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Abstract

Chlamydia trachomatis (C.t.) is the causative agent of several human diseases, including
the sexually transmitted infection chlamydia and eye infection trachoma. As an obligate
intracellular bacterial pathogen, invasion is essential for establishing infection and subsequent
pathogenesis. To facilitate invasion, C.t. secretes effector proteins through its type Il secretion
system (T3SS). These effectors facilitate bacterial entry by manipulating multiple pathways
involved in host actin cytoskeletal regulation. Previous studies have demonstrated that the T3SS
effector protein TmeA is crucia for C.t. invasion, as it recruits and activates N-WASP. This
interaction leads to recruitment and activation of the Arp2/3 complex, promoting cytoskeletal
rearrangements at the invasion site to facilitate C.t. uptake. In this study, we define the role of the
N-WASP CRIB domain in mediating this interaction, showing that TmeA acts as a functional
mimic of Cdc42 in activating N-WASP. Additionally, we identified TOCA-1 as another host
protein that directly interacts with TmeA. In other bacterial pathogens, notably
Enterohemorrhagic E. coli, N-WASP and TOCA-1 are hijacked to mediate pedestal formation.
Using sSsSRNA to knockdown N-WASP and TOCA-1, followed by transmission electron
microscopic, we observed that both N-WASP and TOCA-1 are important for in C.t.-mediated
pedestal formation. Collectively, these findings reveal a unique mechanism of TmeA-mediated

invasion, where direct interactions with N-WASP and TOCA-1 facilitate pedestal formation.
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I mportance

Chlamydia trachomatis (C.t.) is an obligate intracellular bacterial pathogen that poses a
significant threat to human health, being associated with various diseases, including chlamydia—
the most prevalent bacterial sexually transmitted infection—and trachoma. While Chlamydia
infections are often asymptomatic, they can lead to serious complications such as sterility,
ectopic pregnancy, and increased risk of cervical and ovarian cancers. Due to its intracellular
nature, host cell invasion is essential for C.t. survival. Here, we present new data detailing the
binding interactions between the C.t. invasion effector protein TmeA and host cell proteins N-
WASP and TOCA-1, demonstrating that both N-WASP and TOCA-1 are involved in pedestal
formation during C.t. invasion. This research advances our understanding of TmeA-mediated

host cell invasion, illuminating a key pathway required for C.t.-mediated pathogenesis.


https://doi.org/10.1101/2024.10.31.621191
http://creativecommons.org/licenses/by-nc-nd/4.0/

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621191; this version posted October 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Introduction

Chlamydia trachomatis (C.t.) is an obligate intracellular bacterial pathogen that causes a
wide variety of diseases in humans, including trachoma and a sexually transmitted infection,
chlamydia (1, 2). While C.t. infections are often asymptomatic in early stages, complications
from infection can lead to scarring of the female genital tract, resulting in pelvic inflammatory
disease, sterility, ectopic pregnancy, and an increased risk of cervical and ovarian cancers (3, 4).
Reinfections are common due to lack of long-term immunity and the absence of a vaccine (5).
Elucidating the molecular mechanisms underlying how C.t. invades epithelial cells and causes
disease is vital for the development of improved therapeutics and identification of vaccine
candidates.

Because C.t. is an obligate intracellular pathogen, invasion is a critical step in its
lifecycle. As such, it has developed multiple mechanisms to invade host cells. At the end of its
developmental cycle, C.t. prepackages a subset of type Ill secreted (T3S) effector proteins,
including invasion-specific effector proteins TarP
(Translocated actin recruiting Phosphoprotein), TepP  (Translocated early phospho-Protein),
TmeA (Translocated membrane effector A), and TmeB (Translocated membrane effector B) (6—
10). Tarp binds F- and G-actin directly to facilitate actin filament bundling and elongation, as
well as interacting with host effectors to stimulate Racl signaling pathways and actin branching
through the Arp2/3 complex (11-15). Notably, TarP has been shown to localize to C.t.-
associated actin pedestals, though itsrole in pedestal generation has not been explored (6). TmeB
has been shown to inhibit the Arp2/3 complex, suggesting it may have a part in disassembly of
TmeA- and/or TarP-generated actin structures during invasion (16). TepP plays a role in

modulating the innate immune response during early infection, including dampening of type |
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93 IFN responses via recruitment and activation of gignaling adaptor CrkL and class |
94  phosphoinositide 3-kinases (PI3K) to nascent incluson membranes, leading to generation of
95  phosphoinositide-(3,4,5)-triphosphate (PIP3) (8, 17). TepP expression additionally reduces
96 neutrophil recruitment in organoid models and disrupts epithelial cell-cell junctions through
97  interactions with EPS3 (18, 19).
98 TmeA has been shown to interact with the host protein AHNAK; however, the function
99  of thisinteraction during infection remains to be fully elucidated and is distinct from its role in
100 invasion (20). TmeA additionally recruits and activates host N-WASP (Neural Wiskott-Aldrich
101  syndrome protein) and thus the Arp2/3 complex, resulting in actin remodeling (21, 22). TmeA-
102  N-WASP interactions stimulate uptake of C.t. independent of TarP, but it also contributes to a
103 TarP-mediated invasion pathway through oligomerization of host dynamin-2 (Dyn2) (23). N-
104 WASP is modulated by multiple bacterial pathogens, including Chlamydia pneumoniae,
105 Salmonella enterica Typhimurium, Brucella abortus, Shigella flexneri, and Enterohemorrhagic
106  Escherichia coli (EHEC) (24-29). N-WASP is an autoinhibited protein, meaning its GTPase
107  binding domain (GBD) binds to and inhibits the activity of the C-terminal VCA domain (30).
108 Upon binding of small GTPases, primarily Cdc42, to the CRIB motif of the GBD, N-WASP is
109 relieved of autoinhibition, exposing the VCA domain. This exposure enables N-WASP to bind to
110 the Arp2/3 complex, facilitating Arp2/3-mediated actin branching and ultimately leading to the
111 formation of host cell structures including filopodia and E. coli pedestas (28-33). N-WASP
112  forms complexes with additional host proteins including WASP-Interacting Protein (WIP) and
113  Transducer Of Cdc42-dependent Actin Assembly (TOCA-1), which modulate its activity (34,
114  35). WIP regulates N-WASP activity and helps to stabilize actin filaments, while TOCA-1 works

115 inconjunction with Cdc42 to help activate the N-WASP/WIP complex (34, 35).
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116 EHEC uses a T3S effector, EspF,, to recruit and activate N-WASP to facilitate pedesta
117 formation (28, 29). Notably, it additionally recruits and activates TOCA-1, which is important
118 for efficient EHEC pedestal formation (31). S. flexneri also recruits TOCA-1 to its actin cocoons
119  and actin (36, 37). Based on TmeA’s role in N-WASP recruitment and modulation, as well as the
120 prior identification of C.t.-associated pedestals, we hypothesized TOCA-1 may also play arolein
121 Cit. (6, 21, 22, 38). Herein, we further characterize the TmeA-N-WASP interaction, showing
122  that TmeA binds N-WASP via the N-WASP CRIB motif. We additionally identify TOCA-1 asa
123  host protein that is bound directly by TmeA, independent of TmeA-N-WASP interactions.
124  Lastly, we show arole for both proteinsin C.t.-induced pedestal formation.

125  Resaults

126 TmeA binds to the Cdc42 binding site of N-WASP. Our previous study found that the
127  GTPase Binding Domain (GBD) ligand motif of TmeA was important for TmeA-N-WASP
128 binding, and Keb et al. has shown that TmeA is able to directly activate N-WASP (21, 22).
129  However, TmeA's specific binding site on N-WASP has not been determined. Because the GBD
130 ligand motif of TmeA was important for the interaction, and this ligand motif is utilized by
131  EspF, to bind the autoinhibitory VCA binding site of the N-WASP GBD, we hypothesized that
132  TmeA would similarly bind the VCA binding site of N-WASP. To test this hypothesis, we first
133  designed FLAG-tagged N-WASP deletion constructs (Fig 1A) of the entire GBD (AGBD, aal91-
134  275), the region of the GBD containing the Cdc42 binding site (ACdc42, aal91-237), or the
135 region of the GBD containing the autoinhibitory VCA domain binding site (AVCA, aa215-275)
136  (Fig 1A). We co-transfected cells with these plasmids in conjunction with GFP-tagged TmeA, or

137 TmeB as a negative control, and immunoprecipitated the FLAG-tagged constructs. Using this
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138  approach, we surprisingly found that the Cdc42 binding region, but not the VCA binding region,
139  was necessary for TmeA-N-WASP interaction (Fig 1B).

140 To investigate this interaction further and determine whether TmeA binds at the same site
141  as Cdc42, we designed conservative amino acid replacements critical for the N-WASP CRIB
142  motif (IGTPSNFQHIGHVG — VGTGSNAQVIGVIA) We then performed a co-
143  immunoprecipitation as described above. This motif is found in various Cdc42/Rac effectors
144 including N-WASP and is necessary, though not sufficient, for Cdc42 binding (39). Here, we
145  demonstrate that the CRIB motif is necessary for TmeA-N-WASP interactions, as shown by the
146  loss of TmeA co-IP with the N-WASP CRIB mutant construct (Fig 1C). These results confirm
147  that TmeA bindsto N-WASP as a functional mimic at the same site as Cdc42 during infection.
148 TmeA directly binds TOCA-1, independent of N-WASP and Cdc42 binding sites.
149  Given TOCA-1'srole in N-WASP activation and its recruitment to EHEC pedestals as well asto
150 Shigella flexneri actin talls and cocoons alongside N-WASP (28, 29, 31, 36, 37), we
151  hypothesized that TmeA might also interact with TOCA-1. To test this, we first transfected GFP-
152 TmeA, a TmeA GBD ligand motif mutant deficient in N-WASP binding (TmeA GBD) (21),
153 TmeB, or GFP vector into HeLa cels and immunoprecipitated them before probing for
154  endogenous TOCA-1 (Fig 2A). TmeA and the TmeA GBD construct were both able to co-1P
155 with TOCA-1, indicating that TmeA interacts with TOCA-1 independent of N-WASP
156 interactions.

157 We thus hypothesized that similar to EspF,, TmeA may directly bind to TOCA-1. To test
158 this, we expressed and purified MBP-TmeA, MBP-CteG, MBP tag, and GST-TOCA-1 (Fig 2B).
159 We performed a recombinant GST pulldown of the MBP tagged proteins. We utilized CteG, an

160 effector previously shown to bind to CETN2 (40), as a negative control for non-specific binding
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161 interactions. We found that TOCA-1 specifically and directly bound to TmeA (Fig 2C),
162 emphasizing thisis adirect interaction between TmeA and TOCA-1 that is independent of other
163  host protein complexes. Because TmeA bound to TOCA-1 independent of both its GBD ligand
164  motif and N-WASP, we wanted to further test whether known Cdc42 or SH3 binding sites on
165 TOCA-1 may play arole in direct TmeA-TOCA-1 interactions. TOCA-1 binds Cdc42 through
166 itsHR1 domain and interacts with N-WASP viaits SH3 domain (35). We thus performed a co-1P
167  with TOCA-1 constructs, TmeA, TmeA GBD, or CT584 as a negative C.t. effector control (41).
168 The TOCA-1 constructs were TOCA-1 WT, a TOCA-1 MGD mutant, which lacks GTPase
169 binding activity, and a W518K mutant, which lacks SH3 binding activity (35) (Fig 2D). Both
170  mutants were able to co-IP with TmeA WT and TmeA GBD, showing that neither the Cdc42 nor
171  N-WASP binding sites are targeted as essential residues by TmeA (Fig 2E). Taken together, we
172  have shown that TOCA-1 is a direct interactor of TmeA independent of N-WASP or other host
173  proteins, and thisinteraction does not use TOCA-1 canonical binding motifs.

174 N-WASP and TOCA-1 play arolein C.t. pedestal formation. C.t. has previously been
175 shown to form pedestals during invasion of host cells (6, 38). Because of TOCA-1's role in
176  EspF,-mediated pedestal formation, we hypothesized that TOCA-1 may play a similar role in
177  C.t. pedestal formation during invasion. To test this, we knocked down expression of TOCA-1
178 and N-WASP using siRNA, and then challenged KD or mock KD control HelLa cells with WT
179 L2 C.t. for 15 minutes (Fig. 3A). We used transmission electron microscopy (TEM) to evaluate
180  structures associated with EBs at the cell surface (Fig. 3B, Sup. Fig. 1). Compared to the mock
181 control, EBs on both N-WASP and TOCA-1 KD cells displayed a significant reduction in
182  association with pedestals (Fig 3C), implying that both N-WASP and TOCA-1 play arole in

183 C.t.-mediated pedestal formation.
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184  Discussion

185 TmeA is an important T3S effector protein that appears to interact with several
186  cytoskeletal proteins to promote C.t. infection. Interactions with the host protein AHNAK
187  function to inhibit actin bundling, although this interaction is not important for C.t. mediated
188 invasion and its role during C.t. infection remains unknown (20). During the invasion phase,
189  TmeA interacts with N-WASP, recruiting it to the invasion site to activate the Arp2/3 complex to
190 promote actin branching (21, 22). Given the compelling evidence for TmeA'’s ability to directly
191  activate N-WASP (22), we set out to identify the precise binding site on N-WASP to gain deeper
192  mechanigtic insight into this interaction. Other bacterial effectors, such as Shigella flexneri IcsA
193  and Enterohemorrhagic E. coli EspF,, have been shown to bind to the VCA binding region of the
194 N-WASP GBD, while Chlamydia pneumoniae SemD acts as a molecular mimic of Cdc42 and
195 binds the N-WASP CRIB domain (24, 29, 42). Prior work identified a GBD ligand motif in
196  TmeA that is essential for co-immunoprecipitation with N-WASP (21). Furthermore, TmeA was
197  shown to be sufficient for N-WASP activation in vitro (22). These two key observations lead us
198 to hypothesize that TmeA likely binds the VCA binding region of the N-WASP GBD during C.t.
199 invasion. Our new data oppose this hypothesis and rather indicate that, like SemD, the N-WASP
200 CRIB motif is necessary for TmeA co-IP and that the VCA binding region of the GBD is
201 dispensable for these interactions. Thisindicates that TmeA is activating N-WASP by binding at
202  the Cdc42 binding site, likely acting as a molecular mimic to directly activate N-WASP (Fig. 4).
203 These data are supported by prior evidence that Rac, but not Cdc42, was activated by and
204  recruited to the site of C.t. invasion (43). However, other studies have shown that Cdc42 does

205  appear to be recruited to the site of invasion and plays a role in TmeA-mediated invasion, as its
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206  knockdown leads to an invasion defect in C.t. that express TmeA (22, 44). Further study is
207  required to determine what role Cdc42 may play in TmeA-mediated invasion.

208 TOCA-1 has also been implicated as an interacting partner of N-WASP. Notably, it is
209 targeted by several bacterial effector proteins (31, 36, 37). TOCA-1-N-WASP interactions play a
210 role in endocytic membrane trafficking (45, 46). The F-BAR domain of TOCA-1 binds to
211  membranes and induces membrane curvature, as well as recruits N-WASP to the membrane (47).
212  TOCA-1 binds Cdc42 through its HR1 domain and interacts with N-WASP via its SH3 domain
213  (35). Analysis of binding dynamics reveals that Cdc42 exhibits a significantly higher affinity for
214  N-WASP than for TOCA-1, suggesting that TOCA-1 may facilitate N-WASP activation by
215  “handing off” Cdc42 to N-WASP (48). Notably, these studies were conducted using the purified
216 TOCA-1 HR1 domain alone and atertiary complex between TOCA-1 HR1, N-WASP GBD, and
217  Cdc42 was not observed. However, evidence from Forster resonance energy transfer (FRET)
218 studies suggest potential tertiary complex formation, which may lead to stabilization of the
219 flexible proline rich domain (PRD) of N-WASP by the TOCA-1 SH3 domain (35, 46).

220 Both TOCA-1 and N-WASP have previously been linked to critical cellular processes
221 including endocytosis (45, 46), EHEC pedestal formation (31), and Shigella flexneri actin
222  cocoons (36, 37). Given these roles, we explored whether TOCA-1 similarly contributes to C.t.
223  infection. Our findings indicate that TmeA can bind TOCA-1, and that these interactions are not
224  abrogated by TOCA-1 mutants deficient in Cdc42 or N-WASP interactions with either
225  ectopically expressed or recombinant proteins. We were unable to generate a TmeA truncation
226  mutant deficient in TOCA-1 binding (Sup. Fig. 2), suggesting that TmeA might bind to multiple
227  binding siteson TOCA-1. This hypothesisis supported by Alphafold 2.0 and HDOCK modeling,

228  which predicts interactions at multiple sites on both proteins (Sup. Fig. 2). Future studies will
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229  determine whether TmeA can bind to TOCA-1 and N-WASP simultaneously and whether it
230 exhibitsdiffering affinities for either protein, smilar to Cdc42.

231 Our data suggest a role for N-WASP and TOCA-1 in pedestal formation as knockdown
232 of ether protein significantly reduced EB-associated pedestals. Interestingly, TarP has
233  previously been implicated in C.t. associated pedestals (6), thus, investigating whether TmeA
234 and TarP co-contribute to the formation of these structures represents an intriguing area for
235  future research. New work proposes a model of Dyn2 dependent C.t. invasion, where TarP
236  recruits and TmeA activates Dyn2 (23). Dyn2 has notably been implicated in enteropathogenic
237 E. coli pedestal formation alongside N-WASP (49). Thus, it is interesting to speculate that C.t.
238  pedestals form viaacollaborative pathway between TmeA and TarP.

239 In E. coli, actin pedestals are not utilized for invasion of host cells but rather to facilitate
240  colonization via attachment to the intestinal mucosa (50). There is evidence that this attachment
241 isimportant not only for anchoring the pathogen to the epithelium to prevent flushing from the
242  colon, but also to allow for actin-based motility and cell-to-cell spread of EPEC and EHEC (50—
243 52). It may additionally allow for more efficient translocation of secreted effectors into the host
244  cdl, although this could be due to attachment rather than specifically pedestal formation (53, 54).
245  Notably, C.t. pedestal formation appears to lead to host cell internalization, whereas E. coli
246  pedestal formation does not, highlighting an interesting area of future research to eucidate the
247  differences between the two pathogens.

248 Taken together, we have shown that TmeA relies on the CRIB domain of N-WASP for
249  co-IP, potentially functioning as a molecular mimic of Cdc42. Additionally, we have shown that
250 TmeA directly interacts with TOCA-1 independent of its interactions with N-WASP. These

251 interactions are crucia for C.t.-mediated pedestal formation, as knockdown of either host protein
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252 leadsto asignificant reduction in EB-pedestal association (Fig. 4). Overall, this work adds to the
253  growing body of knowledge surrounding C.t. invasion mechanisms.

254  Materialsand Methods

255 Bacterial and Cell Culture. Wild type and tmeA-Ix (55) Chlamydia trachomatis serovar
256 L2 (LGV 434/Bu) was propagated in HeLa 229 cells (American Type Culture Collection).
257  Purification of EBs was performed using a Gastrografin gradient as previously described (56).
258 HelLacelswere cultured at 37°C under 5% CO, in RPMI 1640 supplemented with L-Glutamine,
259 10% Fetal Bovine Serum (FBS) (26140079, ThermoFisher Scientific), sodium bicarbonate
260 (25080094, ThermoFisher Scientific), sodium pyruvate (11360070, ThermoFisher Scientific),
261  and 50 pg/ml gentamicin (15750078, ThermoFisher Scientific).

262 Cloning. For ectopic expression, TmeA, TmeA GBD (21), and TmeB were cloned into
263  pcDNA3.1+N-eGFP (Genscript) using Kpnl or Notl/Xbal sites. TmeA GBD truncations were
264  generated from the TmeA GBD construct and cloned into pcDNA3.1+N-eGFP (Genscript) using
265 Kpn/Not sites. pcDNA 3.1 FLAG N-WASPAGBD (21), N-WASPACdc42, N-WASPAVCA,
266 and N-WASP CRIB mutant were generated by GenScript. pCS2+MT-hTOCA-1 WT, MGD, and
267 W518K (Addgene 33030, 33033, and 33031) were cloned into pcDNA 3.1 HA (GenScript) using
268 Kpnl/Xhol sites. For recombinant protein expression, CteG, TmeA, TmeA GBD, and CT584
269  were cloned into pMAL-c5VT (University of lowa Protein and Crystallography Facility) using
270 Notl/Sall sites. Codon optimized pGEX 6P1 TOCA-1 WT, MGD, and W528K were purchased
271  from GenScript.

272 Co-Immunopr ecipitation. Hela cells were seeded at 4x10° in 6-well plates (10062-892,
273 VWR) 24 hours prior to transfection. GFP-tagged TmeA, TmeA GBD, TmeB, or empty vector

274  weretransfected alone or co-transfected with FLAG-tagged N-WASP WT, N-WASPAGBD (21),
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275 N-WASPACdc42, N-WASPAVCA, or N-WASP CRIB mutant. GFP-tagged TmeA GBD
276  truncations were co-transfected with HA-tagged TOCA-1 WT. Hel a cells were transfected using
277  Lipofectamine LTX (15338100, ThermoFisher Scientific) per the manufacturer's instructions. At
278 18 hours post-transfection, cells were washed with 1x PBS (10010023, Gibco) and lysed using
279  Eukaryotic Lysis Solution (ELS) (50mM Tris HCI, pH7.5 (15567-027, Invitrogen), 150mM
280 NaCl (S23020, RPI), ImM EDTA (E57020, RPI), and 1% Triton-X 100 (BP151-500,
281 ThermoFisher Scientific) with Halt protease inhibitor cocktail (78430, ThermoFisher Scientific).
282 Lysates were incubated on ice for 20 minutes, followed by pelleting of cell debris via
283  centrifugation at 12,000xg for 20 minutes at 4°C. Cdll free supernatants were applied to anti-
284  GFP mAb-Magnetic Beads (D153-11, MLB) for 2 hours at 4°C or anti-FLAG M2 Affinity Gel
285 (A2220, Sigma) overnight at 4°C. Unbound proteins were removed by washing in ELS without
286  Triton-X 100 and the GFP or FLAG tagged proteins were eluted using NUPAGE LDS Sample
287  Buffer (NP0O007, ThermoFisher Scientific) and heated at 100°C for 5min. Samples were analyzed
288 by western blotting.

289 Western Blotting. Supernatants and eluted samples were run on 4-12% SurePAGE™
290 BisTris Gels (M00652, M00653, or M00654, GenScript), followed by wet transfer to
291 Immobilon-P polyvinylidene difluoride (PVDF) membranes (IPVHO0O010, Sigma-Aldrich).
292 Membranes were probed with primary antibodies against TOCA-1 (1:4000, PA5-85726,
293 Invitrogen), GFP (1:10000, NB600-308, Novus Biologicals), FLAG (1:4000, 701629,
294  Invitrogen), or HA (1:4000, H6908, Sigma-Aldrich) followed by HRP-conjugated secondary
295 antibodies. (1:10000; Rabbit: 1706515, BioRad; Mouse: 31430, ThermoFisher Scientific), then
296 detected usng ECL Prime Western Blotting Detection Reagent (RPN2236, Sigma Aldrich) and

297  X-ray film.
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298 Recombinant Protein Purification. GST (glutathione S-transferase) Vector (0GEX6pl),
299 MBP (maltose-binding protein) Vector (bMALcC5V2), MBP-TmeA, MBP-TmeA GBD, MBP-
300 CteG, and MBP-CT584 were expressed in BL21 (DE3) E. coli and codon-optimized GST-
301 TOCA-1 WT, GST-TOCA-1 MGD, and GST-TOCA-1 W518K were expressed in Rosetta
302 (DE3) E. coli (70954, Novagen). Transformants were inoculated in 50 ml of Luria Broth (LB)
303  (L24400, RPI), then incubated at 37°C overnight. For expression of MBP-tagged proteins,
304  glucose (G32045, RPI) was added to LB broth at a concentration of 2g/L. Overnight cultures
305 were added to 950 ml LB broth and grown to OD 0.6-0.8. Protein expression was induced with
306 1mM Isopropyl-p-D-thiogalactopyranoside (IPTG) (156000-25.0, RPI), followed by overnight
307 induction a 18°C. E. coli was lysed in MBP (20mM Tris HCI pH7.5, 200mM NaCl, 1mM
308 EDTA, 1 mM sodium azide (RTC000068, Sigma Aldrich), 10% glycerol (BP229-1,
309 ThermoFisher Scientific), 1mM dithiothreltol (DTT) (D11000, RPI)) or GST (50mM Tris HCI
310 pH7.5, 500 mM NaCl, 10% glycerol, 1ImM DTT) column/lysis buffer via sonication with 1 pulse
311 ON for 1 second and 1 pulse OFF for 1 second for 3 minutes at 70% amplitude. Lysed cells were
312 pelleted at 10,000xg for 30 minutes at 4°C and supernatants were collected. 1 ml Pierce™
313  Glutathione Agarose (16100, ThermoFisher Scientific) or amylose resin (E8021S, NEB) for GST
314 or MBP tagged proteins, respectively, was added to 25 ml gravity columns and washed with the
315  appropriate column/lysis buffer. Supernatants were incubated in columns at 4°C for 1 hour for
316  protein conjugation. The columns were then washed with 75 ml lysis/column buffer before
317 addition of 2 ml eution buffer for GST-tagged (50mM Tris HCI, pH7.5, 150mM NaCl, 10mM
318 L-glutathione reduced (G22010, RPl)) or MBP-tagged (10mM D-(+)-maltose monohydrate
319 (M22000, RPI)) proteins. Columns were incubated with rotation for 30 minutes at 4°C and

320 dutions were collected in 1 ml fractions, with a total of 4 fractions after 2 eutions. Protein
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321 concentration was determined via A280 measurement on a Nanodrop 2000 (ThermoFisher
322  Scientific) and protein purity was confirmed via Coomassie staining (1610436, Bio-Rad) of
323  proteinson SDS-PAGE gels.

324 Recombinant Protein Pull-down. Buffer exchange was performed on GST-tagged
325 proteins (GST-TOCA-1 WT, GST-TOCA-1 MGD, GST-TOCA-1 W518K) and MBP-tagged
326 proteins (MBP-TmeA, MBP-TmeA GBD, MBP-CT584) using Amicon™ Ultra Centrifugal
327  Filter Units (UFC901024, Millipore) to remove reduced glutathione. Proteins were added to the
328 filters with 10 ml GST column/lysis buffer or MBP column buffer, followed by 4°C
329  centrifugation at 4,000xg for 15 minutes, for atotal of five centrifugations. Protein concentration
330 after buffer exchange was determined via A280 measurement on a Nanodrop 2000
331 (ThermoFisher Scientific). 40ug of the GST- or MBP-tagged bait proteins were conjugated to
332 05 ml Pierce™ Glutathione Agarose (ThermoFisher Scientific) or amylose resin (NEB),
333  respectively, as described above (Recombinant Protein Purification), followed by three washes
334  with appropriate column/lysis buffer. 40ug of the prey proteins were added to the columns and
335 incubated overnight at 4°C with rotation. Columns were washed three times with GST
336 column/lysis buffer and proteins were eluted as described above (Recombinant Protein
337  Purification) (40). Eluted proteins were analyzed by western blotting. Membranes were probed
338  with primary antibodies against MBP (1:4000, R29.6, Santa Cruz Biotech) or GST (1:4000, 8-
339 326, Invitrogen).

340 Transmission Electron Microscopy. Hela cells were seeded at 2.5x10° in 6-well plates
341 24 hours prior to SRNA knockdown. FNBP1L (TOCA-1) or WASL (N-WASP) expression was
342  knocked down using DharmaFECT 1(T-2001-03, Horizon Discovery) with SmartPool sSIRNA

343 (FNBP1L 020718-01-0020, WASL L-006444-00-0020, Horizon Discovery) according to the
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344  manufacturer's protocol (Horizon Discovery). 48 hours post-transfection, knockdown was
345 veified by western blotting using primary antibodies, all at a concentration of 1:4000, against
346 TOCA-1 (PA5-85726, Invitrogen), N-WASP (NBP1-82512, Novus Biologicals), or a GAPDH
347 loading control (SAB4300645, Sigma-Aldrich). Simultaneous to knockdown verification,
348 remaining cells were asynchronously infected with WT L2 C.t. at an MOI of 50 for 15 minutes.
349 Caells were fixed using 2.5% glutaraldehyde at 4°C overnight (21). Cells were post-fixed using
350 1% Osmium Tetroxide and 1.5% Potassium Ferrocyanide, followed by staining using 2.5%
351 Uranyl Acetate. Samples were dehydrated using increasing concentrations of EtOH (50-100%)
352 before embedding in Eponatel? resin (Ted Pella, Inc.). Using a Leica UC6 ultramicrotome
353 (Leica Microsystems), 80 nm thin sections were made (21). Images were taken on a Hitachi
354 HT7800 transmission eectron microscope with an AMT NanoSprintl5 high-resolution, high-
355  sengitivity camera system. Two replicates of 100 EBs per sample were imaged, blinded, and
356  scored for association with pedestals, filopodia-like structures, pits, or no cell structure utilizing
357 example images of the structures from Faris et al. (2019), Carabeo et al. (2002), and Clifton et
358 al. (2004).

359 Molecular docking of TmeA and TOCA-1. The tertiary structure of TmeA and Toca-1
360 was predicted using AlphaFold 2.0 (57). The generated structures were used for protein docking
361 using Hdock server (58). The resultant docking file gave possible interface residue pairs
362  between TmeA and TOCA-1 and a confidence score. Binding is very likely when the confidence

363 scoreisabove0.7.

364 Statistical Analysis. One-way ANOV As were used with Tukey’s multiple comparisons

365  post-test, with P < 0.05 (*). Analysis was performed using GraphPad Prism 9.4.1 software
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394 Figure 1. TmeA binds to the Cdc42 binding site of N-WASP. A. Schematic depicting N-
395 WASP deletion constructs. B,C. FLAG-tagged N-WASP constructs were co-transfected with
396 GFP-tagged C.t. effectors in Hela cells. The FLAG tagged proteins were immunoprecipitated

397  and samples were probed with anti-GFP or anti-FLAG antibodies.
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399 Figure2: TmeA directly binds TOCA-1 independent of Cdc42 and N-WASP binding sites.
400 A. GFP-tagged C.t. effectors were transfected in HelLa cells. The GFP tagged proteins were
401  immunoprecipitated and samples were probed with anti-GFP and anti-TOCA-1 antibodies. B,D.
402  GST-tagged TOCA-1 constructs and MBP-tagged C.t. effectors were expressed in E. coli and
403  purified using GST or MBP resin on gravity columns. Recombinant protein expression was
404  confirmed with Coomassie staining. C, E. Recombinant GST-tagged TOCA-1 constructs were
405  bound on GST resin. Bound proteins were incubated with MBP-tagged C.t. effectors and eluted,

406  and samples were probed with anti-GST and anti-MBP antibodies.

407
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409 Figure 3: N-WASP and TOCA-1 play arole in C.t. pedestal formation. A. N-WASP and
410 TOCA-1 were knockdowned in Hela cells. Knockdown was verified using western blotting,
411  probing with anti-GAPDH, anti-N-WASP, and anti-TOCA-1 antibodies. B. Hela cells were
412  asynchronously infected with WTL2 a an MOI of 50 for 15 minutes and imaged with
413  transmission electron microscopy, three representative images are shown. C. Quantification of
414  EBs associated with pedestals. 100 EBs per experiment were assessed from two separate

415  experiments, in which images were blinded and categorized as associated or not associated with
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416 pedestals. EBs associated with pedestals were compared to total EBs to determine the percentage

417  associated with pedestals.

418

419 Figure 4: TmeA interacts with N-WASP and TOCA-1, which leads to EB-pedestal
420 association. TmeA interacts with N-WASP via the N-WASP CRIB domain to activate it as a
421  Cdc42 molecular mimic. It additionally interacts with TOCA-1 independently of N-WASP. The
422  convergent roles of N-WASP and TOCA-1 in EB pedestal association indicate that these
423 interactions likely contribute to a TmeA-mediated invasion pathway where EBs are taken up via

424  pedestals.
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Supplemental Figure 1. N-WASP and TOCA-1 KD do not impact formation of other
structures. Quantification of EBs associated with A. no structure, B. filopodia or C. pits. 100
EBs per experiment were assessed from two separate experiments, in which images were blinded
and categorized based on structure association. EBs in each category were compared to total EBs

to determine the percentage associated with structures.
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440  Supplemental Figure 2. TmeA likely binds TOCA-1 at multiple binding sites. A. GFP-

441  tagged TmeA truncations were co-transfected with HA-tagged TOCA-1 WT in HeLa cells. The
442  GFP tagged proteins were immunoprecipitated and samples were probed with anti-GFP or anti-
443 HA antibodies. B. Alphafold modeling predicting tertiary structure of TmeA. C. Binding
444  complex prediction of TmeA (yelow, ligand) and TOCA-1 (rainbow, receptor). Confidence
445  score is 0.9777, thus TmeA and TOCA-1 are very likely to bind. Residue pairs with predicted

446  distance < 3A are noted.

447
448

449


https://doi.org/10.1101/2024.10.31.621191
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621191; this version posted October 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

450 References

451 1. Elwell C, Mirrashidi K, Engel J. 2016. Chlamydia cell biology and pathogenesis. Nat
452  Rev Microbiol 14:385-400.

453 2. Solomon AW, Burton MJ, Gower EW, Harding-Esch EM, Oldenburg CE, Taylor HR, Traoré
454 L. 2022. Trachoma. Nat Rev Dis Prim 8:32.

455 3. Darville T, Hiltke TJ. 2010. Pathogenesis of Genital Tract Disease Due to Chlamydia
456  trachomatis. J Infect Dis 201:S114-S125.

457 4. Steiert B, Faris R, Weber MM. 2023. In Search of a Mechanistic Link between Chlamydia
458 trachomatis-Induced Cellular Pathophysiology and Oncogenesis. Infect Immun 91:e00443-22.

459 5.MazalLM dela, Darville TL, Pal S. 2021. Chlamydia trachomatis vaccines for genital
460 infections: where are we and how far is there to go? Expert Rev Vaccines 20:421-435.

461 6. Clifton DR, Fields KA, Grieshaber SS, Dooley CA, Fischer ER, Mead DJ, Carabeo RA,
462  Hackstadt T. 2004. A chlamydial type Il translocated protein is tyrosine-phosphorylated at the
463  Siteof entry and associated with recruitment of actin. Proc Natl Acad Sci 101:10166-10171.

464 7. Brinkworth AJ, Malcolm DS, Pedrosa AT, Roguska K, Shahbazian S, Graham JE, Hayward
465 RD, Carabeo RA. 2011. Chlamydiatrachomatis Sicl isatype I1l secretion chaperone that
466  enhancesthe trandocation of itsinvasion effector substrate TARP. Mol Microbiol 82:131-144.

467 8. Chen Y-S, Bagtidas RJ, Seka HA, Carpenter VK, Richards KL, Plano GV, VadiviaRH. 2014.
468 The Chlamydiatrachomatis Type I11 Secretion Chaperone Sicl Engages Multiple Early

469  Effectors, Including TepP, a Tyrosine-phosphorylated Protein Required for the Recruitment of
470  Crkl-I1 to Nascent Inclusions and Innate Immune Signaling. Plos Pathog 10:€1003954.

471 9. Hower S, Wolf K, Fields KA. 2009. Evidence that CT694 is anovel Chlamydiatrachomatis
472 T3S substrate capable of functioning during invasion or early cycle development. Mol Microbiol
473  72:1423-1437.

474  10. PaisSV, Milho C, Almeida F, Mota LJ. 2013. Identification of Novel Type Ill Secretion
475  Chaperone-Substrate Complexes of Chlamydiatrachomatis. Plos One 8:e56292.

476  11. Jwani S, Alvarado S, Ohr RJ, Romero A, Nguyen B, Jewett TJ. 2012. Chlamydia
477  trachomatis Tarp Harbors Distinct G and F Actin Binding Domains That Bundle Actin
478  Filaments. JBacteriol 195:708-716.

479  12. Jewett TJ, Fischer ER, Mead DJ, Hackstadt T. 2006. Chlamydial TARP is abacterial
480 nucleator of actin. Proc Natl Acad Sci 103:15599-15604.


https://doi.org/10.1101/2024.10.31.621191
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621191; this version posted October 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

481  13. LaneBJ, Mutchler C, Khodor SA, Grieshaber SS, Carabeo RA. 2008. Chlamydial Entry
482  Involves TARP Binding of Guanine Nucleotide Exchange Factors. PLoS Pathog 4:€1000014.

483  14. Carabeo RA, Dooley CA, Grieshaber SS, Hackstadt T. 2007. Rac interacts with Abil 11 and
484 WAVE2 to promote an Arp2/3[1dependent actin recruitment during chlamydial invasion. Cell
485  Microbiol 9:2278-2288.

486  15. Jwani S, Ohr RJ, Fischer ER, Hackstadt T, Alvarado S, Romero A, Jewett TJ. 2012.
487  Chlamydiatrachomatis Tarp cooperates with the Arp2/3 complex to increase the rate of actin
488  polymerization. Biochem Biophys Res Commun 420:816-821.

489  16. Scanlon KR, Keb G, Woalf K, Jewett TJ, Fields KA. 2023. Chlamydia trachomatis TmeB
490  antagonizes actin polymerization via direct interference with Arp2/3 activity. Front Cell Infect
491 Microbiol 13:1232391.

492  17. Carpenter V, Chen Y-S, Dolat L, ValdiviaRH. 2017. The Effector TepP Mediates
493  Recruitment and Activation of Phosphoinositide 3-Kinase on Early Chlamydia trachomatis
494  Vacuoles. mSphere 2:¢00207-17.

495 18.Dolat L, VadiviaRH. 2021. An endometrial organoid model of interactions between
496  Chlamydiaand epithelial and immune cells. J Cell Sci 134:j¢cs252403.

497  19. Dolat L, Carpenter VK, Chen Y-S, Suzuki M, Smith EP, Kuddar O, ValdiviaRH. 2022.
498 Chlamydiarepurposes the actin-binding protein EPS8 to disassemble epithelial tight junctions
499  and promote infection. Cell Host Microbe 30:1685-1700.€10.

500 20.McKuen MJ, Mudler KE, Bae YS, Fidlds KA. 2017. Fluorescence-Reported Allelic
501 Exchange Mutagenesis Reveals a Role for Chlamydiatrachomatis TmeA in Invasion That Is
502  Independent of Host AHNAK crossm. Infect Immun 85:e00640-17.

503 21. FarisR, McCullough A, Andersen SE, Moninger TO, Weber MM. 2020. The Chlamydia
504 trachomatis secreted effector TmeA hijacks the N-WASP-ARP2/3 actin remodeling axisto
505 facilitate cellular invasion. Plos Pathog 16:€1008878.

506 22.Keb G, Ferrdl J, Scanlon KR, Jewett TJ, Fields KA. 2021. Chlamydiatrachomatis TmeA
507 Directly Activates N-WASP To Promote Actin Polymerization and Functions Synergistically
508  with TarP during Invasion. Mbio 12:€02861-20.

509 23. Romero MD, Carabeo RA. 2024. Dynamin-dependent entry of Chlamydia trachomatisis
510 sequentially regulated by the effectors TarP and TmeA. Nat Commun 15:4926.

511 24. Kocher F, Applegate V, Reiners J, Port A, Spona D, Hansch S, Mirzaiebadizi A, Ahmadian
512 MR, Smits SHJ, Hegemann JH, Mélleken K. 2024. The Chlamydia pneumoniae effector SemD
513 exploitsits host’s endocytic machinery by structural and functional mimicry. Nat Commun
514  15:7294.


https://doi.org/10.1101/2024.10.31.621191
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621191; this version posted October 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

515 25. Davidson A, Hume PJ, Greene NP, Koronakis V. 2023. Salmonellainvasion of acdll is sdlf-
516  limiting due to effector-driven activation of N-WASP. iScience 26:106643.

517 26.Giménez A, Giudice MGD, Lépez PV, Guaimas F, Samano-Sanchez H, Gibson TJ, Chemes
518 LB, Arregui CO, Ugalde JE, Czibener C. 2024. Brucella NpeA is a secreted Type IV effector
519 containing an N-WASP-binding short linear motif that promotes niche formation. mBio

520 15:e00726-24.

521 27.EgileC, Loisel TP, Laurent V, Li R, Pantaloni D, Sansonetti PJ, Carlier M-F. 1999.
522  Activation of the Cdc42 Effector N-Wasp by the Shigella flexneri Icsa Protein Promotes Actin
523  Nucleation by Arp2/3 Complex and Bacterial Actin-Based Matility. J Cell Biol 146:1319-1332.

524  28. Campellone KG, Rabbins D, Leong JM. 2004. EspFU |Is a Translocated EHEC Effector that
525 Interacts with Tir and N-WASP and Promotes Nck-Independent Actin Assembly. Dev Cell
526  7:217-228.

527  29. Sallee NA, Rivera GM, Dueber JE, Vasilescu D, Mullins RD, Mayer BJ, Lim WA. 2008.
528 The pathogen protein EspFU hijacks actin polymerization using mimicry and multivalency.
529  Nature 454:1005-1008.

530 30.Miki H, Sasaki T, Takal Y, Takenawa T. 1998. Induction of filopodium formation by a
531 WASP-related actin-depolymerizing protein N-WASP. Nature 391:93-96.

532  31. Campellone KG, SiripalaAD, Leong JM, Welch MD. 2012. Membrane-deforming Proteins
533 Play Distinct Roles in Actin Pedestal Biogenesis by Enterohemorrhagic Escherichiacoli *. JBiol
534  Chem 287:20613-20624.

535 32. Kalman D, Weiner OD, Goosney DL, Sedat JW, Finlay BB, Abo A, Bishop JM. 1999.
536  Enteropathogenic E. cali acts through WASP and Arp2/3 complex to form actin pedestals. Nat
537 Cdl Biol 1:389-391.

538 33.Lommel S, Benesch S, Rottner K, Franz T, Wehland J, Kiihn R. 2001. Actin pedestal
539 formation by enteropathogenic Escherichia coli and intracellular motility of Shigellaflexneri are
540 abolished in N[ ITWASP |defective cells. EMBO Rep 2:850-857.

541  34. Martinez-Quiles N, Rohatgi R, Anton IM, MedinaM, Saville SP, Miki H, Y amaguchi H,
542 TakenawaT, Hartwig JH, Geha RS, Ramesh N. 2001. WIP regulates N-WASP-mediated actin
543  polymerization and filopodium formation. Nat Cell Biol 3:484-491.

544  35. Ho H-YH, Rohatgi R, Lebensohn AM, Mal, Li J, Gygi SP, Kirschner MW. 2004. Toca-1
545 Mediates Cdc42-Dependent Actin Nucleation by Activating the N-WASP-WIP Complex. Cell
546  118:203-216.

547 36.Leung, Ally S, Goldberg MB. 2008. Bacterial Actin Assembly Requires Toca-1 to Relieve
548  N-WASP Autoinhibition. Cell Host Microbe 3:39-47.


https://doi.org/10.1101/2024.10.31.621191
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621191; this version posted October 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

549 37.Kuhn S, Berggvist J, Gil M, Vaenzuela C, Barrio L, Lebreton S, Zurzolo C, Enninga J.
550 2020. Actin Assembly around the Shigella-Containing Vacuole Promotes Successful Infection.
551 Cell Rep 31:107638.

552  38. Carabeo RA, Grieshaber SS, Fischer E, Hackstadt T. 2002. Chlamydia trachomatis Induces
553  Remodeling of the Actin Cytoskeleton during Attachment and Entry into HeLa Cells. Infect
554  Immun 70:3793-3803.

555  39. Rudolph MG, Bayer P, Abo A, Kuhlmann J, Vetter IR, Wittinghofer A. 1998. The

556  Cdc42/Rac Interactive Binding Region Motif of the Wiskott Aldrich Syndrome Protein (WASP)
557  IsNecessary but Not Sufficient for Tight Binding to Cdc42 and Structure Formation*. J Biol
558 Chem 273:18067-18076.

559  40. Steiert B, Icardi CM, Faris R, McCaslin PN, Smith P, Klingelhutz AJ, Y au PM, Weber MM.
560 2023. The Chlamydiatrachomatistype I11-secreted effector protein CteG induces centrosome
561 amplification through interactions with centrin-2. Proc National Acad Sci 120:e2303487120.

562 41. Steiert B, Andersen SE, McCaslin PN, Elwell CA, Faris R, Tijerina X, Smith P, Eldridge Q,
563 Imai BS, Arrington JV, Yau PM, Mirrashidi KM, Johnson JR, Verschueren E, Dollen JV, Jang
564 GM, Krogan NJ, Engdl N, Weber MM. 2024. Global mapping of the Chlamydia trachomatis
565  conventional secreted effector — host interactome reveals CebN interacts with nucleoporins and
566 Raeltoimpede STATL1 nuclear translocation. bioRxiv 2024.04.25.587017.

567 42. Mauricio RPM, Jeffries CM, Svergun DI, Deane JE. 2017. The Shigella Virulence Factor
568 IcsA Relieves N-WASP Autoinhibition by Displacing the Verprolin Homology/Cofilin/Acidic
569 (VCA) Domain*. JBiol Chem 292:134-145.

570 43. Carabeo RA, Grieshaber SS, Hasenkrug A, Dooley C, Hackstadt T. 2004. Requirement for
571 the Rac GTPasein Chlamydiatrachomatis Invasion of Non-phagocytic Cells. Traffic 5:418-425.

572  44. Ford C, Nans A, Boucrot E, Hayward RD. 2018. Chlamydia exploits filopodial capture and a
573  macropinocytosis-like pathway for host cell entry. PLoS Pathog 14:€1007051.

574  45.BuW, Chou AM, Lim KB, Sudhaharan T, Ahmed S. 2009. The Toca-1-N-WASP Complex
575 LinksFilopodial Formation to Endocytosis. J Biol Chem 284:11622-11636.

576 46.BuW, Lim KB, Yu YH, Chou AM, Sudhaharan T, Ahmed S. 2010. Cdc42 Interaction with
577 N-WASP and Toca-1 Regulates Membrane Tubulation, Vesicle Formation and Vesicle Matility:
578 Implications for Endocytosis. PLoS ONE 5:e12153.

579  47.Takano K, Takano K, Toyooka K, Suetsugu S. 2008. EFC/FI'IBAR proteins and the
580 NTWASP-WIP complex induce membrane curvaturel Idependent actin polymerization. EMBO
581 J27:2817-2828.

582  48. Watson JR, Fox HM, Nietlispach D, Gallop JL, Owen D, Mott HR. 2016. Investigation of the
583  Interaction between Cdc42 and Its Effector TOCA1 HANDOVER OF Cdc42 TO THE ACTIN


https://doi.org/10.1101/2024.10.31.621191
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621191; this version posted October 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

584 REGULATOR N-WASP ISFACILITATED BY DIFFERENTIAL BINDING AFFINITIES*. J
585 Biol Chem 291:13875-13890.

586  49. Unsworth KE, Mazurkiewicz P, Senf F, Zettl M, McNiven M, Way M, Holden DW. 2007.
587 Dynaminisrequired for FCactin assembly and pedestal formation by enteropathogenic
588 Escherichiacoli (EPEC). Cell Microbiol 9:438-449.

589 50. Mallick EM, Garber JJ, Vanguri VK, Balasubramanian S, Blood T, Clark S, Vingadassalom
590 D, Louissaint C, McCormick B, Snapper SB, Leong JM. 2014. The ability of an attaching and
591  effacing pathogen to trigger localized actin assembly contributes to virulence by promoting
592  mucosal attachment. Cell Microbiol 16:1405-1424.

593 51. Ritchie MM, Brady MJ, Riley KN, Ho TD, Campellone KG, Herman IM, Donohue! IRolfe A,
594  Tzipori S, Waldor MK, Leong JM. 2008. EspFU, atype Il Ctranslocated effector of actin

595 assembly, fosters epithelial association and latelstage intestinal colonization by E. coli

596 0157:H7. Cell Microbiol 10:836-847.

597 52.Vele KB, Campellone KG. 2017. Extracellular motility and cell-to-cell transmission of
598 enterohemorrhagic E. coli isdriven by EspFU-mediated actin assembly. PLoS Pathog
599  13:e1006501.

600 53. Vingadassalom D, Campellone KG, Brady MJ, Skehan B, Battle SE, Robbins D, Kapoor A,
601 Hecht G, Snapper SB, Leong JM. 2010. Enterohemorrhagic E. coli Requires N-WASP for

602  Efficient Typelll Transocation but Not for EspFU-Mediated Actin Pedestal Formation. PLoS
603  Pathog 6:€1001056.

604  54. Battle SE, Brady MJ, Vanga SK, Leong JM, Hecht GA. 2014. Actin Pedestal Formation by
605 Enterohemorrhagic Escherichiacoli Enhances Bacterial Host Cell Attachment and Concomitant
606  Typelll Trandocation. Infect Immun 82:3713-3722.

607 55. Keb G, Hayman R, Fields KA. 2018. Floxed-Cassette Allelic Exchange Mutagenesis Enables
608 Markerless Gene Déeletion in Chlamydia trachomatis and Can Reverse Cassette-Induced Polar
609 Effects. JBacteriol 200.

610 56. FarisR, Weber M. 2019. Propagation and Purification of Chlamydiatrachomatis Serovar L2
611  Transformants and Mutants. Bio-protocol 9:e3459.

612 57. Jumper J, EvansR, Pritzd A, Green T, Figurnov M, Ronneberger O, Tunyasuvunakool K,
613 BatesR, Zidek A, Potapenko A, Bridgland A, Meyer C, Kohl SAA, Ballard AJ, Cowie A,
614 Romera-Paredes B, Nikolov S, Jain R, Adler J, Back T, Petersen S, Reiman D, Clancy E,

615 Zidinski M, Steinegger M, Pacholska M, Berghammer T, Bodenstein S, Silver D, Vinyals O,
616  Senior AW, Kavukcuoglu K, Kohli P, Hassabis D. 2021. Highly accurate protein structure
617  prediction with AlphaFold. Nature 596:583-589.

618 58.YanY, Zhang D, Zhou P, Li B, Huang S-Y. 2017. HDOCK: aweb server for protein—protein
619 and proten—DNA/RNA docking based on a hybrid strategy. Nucleic Acids Res 45:gkx407-.


https://doi.org/10.1101/2024.10.31.621191
http://creativecommons.org/licenses/by-nc-nd/4.0/

