uptake.
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To further confirm the importance of the ARP2/3 complex to chlamydial invasion, we used
the small molecule inhibitor CK-666, which has been shown to stabilize the inactive form of
the ARP2/3 complex, preventing actin nucleation [27]. Human cervical cells were pretreated
with the inhibitor for 60min prior to infection, after which cells were infected at a MOI of 5
with each strain. As expected, less internal tmeA-Ix bacteria were noted compared to wild-type
or tmeA-Ix comp infected cells in control conditions (DMSO). Treatment of cells with the
ARP inhibitor (CK-666) reduced the overall number of internal bacteria for each of the 3
strains (Fig 4C) Notably, inhibition of the ARP2/3 complex exacerbated the tmeA-Ix mutant
invasion defect (compare tmeA-Ix CK-666 to tmeA-Ix DMSO treated). Importantly, similar
numbers of bacteria were observed in all the CK-666 treated cells (compare wild-type, tmeA-
Ix, tmeA-Ix comp) (Fig 4C). These results are in line with our siRNA studies (Fig 4A) and high-
light the critical nature of the ARP2/3 complex for chlamydial invasion. Furthermore, our
results suggest that additional chlamydial factors likely target the ARP2/3 complex.

Our data indicates that TmeA binds to N-WASP and N-WASP is crucial to chlamydial
invasion and recruitment of the ARP2/3 complex. Thus, we hypothesized that it is the inability
of TmeA to bind N-WASP that accounts for the TmeA null mutant’s invasion defect. To
directly link the TmeA null mutant’s invasion defect to the bacteria’s inability to modulate
N-WASP, we complemented the TmeA null mutant with a TmeA variant possessing key
mutations in the GBD (LATHIQSKL->VSTHVQSKYV) that we showed are necessary to bind
N-WASP (Fig 1C). As previously reported [15,16], the TmeA null mutant exhibits a severe
invasion defect (Fig 5). As expected, complementation of the TmeA mutant completely
restored the bacteria’s ability to invade nonphagocytic cells (Fig 5). Significantly, complemen-
tation of the TmeA mutant with a TmeA variant possessing mutations in the GBD ligand
motif did not restore the EB invasion defect (Fig 5). Importantly, TmeA and TmeA with a
mutant GBD ligand motif were similarly expressed in the null mutant (S3 Fig). Collectively
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Fig 5. N-WASP/TmeA interactions are required for chlamydial invasion. Human cervical cells were infected at a MOI of 5
for 60min with wild-type, tmeA-Ix, tmeA-Ix comp or tmeA-Ix GBD comp. The number of internal bacteria was determine using
differential immunostaining. The number of internal bacteria was enumerated from 30 fields of view per experiment. Data are
representative of 2 independent experiments. Statistical significance was determined using One-Way ANOVA. *** P<0.001.
Scale bar is 20pm.

https://doi.org/10.1371/journal.ppat.1008878.9005
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our results indicate that the interaction between TmeA and N-WASP is necessary for chla-
mydial invasion.

TmeA is important for filopodia capture of Chlamydia trachomatis

C. trachomatis invasion involves the formation of membrane ruffles, pedestal-like structures,
and filopodia formation [8,26]. Activation of the NPF N-WASP directs the ARP2/3 complex
to polymerize actin, resulting in the formation of actin-rich filopodia structures [18]. Thus,
TmeA-mediated manipulation of N-WASP during invasion could account for the formation
of filopodia present at the EB entry site. Using scanning (Fig 6A) and transmission (Fig 6B)
electron microscopy, we evaluated wild-type and tmeA-Ix null mutants association with filopo-
dia. Surface structures were measured in Fiji and those between 3-35um in length (the average
size of filopodia) were considered filopodia (Fig 6B top graph). To be considered associated
with filopodia, the EBs had to be adjacent to the structure (WT Fig 6B). From duplicate experi-
ment with 50 EBs enumerated per experiment, we observed 41% of wild-type EBs in associa-
tion with filopodia, however only 20% of tmeA-Ix EBs were observed in association with
filopodia (Fig 6B bottom graph). Notably the tmeA-Ix mutant was observed associated with
shorter filopodial structures compared to wild-type (Fig 6B top graph). Our results suggest
that while TmeA/N-WASP interactions are important for filopodia formation, chlamydia
likely employs compensatory mechanisms to ensure filopodia capture of chlamydial EBs dur-
ing invasion.

TarP and TmeA target distinct signaling pathways that ultimately converge
on the ARP2/3 complex

Collectively our data indicates that TmeA is essential for recruitment of N-WASP to the site of
EB invasion. However, TmeA and N-WASP are not the sole determinants of ARP2/3 complex
recruitment to chlamydial invasion foci, suggesting that other chlamydial factors may influ-
ence ARP2/3 recruitment during invasion. Previous studies indicate that the T3SS effector
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Fig 6. TmeA is partially required for chlamydial association with filopodia. Human cervical cells were infected for 15min at a MOI of 50 with wild-type or
tmeA-Ix and imaged by scanning (A) or transmission (B) electron microscopy. Quantification of EBs associated with filopodia was assessed from two
independent experiments with 50 EBs counted per experiment. Length of surface structures were measured to confirm filopodia (top). Bacteria associated
with filopodia were compared to total bacteria to determine percent associated with filopodia. Two representative images for each are shown. Scale bar is

200nm.

https://doi.org/10.1371/journal.ppat.1008878.9006
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protein TarP could also manipulate the ARP2/3 complex [8,11,28]. However, until recently the
genetic intractability of chlamydia has precluded determining whether TarP influences the
ARP2/3 complex during infection. Here we leveraged chlamydial genetics to generate a tarP::
bla single mutant and a tmeA-Ix tarP::bla double mutant to evaluate the contribution of both
TarP and TmeA to invasion. As recently reported [13], insertional inactivation of TarP signifi-
cantly reduced bacterial invasion (Fig 7A). Strikingly, the double mutant had an even more
pronounced invasion defect than observed for the tmeA-Ix or tarP::bla single mutants (Fig
7A). These results suggest that while TmeA and TarP play essential roles in chlamydia inva-
sion, their roles are not functionally redundant.

To further assess whether the roles of TmeA and TarP are completely distinct during inva-
sion, we evaluated recruitment of N-WASP and ARP2/3 to chlamydial EBs. No difference in
N-WASP recruitment was noted between tarP::bla and wild-type L2 (Fig 7B). Strikingly both
the TmeA and TarP mutants were significantly impaired in ARP2/3 recruitment (Fig 7B).
Intriguingly ARP recruitment to chlamydial EBs was abolished in the absence of both TmeA
and TarP (Fig 7B). Collectively our results indicate that although only TmeA targets N-WASP,
both effectors ultimately contribute to the recruitment of the ARP2/3 complex during
invasion.

To further confirm that TmeA and TarP target distinct pathways that converge on activa-
tion of the ARP2/3 complex, we compared the ability of each mutant to invade human cervical
cells treated with siRNA specific for N-WASP or ARP3. While siRNA knockdown of N-WASP
did not exacerbate the TmeA mutant entry defect, the TarP mutant was further impaired in its
ability to invade cells by 50% (Fig 7C). Importantly, siRNA knockdown of ARP3 further
impaired the ability of the TmeA and TarP mutants to invade cells (Fig 7C). Knockdown of
N-WASP or ARP3 did not significantly affect the TmeA/TarP mutants ability to invade host
cells (Fig 7C).Taken together our results indicate that while both TmeA and TarP are essential
for chlamydial invasion, they target distinct cellular pathways that converge on the ARP2/3
complex.

Discussion

As an obligate intracellular bacterium, invasion of a susceptible host cell is crucial for bacterial
replication and initiation of chlamydial disease. To orchestrate this essential event, C. tracho-
matis is believed to deliver an array of T3SS effectors into the host cell that induce cytoskeletal
rearrangements necessary for pathogen uptake. Proteomic comparison of EBs and RBs has
identified several effector proteins that are enriched in EBs and are presumed to be prepack-
aged at the end of the developmental cycle to initiate new rounds of infection [7]. While inser-
tional inactivation of the early-stage effectors TepP [6,14] and TmeB [15] does not impair
invasion, TmeA [15,16] and TarP [13] null mutants are significantly impaired in host cell inva-
sion, highlighting these two effectors as key regulators of chlamydial entry. In this study, we
sought to determine how TmeA promotes chlamydial invasion.

To exploit host cell signaling pathways, many bacterial effector proteins possess eukaryotic-
like domains that facilitate protein-protein interactions required for host cell subversion [29-
33]. Using bioinformatics, we identified a GBD ligand motif in TmeA, a conserved motif
found in WASP and N-WASP, which allows for autoinhibition of the NPF [34]. Effector pro-
teins from pathogenic bacteria such as enterohemorrhagic E. coli (EHEC) EspFu and Shigella
flexneri IcsA [23,24] similarly possess this motif to exploit N-WASP regulation. Delivery of
EspFu into the host cell results in WASP recruitment and pedestal formation to facilitate bac-
terial attachment to the surface of the host cell and promotes subsequent effector translocation
[22,35]. Actin-based motility and cell-to-cell spread of S. flexneri is mediated by IcsA, which
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Fig 7. The secreted effector proteins TmeA and TarP target distinct signaling pathways that converge on the ARP2/3 complex. (A) Human cervical
cells were infected at a MOI of 5 for 60min with wild-type, tmeA-Ix, tarP::bla, or tmeA-Ix tarP::bla. The number of internal bacteria were enumerated from
30 fields of view per experiment using differential immunostaining. Scale bar is 20um. (B) Human cervical cells were infected at a MOI of 5 for 30min with
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wild-type, tmeA-Ix, tarP:bla, or tmeA-Ix tarP::bla and chlamydial EBs were stained using an anti-LPS antibody (green) and anti-N-WASP or anti-ARP2/3
(red) antibodies were used to visualize host factors. Recruitment was assessed from 30 fields of view per experiment. Scale bar is 0.3pm. (C) N-WASP and
ARP3 knock down cervical cells were infected at a MOI of 5 for 60min with wild-type, tmeA-Ix, tarP::bla, or tmeA-Ix tarP::bla. The number of internal
bacteria was determine using differential immunostaining. (A-C) Data are representative of 2 independent experiments. Statistical significance was
determined using One-Way ANOVA. *** P<0.001, **P<0.01, *P<0.05.

https://doi.org/10.1371/journal.ppat.1008878.9007

activates N-WASP allowing for direct recruitment of the ARP2/3 complex [23]. Both EspFu
and IcsA bind with high affinity to the GBD of N-WASP, releasing the WCA region to bind to
the ARP2/3 complex [20,21,23]. Our results indicate that TmeA similarly binds to the GBD of
N-WASP. The GBD of N-WASP (residues 190-274) is a large region that possesses a site for
Cdc42 binding as well as a site for the WCA of N-WASP to bind to maintain itself in an auto-
inhibited state. TmeA possesses a single copy of the GBD ligand motif whereas EspFu habors
five copies. While one copy it is sufficient to effect N-WASP activation, the additional copies
associated with EspFu have been shown to enhance activation [21]. Future studies are needed
to determine whether TmeA, possessing one copy of the motif is as efficient of an activator as
EspFu. It is intriguing to speculate that the slight sequence difference as well as difference in
copy numbers could be a reason for the different attachment consequences for these two path-
ogens. It is possible that TmeA functions in a manner analogous to that of EspFu and IcsA and
binds to the autoinhibitory region to unmask the WCA region for downstream interactions
with the ARP2/3 complex. Alternatively, it is possible that TmeA uses a mechanism distinct
from that of EspFu and IcsA and instead mimics small GTPase function by binding to the
Cdc42 binding region. Whether TmeA mimics the small GTPase Cdc42 or whether it func-
tions as an N-WASP ligand similar to EspFu and IcsA requires further detailed mechanistic
study. Regardless, it is intriguing that the small GTPase Rac is essential for chlamydial invasion
whereas Cdc42 is dispensable for chlamydial uptake [36], suggesting that C. trachomatis
employs TmeA to circumvent the need for Cdc42 to activate N-WASP function.

The use of cryo-electron tomography has recently been used to capture snapshots of how
chlamydia EBs are taken up by nonphagocytic cells. These approaches have revealed that C.
trachomatis orients its polarized T3SS to make direct contact with the host cell membrane
[37]. Contact between the T3SS and the host cell membrane induces the formation of macropi-
nosomes, phagocytic cups, and actin-rich filopodia [26]. The application of inhibitor-based
screens to evaluate the mechanistic underpinnings of chlamydial invasion has highlighted that
N-WASP and SNX9 play an unprecedented role in filopodial capture of C. trachomatis EBs,
yet the bacterial factors responsible for driving the changes in the host cell have remained elu-
sive [26]. Building on these findings, our study highlights the secreted effector TmeA as the
factor involved in N-WASP recruitment and subsequent filopodia capture of chlamydial EBs.
While TmeA was previously shown to interact with AHNAK [15,38], a large scaffolding pro-
tein that has been shown to induce F-actin bundling [39], AHNAK is still recruited to the site
of EB invasion in the absence of TmeA and no invasion defect was noted in AHNAK-knock-
out mouse embryonic fibroblasts (MEFs) [15]. These recent studies highlight a major knowl-
edge gap regarding TmeA’s actual role in chlamydial invasion. Results from our study indicate
that TmeA promotes chlamydial invasion through manipulation of N-WASP. Several lines of
evidence including i) the lack of N-WASP recruitment to the TmeA null mutant, ii) N-WASP
knockdown impairs invasion to a degree similar to the TmeA null mutant, and iii) comple-
mentation of TmeA with a TmeA variant that is unable to bind N-WASP does not rescue its
invasion defect point to TmeA’s role in invasion being through manipulation of N-WASP.
However, it is possible that TmeA serves two distinct functions: During invasion, TmeA acti-
vates N-WASP to promote ARP2/3 dependent actin polymerization and branching events
required for filopodia capture of C. trachomatis EBs. Following invasion, TmeA could interact
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Fig 8. The secreted effector proteins TmeA and TarP target distinct signaling pathways that converge on the
ARP2/3 complex. Both TmeA and TarP are type III secretion system effector proteins that are delivered into the host
cell prior to chlamydial invasion. TmeA binds to the GTPase binding domain of the nucleation promoting factor
N-WASP. Binding of TmeA to N-WASP allows for association with the ARP2/3 complex and induction of actin
polymerization and branching events required for filopodia capture of EBs. TmeA also binds to AHNAK, potentially
promoting post-invasion functions. TarP is capable of associating with the ARP2/3 complex to increase the rate of
actin bundling and polymerization. TarP also binds Rac GEFs, Sos1 and Vav2, to promote ARP2/3 dependent actin
polymerization events via the NPF WAVE2.

https://doi.org/10.1371/journal.ppat.1008878.9g008

with AHNAK to undo the actin-bundling effects induced during the invasion process [40]
(Fig 8).

Biochemical studies have shown that TarP promotes actin bundling and polymerization
[11] and while it is capable of carrying out these activities in the absence of additional host fac-
tors, it is capable of cooperating with the ARP2/3 complex to increase the rate of actin poly-
merization [28]. TarP also binds to the Rac GEFs Sosl and Vav2, potentially to drive Rac-
dependent activation of the NPF WAVE2 [8,9]. TarP is also presumed to stimulate actin poly-
merization indirectly through binding and recruitment of FAK [41] and vinculin [42]. While
TarP has many diverse functions, genetic studies revealed that the C-terminal F-actin binding
and bundling sites are required for TarP-mediated chlamydial invasion [13]. Our observation
that chemical inhibition or siRNA knockdown of the ARP2/3 complex exacerbates the inva-
sion defect of the TmeA mutant supports the notion that C. trachomatis employs other
secreted factors that manipulate the ARP2/3 complex. Given the association between TarP and
the ARP2/3 complex, we hypothesized that TarP is the other effector that is responsible for
ARP2/3 recruitment during invasion. Insertional inactivation of TarP reduced ARP2/3
recruitment to chlamydial invasion sites. Surprisingly, a TmeA/TarP double mutant was still
able to invade host cells, albeit at a significantly lower rate. The rate of chlamydial invasion in
the absence of these two effector proteins is strikingly similar to that observed when the ARP2/
3 complex is inhibited. This suggest that while manipulation of the ARP2/3 complex is the
main driver of chlamydial invasion, chlamydia may also exploit ARP2/3 independent path-
ways for invasion.
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While N-WASP and the ARP2/3 complex clearly play an integral role in chlamydial inva-
sion, various screens have identified other factors including cortactin, Abl kinase, WAVE2,
SNX9, and COPI [8,26,43-45] that play a role in chlamydial invasion. SNX9 mediates F-actin
rearrangements and filopodia formation through associations with N-WASP [46]. Depletion
of SNX9 reduces chlamydial invasion and EB association with filopodia [26], analogous to our
observations with N-WASP and TmeA. How chlamydia coopts SNX9 remains unclear. While
it is possible that a distinct effector manipulates SNX9, it is also possible that TmeA/N-WASP
associations might initiate the formation of a scaffold for SNX9 recruitment to the membrane.
Equally appealing is the notion that manipulation of other host factors, such as phosphoinosi-
tides, may alter SNX9 localization during pathogen invasion similar to what is observed with
SopB in Salmonella [47]. Regardless of the mechanism employed, it is obvious that chlamydial
invasion is a complex event that involves manipulation of multiple host factors to coordinate
the necessary cytoskeletal modifications during pathogen invasion.

In conclusion, we provide evidence that C. trachomatis employs TmeA to directly manipu-
late N-WASP, promoting recruitment of the ARP2/3 complex to the site of invasion, which we
hypothesize coordinates membrane remodeling events necessary for pathogen infiltration.
Furthermore, although TmeA-mediated chlamydial invasion triggers pathways independent
of TarP, the activity of both of these effectors ultimately influence ARP2/3 recruitment to the
site of invasion (Fig 8). We predict that a holistic understanding of how C. trachomatis uses
secreted effector proteins to manipulate host membrane dynamics will highlight host pathways
crucial for invasion that can be subsequently targeted to block uptake of this and potentially
other significant human pathogens.

Methods
Bacterial and cell culture

Chlamydia trachomatis serovar L2 (LGV 434/Bu) and serovar D/UW-3/CX) was propagated
in HeLa 229 cells (American Type Culture Collection) and EBs were purified using a Gastro-
grafin density gradient [48]. HeLa cells (ATCC) were propagated in RPMI 1640 media with
L-Glutamine (ThermoFisher Scientific) supplemented with 10% Fetal Bovine Serum (FBS) at
37°C and 5% CO,. Human cervical keratinocytes (HCK) [49] were propagated in keratinocyte
serum free media (K-SFM) supplemented with bovine pituitary extract (BPE) and epidermal
growth factor (EGF) (ThermoFisher Scientific) at 37°C and 5% CO..

Complementation of tmeA-Ix

tmeA was PCR amplified from C. trachomatis 1.2/434/Bu DNA and fused to flag-tag using
gene specific primers. The PCR product was digested and ligated into the Notl/Sall site of
pBomb4-tet-mcherry [50,51]. The integrity of the construct was confirmed by DNA sequenc-
ing (McLab). pBomb4-tet-TmeA flag was used as a template to generate pBomb4-tet-TmeA
GBD (LATHIQSKL->VSTHVQSKYV) flag by GenScript. Both constructs were transformed
into tmeA-Ix as previously described [52]. Expression of the flag-tagged fusion protein was
confirmed by western blotting.

Generation of C. trachomatis tarP::bla

The intron was retargeted for C. trachomatis 434/Bu CT456 (tarP) using the TargeTron com-
puter algorithm (TargeTronics). Insertion sites with the highest score and the closest proxim-
ity to the 5" ATG start codon were selected. The intron was retargeted and amplified using a
Qiagen core PCR kit (Qiagen). The PCR product was cloned into the BsrGI/HindIII site of
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PACT, and the ligated plasmid was transformed into methylation-deficient Escherichia coli K-
12 ER2925 (New England BioLabs). The integrity of all constructs was verified by sequencing.
C. trachomatis serovar L2 was transformed with each TargeTron construct as previously
described [50,52,53]. CT456 was amplified with gene specific primers and sequenced to verify
intron orientation.

Coimmunoprecipitation

HeLa cells were co-transfected with flag-tagged N-WASP or N-WASPAGBD and GFP-tagged
TmeA, TmeA GBD, TmeB, CT696, or GFP alone. Host cells were lysed with eukaryotic lysis
solution (50mM Tris HCI, pH7.4, 150mM NaCl, ImM EDTA, and 1% Triton-X 100) and flag-
tagged N-WASP was immunoprecipitated using M2 affinity resin (Millipore Sigma). Samples
were analyzed by SDS-PAGE and transferred to PVDF membranes. Membranes were probed
with anti-flag or anti-GFP antibodies. Results were collected from at least 3 independent
experiments.

siRNA knockdown

HCK cells were seeded on glass coverslips in 24-well plates at 5X10*. After 24h the cells were
transfected with SmartPool siRNA for N-WASP or ARP3 per the manufactures guidelines
(Dharmacon). At 48h post-transfection, cells were infected on ice at a MOI of 5 with each
strain. After 30min the inoculum was removed, the cells were washed twice with 1X PBS, and
subsequently incubated at 37°C with 5% CO, for 60min. Cells were fixed with 4% formalde-
hyde and were differentially immunostained as previously described [49]. Images were col-
lected using a Nikon Ti2 immunofluorescent microscope. The number of internal bacteria
(single stained) and number of host cells (DAPI stained) were enumerated from at least 30
images per experiment with at least 2 independent experiments. siRNA knockdown was con-
firmed using western blotting.

Immunofluorescence and confocal microscopy

HCK cells were seeded on glass coverslips in 24-well plates to 1X10°. After 24h the cells were
placed on ice for 10min. Cells were infected on ice at a MOI of 5 with each strain. After 30min
the inoculum was removed, the cells were wash twice with 1X PBS, and subsequently incu-
bated at 37°C with 5% CO,. At the designated time, cells were fixed with 4% formaldehyde
and permeabilized with 0.1% Triton-X 100. Cells were stained with anti-chlamydia LPS
(Novus) and anti-N-WASP (Novus) or anti-ARP2/3 (Novus). Dylight-488 or Dylight-594
secondaries (ThermoFisher) and DAPI (ThermoFisher) was used to stain the nucleus. Images
were collected using a Nikon Ti2 immunofluorescent microscope or Leica SPE confocal. At
least 30 images were collected per experiment with at least 2 independent experiments. Coloca-
lization between LPS and N-WASP or ARP2/3 was measured using the CoLoc2 function in
Fiji.

Invasion assay

To induce expression of TmeA-flag or TmeA GBD flag, cultures were induced with aTc at
40hr post-infection. At 48hr post-infection, host cells were lysed and the bacteria were purified
by gastrograffin density gradient [48]. HCK cells were seeded on glass coverslips in 24-well
plates at 1X10°. After 24h the cells were placed on ice for 10min. Cells were infected on ice at a
MOI of 5 with each strain. After 30min the inoculum was removed, the cells were wash twice
with 1X PBS, and subsequently incubated at 37°C with 5% CO, for 60min. Cells were fixed
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with 4% formaldehyde and differential immunostaining was conducted as previously
described [49]. Images were collected using a Nikon Ti2 immunofluorescent microscope. The
number of internal bacteria (single stained) and number of host cells (DAPI stained) was enu-
merated from at least 30 images per experiment with at least 2 independent experiments.

Transmission and scanning electron microscopy

HCK cells, seeded at 2X10%/well, were infected at a MOT of 50 with wild-type L2 or tmeA-Ix for
15min. Cells were fixed in 2.5% glutaraldehyde overnight at 4°C. Cells were then post fixed in
1% osmium tetroxide with 0.8% potassium ferricyanide. Specimens destined for transmission
electron microscopy were en bloc stained in uranyl acetate, dehydrated in a graded ethanol
series and embedded in Eponatel2 resin (Ted Pella, Inc.) Thin sections (70 nm) were cut
using a Leica UC6 ultramicrotome (Leica Microsystems) and were viewed on a JEOL JEM
1230 transmission electron microscope. Digital images were acquired with a Gatan UltraScan
1000 2k x 2k CCD camera. Surface structures were measured in Fiji and those between
3-35um in length (the average size of filopodia) were considered filopodia. To be considered
associated with filopodia, the EBs had to be adjacent to the structure. Fifty EBs were enumer-
ated per experiment and TEM was conducted in duplicate. Following glutaraldehyde and
osmium fixation, samples destined for scanning electron microscopy imaging were dehydrated
in a graded ethanol series, transitioned to hexamethydisilazane and air-dried overnight. The
samples were then mounted, sputter coated with 60/40 gold/palladium and imaged in an Hita-
chi S-4800 scanning electron microscope.

Data analysis

When required, statistical analysis was conducted using GraphPad Prism software. One-Way
ANOVA or T-test was used and generated a statistical difference of p<0.001 (***), p<0.01
(**), or p<0.05 (*). When applicable, Tukey or Dunnett was used as a post-test.

Supporting information

S1 Fig. N-WASP and ARP2/3 are recruited to C. trachomatis L2 EBs. Human cervical cells
were infected at a MOI of 5 for 30min. Chlamydial EBs were stained using an anti-LPS anti-
body (green) and anti-N-WASP or anti-ARP2/3 (red) antibodies were used to visualize host
factors. Images were acquired by confocal microscopy. * denotes area used for orthogonal
view. Scale bar is 20um.

(TIF)

S2 Fig. N-WASP and ARP2/3 are important for serovar D infection. (A) Human cervical
cells were infected at a MOI of 5 for 30min. C. trachomatis serovar D EBs were stained using
an anti-LPS antibody (green) and anti-N-WASP or anti-ARP2/3 (red) antibodies were used to
visualize host factors. Images were acquired by confocal microscopy. * denotes area used for
orthogonal view. (B) N-WASP and ARP3 knockdown cervical cells were infected at a MOI of
5 for 60min with serovar D. The number of internal bacteria was determine using differential
immunostaining. Knockdown efficiency was determined by western blotting. Data are repre-
sentative of 2 independent experiments. Statistical significance was determined using One-
Way ANOVA. *** P<0.001.

(TIF)

S3 Fig. Expression of TmeA and TmeA GBD in Chlamydia trachomatis. The tmeA-Ix comp
and tmeA-Ix GBD comp cells were used to infect HeLa cells for 40h, after which expression of
the TmeA flag fusion protein was induced with aTc for 8h. HeLa cells were lysed and EBs were
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isolated and analyzed for expression of the fusion protein by Western blotting. Anti-HSP was
used to ensure equal loading.
(TIF)

Acknowledgments

We thank Ken Fields, Ph.D. for sharing the tmeA-Ix mutant. We thank Chris Stipp, Ph.D. for
sharing the CK-666 inhibitor. We also thank Lanci Bulman for technical support and critical
review of this manuscript. Electron microscopy was performed in the University of lowa Cen-
tral Microscopy Research Facility.

Author Contributions
Conceptualization: Robert Faris, Thomas O. Moninger, Mary M. Weber.

Data curation: Robert Faris, Alix McCullough, Shelby E. Andersen, Thomas O. Moninger,
Mary M. Weber.

Formal analysis: Robert Faris, Alix McCullough, Mary M. Weber.

Funding acquisition: Mary M. Weber.

Project administration: Mary M. Weber.

Supervision: Robert Faris, Mary M. Weber.

Writing - original draft: Robert Faris, Mary M. Weber.

Writing - review & editing: Robert Faris, Alix McCullough, Shelby E. Andersen.

References

1.  Elwell C, Mirrashidi K, Engel J. Chlamydia cell biology and pathogenesis. Nat Rev Microbiol. 2016; 14:
385-400. https://doi.org/10.1038/nrmicro.2016.30 PMID: 27108705

2. Scidmore MA, Fischer ER, Hackstadt T. Restricted fusion of Chlamydia trachomatis vesicles with endo-
cytic compartments during the initial stages of infection. Infect Immun. 2003; 71: 973-984. https://doi.
org/10.1128/iai.71.2.973-984.2003 PMID: 12540580

3. Grieshaber SS, Grieshaber NA, Hackstadt T. Chlamydia trachomatis uses host cell dynein to traffic to
the microtubule-organizing center in a p50 dynamitin-independent process. J Cell Sci. 2003; 116:
3793-3802. https://doi.org/10.1242/jcs.00695 PMID: 12902405

4. Hybiske K, Stephens RS. Mechanisms of host cell exit by the intracellular bacterium Chlamydia. Proc
Natl Acad Sci. 2007; 104: 11430—-11435. https://doi.org/10.1073/pnas.0703218104 PMID: 17592133

5. Fields KA, Mead DJ, Dooley CA, Hackstadt T. Chlamydia trachomatis type Il secretion: evidence for a
functional apparatus during early-cycle development. Mol Microbiol. 2003; 48: 671-683. https://doi.org/
10.1046/j.1365-2958.2003.03462.x PMID: 12694613

6. ChenYS, Bastidas RJ, Saka HA, Carpenter VK, Richards KL, Plano G V., et al. The Chlamydia tracho-
matis Type Il Secretion Chaperone Slc1 Engages Multiple Early Effectors, Including TepP, a Tyrosine-
phosphorylated Protein Required for the Recruitment of Crkl-1l to Nascent Inclusions and Innate
Immune Signaling. PLoS Pathog. 2014; 10. https://doi.org/10.1371/journal.ppat.1003954 PMID:
24586162

7. SakaHA, Thompson JW, ChenY, Kumar Y, Dubois LG, Moseley MA, et al. Quantitative proteomics
reveals metabolic and pathogenic properties of Chlamydia trachomatis developmental forms. Mol
Microbiol. 2011; 82: 1185-12083. https://doi.org/10.1111/j.1365-2958.2011.07877.x PMID: 22014092

8. Carabeo RA, Dooley CA, Grieshaber SS, Hackstadt T. Rac interacts with Abi-1 and WAVE2 to promote
an Arp2/3-dependent actin recruitment during chlamydial invasion. Cell Microbiol. 2007; 9: 2278-2288.
https://doi.org/10.1111/j.1462-5822.2007.00958.x PMID: 17501982

9. Lane BJ, Mutchler C, Al Khodor S, Grieshaber SS, Carabeo RA. Chlamydial entry involves TARP bind-

ing of guanine nucleotide exchange factors. PLoS Pathog. 2008; 4. https://doi.org/10.1371/journal.ppat.
1000014 PMID: 18383626

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008878 September 18, 2020 17/20


https://doi.org/10.1038/nrmicro.2016.30
http://www.ncbi.nlm.nih.gov/pubmed/27108705
https://doi.org/10.1128/iai.71.2.973-984.2003
https://doi.org/10.1128/iai.71.2.973-984.2003
http://www.ncbi.nlm.nih.gov/pubmed/12540580
https://doi.org/10.1242/jcs.00695
http://www.ncbi.nlm.nih.gov/pubmed/12902405
https://doi.org/10.1073/pnas.0703218104
http://www.ncbi.nlm.nih.gov/pubmed/17592133
https://doi.org/10.1046/j.1365-2958.2003.03462.x
https://doi.org/10.1046/j.1365-2958.2003.03462.x
http://www.ncbi.nlm.nih.gov/pubmed/12694613
https://doi.org/10.1371/journal.ppat.1003954
http://www.ncbi.nlm.nih.gov/pubmed/24586162
https://doi.org/10.1111/j.1365-2958.2011.07877.x
http://www.ncbi.nlm.nih.gov/pubmed/22014092
https://doi.org/10.1111/j.1462-5822.2007.00958.x
http://www.ncbi.nlm.nih.gov/pubmed/17501982
https://doi.org/10.1371/journal.ppat.1000014
https://doi.org/10.1371/journal.ppat.1000014
http://www.ncbi.nlm.nih.gov/pubmed/18383626
https://doi.org/10.1371/journal.ppat.1008878

PLOS PATHOGENS

TmeA N-WASP interactions mediate chlamydial invasion

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Jiwani S, Alvarado S, Ohr RJ, Romero A, Nguyen B, Jewett TJ. Chlamydia trachomatis tarp harbors dis-
tinct G and F actin binding domains that bundle actin filaments. J Bacteriol. 2013; 195: 708-716. https:/
doi.org/10.1128/JB.01768-12 PMID: 23204471

Jewett TJ, Fischer ER, Mead DJ, Hackstadt T. Chlamydial TARP is a bacterial nucleator of actin. Proc
Natl Acad Sci. 2006; 2006: 15599—-15604.

Parrett CJ, Lenoci R V, Nguyen B, Russell L, Jewett TJ. Targeted disruption of Chlamydia trachomatis
invasion by in trans expression of dominant negative Tarp effectors. Front Cell Infect Microbiol. 2016; 6:
1-12. https://doi.org/10.3389/fcimb.2016.00001 PMID: 26870699

Ghosh S, Ruelke EA, Ferrell JC, Bodero MD, Fields KA, Jewett TJ. FRAEM-mediated gene deletion
indicates a requirement for Chlamydia trachomatis Tarp during in vivo infectivity and reveals a specific
role for the C- terminus during cellular invasion. Infect Immun. 2020. https://doi.org/10.1128/IA1.00841-
19 PMID: 32152196

Carpenter V, Chen Y-S, Dolat L, Valdivia RH. The Effector TepP Mediates Recruitment and Activation
of Phosphoinositide 3-Kinase on Early Chlamydia trachomatis Vacuoles. mSphere. 2017; 2: 1-15.
https://doi.org/10.1128/msphere.00207-17 PMID: 28744480

McKeun MJ, Mueller KE, Bae YS, Fields KA. Fluorescence-Reported Allelic Exchange Mutagenesis
Reveals a Role for Chlamydia trachomatis TmeA in Invasion That Is Independent of Host AHNAK.
Infect Immun. 2017; 85: 1-18.

Keb G, Hayman R, Fields KA. Floxed-Cassette Allelic Exchange Mutagenesis Enables Markerless
Gene Deletion in Chlamydia trachomatis and Can Reverse Cassette-Induced Polar Effects. J Bacteriol.
2018;200. https://doi.org/10.1128/JB.00479-18 PMID: 30224436

Hower S, Wolf K, Fields KA. Evidence that CT694 is a novel Chlamydia trachomatis T3S substrate
capable of functioning during invasion or early cycle development. Mol Microbiol. 2009; 72: 1423-1437.
https://doi.org/10.1111/j.1365-2958.2009.06732.x PMID: 19460098

Campellone KG, Welch MD. A Nucleator Arms Race: Cellular Control of Actin Assembly. Nat Rev Mol
Cell Biol. 2010; 11: 237-251. https://doi.org/10.1038/nrm2867 PMID: 20237478

Kelly AE, Kranitz H, Do V, Mullins RD. Actin Binding to the Central Domain of WASP / Scar Proteins
Plays a Critical Role in the Activation of the Arp2 / 3 Complex. J Biol Chem. 2006; 281: 10589-10597.
https://doi.org/10.1074/jbc.M507470200 PMID: 16403731

Cheng H, Skehan BM, Campellone KG, Leong JM, Rosen K. Structural Mechanism of WASP Activation
by the Enterohaemorrhagic E. coli Effector EspFU. Nature. 2008; 454: 1009-1013. https://doi.org/10.
1038/nature07160 PMID: 18650809

Sallee NA, Rivera GM, Dueber JE, Vasilescu D, Mullins RD, Mayer BJ, et al. The pathogen protein
EspF U hijacks actin polymerization using mimicry and multivalency. 2008;454. https://doi.org/10.1038/
nature07170 PMID: 18650806

Vingadassalom D, Campellone KG, Brady MJ, Skehan B, Battle SE, Robbins D, et al. Enterohemorrha-
gic E. coli Requires N-WASP for Efficient Type Ill Translocation but Not for EspF U -Mediated Actin
Pedestal Formation. PLoS Pathog. 2010; 6. https://doi.org/10.1371/journal.ppat.1001056 PMID:
20808845

Mauricio RPM, Jeffries CM, Svergun DI, Deane JE. The Shigella Virulence Factor IcsA Relieves N-
WASP Autoinhibition by Displacing the Verprolin Homology / Cofilin / Acidic (VCA) Domain *. J Biol
Chem. 2017; 292: 134—145. https://doi.org/10.1074/jbc.M116.758003 PMID: 27881679

Egile C, Loisel TP, Laurent V, Li R, Pantaloni D, Sansonetti PJ, et al. Activation of the CDC42 Effector
N-WASP by the Shigella flexneri IcsA Protein Promotes Actin Nucleation by Arp2/3 Complex and Bacte-
rial Actin-based Motility. J Cell Biol. 1999; 146: 1319—1332. https://doi.org/10.1083/jcb.146.6.1319
PMID: 10491394

Unsworth KE, Way M, Mcniven M, Machesky L, Holden DW. Analysis of the mechanisms of Salmonella
-induced actin assembly during invasion of host cells and intracellular replication. Cell Microbiol. 2004;
6: 1041-1055. https://doi.org/10.1111/j.1462-5822.2004.00417.x PMID: 15469433

Ford C, Nans A, Boucrot E, Hayward RD. Chlamydia exploits filopodial capture and a macropinocyto-
sis-like pathway for host cell entry. PLoS Pathog. 2018; 14: e1007051. https://doi.org/10.1371/journal.
ppat.1007051 PMID: 29727463

Hetrick B, Han MS, Helgeson LA, Nolen BJ. Small molecules CK-666 and CK-869 inhibit actin-related
protein 2/3 complex by blocking an activating conformational change. Chem Biol. 2013; 20: 701-712.
https://doi.org/10.1016/j.chembiol.2013.03.019 PMID: 23623350

Jiwani S, Ohr RJ, Fischer ER, Hackstadt T, Alvarado S, Romero A, et al. Chlamydia trachomatis Tarp
cooperates with the Arp2/3 complex to increase the rate of actin polymerization. Biochem Biophys Res
Commun. 2012; 420: 816—821. https://doi.org/10.1016/j.bbrc.2012.03.080 PMID: 22465117

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008878 September 18, 2020 18/20


https://doi.org/10.1128/JB.01768-12
https://doi.org/10.1128/JB.01768-12
http://www.ncbi.nlm.nih.gov/pubmed/23204471
https://doi.org/10.3389/fcimb.2016.00001
http://www.ncbi.nlm.nih.gov/pubmed/26870699
https://doi.org/10.1128/IAI.00841-19
https://doi.org/10.1128/IAI.00841-19
http://www.ncbi.nlm.nih.gov/pubmed/32152196
https://doi.org/10.1128/msphere.00207-17
http://www.ncbi.nlm.nih.gov/pubmed/28744480
https://doi.org/10.1128/JB.00479-18
http://www.ncbi.nlm.nih.gov/pubmed/30224436
https://doi.org/10.1111/j.1365-2958.2009.06732.x
http://www.ncbi.nlm.nih.gov/pubmed/19460098
https://doi.org/10.1038/nrm2867
http://www.ncbi.nlm.nih.gov/pubmed/20237478
https://doi.org/10.1074/jbc.M507470200
http://www.ncbi.nlm.nih.gov/pubmed/16403731
https://doi.org/10.1038/nature07160
https://doi.org/10.1038/nature07160
http://www.ncbi.nlm.nih.gov/pubmed/18650809
https://doi.org/10.1038/nature07170
https://doi.org/10.1038/nature07170
http://www.ncbi.nlm.nih.gov/pubmed/18650806
https://doi.org/10.1371/journal.ppat.1001056
http://www.ncbi.nlm.nih.gov/pubmed/20808845
https://doi.org/10.1074/jbc.M116.758003
http://www.ncbi.nlm.nih.gov/pubmed/27881679
https://doi.org/10.1083/jcb.146.6.1319
http://www.ncbi.nlm.nih.gov/pubmed/10491394
https://doi.org/10.1111/j.1462-5822.2004.00417.x
http://www.ncbi.nlm.nih.gov/pubmed/15469433
https://doi.org/10.1371/journal.ppat.1007051
https://doi.org/10.1371/journal.ppat.1007051
http://www.ncbi.nlm.nih.gov/pubmed/29727463
https://doi.org/10.1016/j.chembiol.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23623350
https://doi.org/10.1016/j.bbrc.2012.03.080
http://www.ncbi.nlm.nih.gov/pubmed/22465117
https://doi.org/10.1371/journal.ppat.1008878

PLOS PATHOGENS

TmeA N-WASP interactions mediate chlamydial invasion

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Chen C, Banga S, Mertens K, Weber MM, Gorbaslieval, Tan Y, et al. Large-scale identification and
translocation of type IV secretion substrates by Coxiella burnetii. Proc Natl Acad Sci. 2010; 107: 21755—
21760. https://doi.org/10.1073/pnas.1010485107 PMID: 21098666

Weber MM, Chen C, Rowin K, Mertens K, Galvan G, Zhi H, et al. Identification of Coxiella burnetii type
IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation. J
Bacteriol. 2013; 195: 3914—-3924. https://doi.org/10.1128/JB.00071-13 PMID: 23813730

Weber MM, Faris R, van Schaik EJ, McLachlan J, Wright WU, Tellez A, et al. The type IV secreted
effector protein CirA stimulates the GTPase activity of RhoA and is required for virulence in a mouse
model of Coxiella burnetiiinfection. Infect Immun. 2016;84: 1A1.01554-15. https://doi.org/10.1128/IAl.
01554-15 PMID: 27324482

Weber MM, Faris R, van Schaik EJ, Samuel JE. Identification and characterization of arginine finger-
like motifs, and endosome-lysosome basolateral sorting signals within the Coxiella burnetii type IV
secreted effector protein CirA. Microbes Infect. 2018; 20: 302—307. https://doi.org/10.1016/j.micinf.
2017.12.013 PMID: 29331581

VieBrock L, Evans SM, Beyer AR, Larson CL, Beare PA, Ge H, et al. Orientia tsutsugamushi ankyrin
repeat-containing protein family members are Type 1 secretion system substrates that traffic to the host
cell endoplasmic reticulum. Front Cell Infect Microbiol. 2015; 4: 1-20. https://doi.org/10.3389/fcimb.
2014.00186 PMID: 25692099

Suetsugu S, Miki H, Takenawa T. Identification of Another Actin-related Protein (Arp) 2/3 Complex Bind-
ing Site in Neural Wiskott-Aldrich Syndrome Protein (N-WASP) that Complements Actin Polymerization
Induced by the Arp2/3 Complex Activating (VCA) Domain of N-WASP. J Biol Chem. 2001; 276: 33175—
33180. https://doi.org/10.1074/jbc.M102866200 PMID: 11432863

Campellone KG, Robbins D, Leong JM. EspFU is a translocated EHEC effector that interacts with Tir
and N-WASP and promotes Nck-independent actin assembly. Dev Cell. 2004; 7: 217-228. hitps://doi.
org/10.1016/j.devcel.2004.07.004 PMID: 15296718

Carebeo RA, Grieshaber SS, Hasenkrug A, Dooley C, Hackstadt T. Requirement for the Rac GTPase
in Chlamydia trachomatis invasion of non-phagocytic cells. Traffic. 2004; 5: 418—-425. https://doi.org/10.
1111/j.1398-9219.2004.00184.x PMID: 15117316

Nans A, Saibil HR, Hayward RD. Pathogen-host reorganization during Chlamydia invasion revealed by
cryo-electron tomography. Cell Microbiol. 2014; 16: 1457—-1472. https://doi.org/10.1111/cmi.12310
PMID: 24809274

Hower S, Wolf K, Fields KA. Evidence that CT694 is a novel Chlamydia trachomatis T3S substrate
capable of functioning during invasion or early cycle development. Mol Microbiol. 2009; 72: 1423-1437.
https://doi.org/10.1111/j.1365-2958.2009.06732.x PMID: 19460098

Davis TA, Loos B, Engelbrecht AM. AHNAK: The giant jack of all trades. Cell Signal. 2014; 26: 2683—
26983. https://doi.org/10.1016/j.cellsig.2014.08.017 PMID: 25172424

Caven L, Carabeo RA. Pathogenic puppetry: Manipulation of the host actin cytoskeleton by Chlamydia
trachomatis. Int J Mol Sci. 2020; 21: 1-21. https://doi.org/10.3390/ijms21010090 PMID: 31877733

Thwaites T, Nogueira AT, Campeotto |, Silva AP, Grieshaber SS, Carabeo RA. The Chlamydia Effector
TarP Mimics the Mammalian Leucine- Aspartic Acid Motif of Paxillin to Subvert the Focal Adhesion
Kinase during Invasion. 2014; 289: 30426—30442. https://doi.org/10.1074/jbc.M114.604876 PMID:
25193659

Thwaites TR, Pedrosa AT, Peacock TP, Carabeo RA. Vinculin Interacts with the Chlamydia Effector
TarP Via a Tripartite Vinculin Binding Domain to Mediate Actin Recruitment and Assembly at the
Plasma Membrane. Front Cell Infect Microbiol. 2015;5. https://doi.org/10.3389/fcimb.2015.00005
PMID: 25692100

Fawaz FS, Van Ooij C, Homola E, Mutka SC, Engel JN. Infection with Chlamydia trachomatis alters the
tyrosine phosphorylation and/or localization of several host cell proteins including cortactin. Infect
Immun. 1997; 65: 5301-5308. https://doi.org/10.1128/IAl.65.12.5301-5308.1997 PMID: 9393830

Elwell CA, Ceesay A, Jung HK, Kalman D, Engel JN. RNA interference screen identifies Abl kinase and
PDGFR signaling in Chlamydia trachomatis entry. PLoS Pathog. 2008; 4: 1-15. https://doi.org/10.1371/
journal.ppat.1000021 PMID: 18369471

Park JS, Helble JD, Lazarus JE, Yang G, Blondel CJ, Doench JG, et al. A FACS-Based Genome-wide
CRISPR Screen Reveals a Requirement for COPI in Chlamydia trachomatis Invasion. iScience. 2019;
11: 71-84. https://doi.org/10.1016/}.isci.2018.12.011 PMID: 30590252

Shin N, Ahn N, Chang-lleto B, Park J, Takei K, Ahn SG, et al. SNX9 regulates tubular invagination of
the plasma membrane through interaction with actin cytoskeleton and dynamin 2. J Cell Sci. 2008; 121:
1252—-1263. https://doi.org/10.1242/jcs.016709 PMID: 18388313

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008878 September 18, 2020 19/20


https://doi.org/10.1073/pnas.1010485107
http://www.ncbi.nlm.nih.gov/pubmed/21098666
https://doi.org/10.1128/JB.00071-13
http://www.ncbi.nlm.nih.gov/pubmed/23813730
https://doi.org/10.1128/IAI.01554-15
https://doi.org/10.1128/IAI.01554-15
http://www.ncbi.nlm.nih.gov/pubmed/27324482
https://doi.org/10.1016/j.micinf.2017.12.013
https://doi.org/10.1016/j.micinf.2017.12.013
http://www.ncbi.nlm.nih.gov/pubmed/29331581
https://doi.org/10.3389/fcimb.2014.00186
https://doi.org/10.3389/fcimb.2014.00186
http://www.ncbi.nlm.nih.gov/pubmed/25692099
https://doi.org/10.1074/jbc.M102866200
http://www.ncbi.nlm.nih.gov/pubmed/11432863
https://doi.org/10.1016/j.devcel.2004.07.004
https://doi.org/10.1016/j.devcel.2004.07.004
http://www.ncbi.nlm.nih.gov/pubmed/15296718
https://doi.org/10.1111/j.1398-9219.2004.00184.x
https://doi.org/10.1111/j.1398-9219.2004.00184.x
http://www.ncbi.nlm.nih.gov/pubmed/15117316
https://doi.org/10.1111/cmi.12310
http://www.ncbi.nlm.nih.gov/pubmed/24809274
https://doi.org/10.1111/j.1365-2958.2009.06732.x
http://www.ncbi.nlm.nih.gov/pubmed/19460098
https://doi.org/10.1016/j.cellsig.2014.08.017
http://www.ncbi.nlm.nih.gov/pubmed/25172424
https://doi.org/10.3390/ijms21010090
http://www.ncbi.nlm.nih.gov/pubmed/31877733
https://doi.org/10.1074/jbc.M114.604876
http://www.ncbi.nlm.nih.gov/pubmed/25193659
https://doi.org/10.3389/fcimb.2015.00005
http://www.ncbi.nlm.nih.gov/pubmed/25692100
https://doi.org/10.1128/IAI.65.12.5301-5308.1997
http://www.ncbi.nlm.nih.gov/pubmed/9393830
https://doi.org/10.1371/journal.ppat.1000021
https://doi.org/10.1371/journal.ppat.1000021
http://www.ncbi.nlm.nih.gov/pubmed/18369471
https://doi.org/10.1016/j.isci.2018.12.011
http://www.ncbi.nlm.nih.gov/pubmed/30590252
https://doi.org/10.1242/jcs.016709
http://www.ncbi.nlm.nih.gov/pubmed/18388313
https://doi.org/10.1371/journal.ppat.1008878

PLOS PATHOGENS

TmeA N-WASP interactions mediate chlamydial invasion

47.

48.

49.

50.

51.

52.

53.

Piscatelli HL, Li M, Zhou D. Dual 4- and 5-phosphatase activities regulate SopB-dependent phosphoi-
nositide dynamics to promote bacterial entry. Cell Microbiol. 2016; 18: 705-719. https://doi.org/10.
1111/cmi.12542 PMID: 26537021

Faris R, Weber MM. Propagation and Purification of Chlamydia trachomatis Serovar L2 Transformants
and Mutants. Bio-Protocol. 2019; 9: https://doi.org/10.21769/BioProtoc.3459

Faris R, Andersen SE, Mccullough A, Gourronc F, Klingelhutz AJ, Weber MM. Chlamydia trachomatis
Serovars Drive Differential Production of Proinflammatory Cytokines and Chemokines Depending on
the Type of Cell Infected. Front Cell Infect Microbiol. 2019; 9: 1-14. https://doi.org/10.3389/fcimb.2019.
00001 PMID: 30719427

Weber MM, Noriea NF, Bauler LD, Lam JL, Sager J, Wesolowski J, et al. A functional core of IncA is
required for Chlamydia trachomatis inclusion fusion. J Bacteriol. 2016; 198: 1347—1355. https://doi.org/
10.1128/JB.00933-15 PMID: 26883826

Weber MM, Bauler LD, Lam J, Hackstadt T. Expression and localization of predicted inclusion mem-
brane proteins in Chlamydia trachomatis. Infect Immun. 2015; 83: 4710-4718. https://doi.org/10.1128/
IAI.01075-15 PMID: 26416906

Weber MM, Faris R. Mutagenesis of Chlamydia trachomatis Using TargeTron. Methods Mol Biol. 2019;
2042: 165—-184. https://doi.org/10.1007/978-1-4939-9694-0_12 PMID: 31385276

Weber MM, Lam JL, Dooley CA, Noriea NF, Hansen BT, Hoyt FH, et al. Absence of specific Chlamydia
trachomatis inclusion membrane proteins triggers premature inclusion membrane lysis and host cell
death. Cell Rep. 2017; 19: 1406—1417. https://doi.org/10.1016/j.celrep.2017.04.058 PMID: 28514660

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008878 September 18, 2020 20/20


https://doi.org/10.1111/cmi.12542
https://doi.org/10.1111/cmi.12542
http://www.ncbi.nlm.nih.gov/pubmed/26537021
https://doi.org/10.21769/BioProtoc.3459
https://doi.org/10.3389/fcimb.2019.00001
https://doi.org/10.3389/fcimb.2019.00001
http://www.ncbi.nlm.nih.gov/pubmed/30719427
https://doi.org/10.1128/JB.00933-15
https://doi.org/10.1128/JB.00933-15
http://www.ncbi.nlm.nih.gov/pubmed/26883826
https://doi.org/10.1128/IAI.01075-15
https://doi.org/10.1128/IAI.01075-15
http://www.ncbi.nlm.nih.gov/pubmed/26416906
https://doi.org/10.1007/978-1-4939-9694-0%5F12
http://www.ncbi.nlm.nih.gov/pubmed/31385276
https://doi.org/10.1016/j.celrep.2017.04.058
http://www.ncbi.nlm.nih.gov/pubmed/28514660
https://doi.org/10.1371/journal.ppat.1008878

