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ABSTRACT Chlamydia trachomatis is an obligate intracellular pathogen that replicates in
a host-derived vacuole termed the inclusion. Central to pathogenesis is a type lll secretion
system that translocates effector proteins into the host cell, which are predicted to play
major roles in host cell invasion, nutrient acquisition, and immune evasion. However, until
recently, the genetic intractability of C. trachomatis hindered identification and characteriza-
tion of these important virulence factors. Here, we sought to expand the repertoire of iden-
tified effector proteins and confirm they are secreted during C. trachomatis infection.
Utilizing bioinformatics, we identified 18 candidate substrates that had not been previously
assessed for secretion, of which we show four to be secreted, using Yersinia pseudotubercu-
losis as a surrogate host. Using adenylate cyclase (CyaA), BlaM, and glycogen synthase ki-
nase (GSK) secretion assays, we identified nine novel substrates that were secreted in at
least one assay. Interestingly, only three of the substrates, shown to be translocated by
C. trachomatis, were similarly secreted by Y. pseudotuberculosis. Using large-scale screens to
determine subcellular localization and identify effectors that perturb crucial host cell proc-
esses, we identified one novel substrate, CT392, that is toxic when heterologously expressed
in Saccharomyces cerevisiae. Toxicity required both the N- and C-terminal regions of the pro-
tein. Additionally, we show that these newly described substrates traffic to distinct host cell
compartments, including vesicles and the cytoplasm. Collectively, our study expands the
known repertoire of C. trachomatis secreted factors and highlights the importance of testing
for secretion in the native host using multiple secretion assays when possible.
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hlamydia trachomatis is an obligate intracellular bacterium that is the most com-

mon sexually transmitted bacterium and the leading cause of infectious blindness
worldwide (1). Over 1.7 million chlamydia cases are reported in the United States each
year, with the global burden approaching 131 million cases annually (2). While most Editor Nancy E. Freitag, University of lllinois
infections are asymptomatic, ascension into the upper genital tract can lead to pelvic Chicago
inflammatory disease, ectopic pregnancy, and infertility (3). Significantly, chlamydial fﬁgiﬂ%&?ﬁf;gﬂf;C:S;iggewfor
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organelles and manipulate signaling pathways to obtain nutrients for replication,
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inhibit host defense mechanisms, and promote host cell viability. To achieve these
feats, C. trachomatis secretes effector proteins into the host cell throughout its infec-
tion cycle via a type Ill secretion system (T3SS) (11). C. trachomatis is predicted to
secrete over 100 T3SS effectors into its host cell (12), including inclusion membrane
(Inc) proteins and conventional T3SS (cT3SS) effector proteins.

The presence of one or more bilobed hydrophobic domains has been used to identify
58 potential Inc proteins; however, only 38 have been shown to localize to the inclusion
membrane during infection (1, 13-15). In contrast, cT3SS proteins lack a bilobed hydropho-
bic domain and have been shown to localize to the plasma membrane, nucleus, and cyto-
plasm or to associate with the inclusion (8, 16, 17). Based on their localization, these pro-
teins are predicted to play vital roles in host cell invasion, nutrient acquisition, and
subversion of host defense mechanisms (9, 18-20). While cT3SS effectors likely play impor-
tant roles in chlamydial infection, identification of cT3SS effector proteins has been chal-
lenging as most lack readily identifiable secretion signals, functional domains indicative of
effector function, or homology with other proteins. Furthermore, the genetic intractability
of C. trachomatis has significantly hampered efforts to identify these important factors. To
date, over 45 candidate C. trachomatis effector proteins have been shown to be secreted
using Yersinia pseudotuberculosis, Shigella flexneri, or Salmonella enterica serovar Typhimurium
as surrogate hosts (10, 17, 21). While research is still challenging, advances in chlamyd-
ial genetics, including the ability to transform C. trachomatis serovar L2 with a shuttle
vector and the adaption of multiple reporters, now allow for confirmation of effector
protein secretion during infection (15, 22-24).

In this study, we identify three novel secretion substrates and an additional six sub-
strates that are possibly secreted. The putative secretion substrates were selected using
bioinformatic analysis through identification of eukaryotic-like domains, a predicted T3SS
signal, or homology to known secreted effectors. By initially screening each candidate in
Yersinia pseudotuberculosis, followed by validation of secretion in C. trachomatis, we dem-
onstrate that several substrates are not capable of being secreted by a surrogate host,
highlighting the importance of testing for secretion in the native organism. Of the effectors
that were confirmed to be secreted or possibly secreted by C. trachomatis, we identified
two with unique localization patterns when ectopically expressed in mammalian cells. One
secretion substrate induced toxicity when expressed in Saccharomyces cerevisiae, implying
it targets a crucial eukaryotic cellular pathway. Collectively, our study expands the list of
known C. trachomatis secretion substrates and highlights the power of genetic approaches
to identifying putative secreted factors.

RESULTS

Identification of previously undescribed Chlamydia trachomatis type Il secreted
effector proteins using Yersinia pseudotuberculosis as a surrogate host. To expand the
list of chlamydial T3SS substrates, we employed a bioinformatics-guided approach to iden-
tify any putative chlamydial proteins that possess eukaryotic-like domains as predicted by
the Simple Modular Architecture Research Tool (SMART), a T3SS signal (pEffect and
Effective T3S), or homology to a known secreted effector protein (BLAST). In total, we iden-
tified 18 candidate substrates (Table 1). We first tested for secretion using Y. pseudotubercu-
losis as a surrogate host due to its ease of manipulation and culture. Furthermore, it would
allow us to directly compare the rigor of a surrogate system to that of the endogenous
host. To assess secretion, the first 40 amino acids (aa), representing the putative secretion
signal, were fused to neomycin phosphotransferase (NPT) and constructs were transformed
into Y. pseudotuberculosis. Cultures were grown under secretion-inducing (lacking calcium)
or secretion-inhibiting (possessing calcium) conditions, and cells were fractionated into su-
pernatant (broth) and pellet (bacterial cell) fractions. Expression and secretion were deter-
mined by western blotting. Using this approach, we identified six putative substrates that
are capable of being secreted when using Y. pseudotuberculosis as a surrogate host:
CTLO037 (CT668), CTLO060 (CT691), CTLO386 (CT131), CTLO137 (CT768), CTLO065 (CT696),
and CTLO105 (CT736) (Fig. 1). As is convention in the field, we used serovar L2 for all experi-
ments but we will refer to the serovar D nomenclature. Four of these six (CT131, CT768,
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TABLE 1 Candidate type Il secreted effectors evaluated for secretion using Y. pseudotuberculosis®

Secreted under

conditions:
Predicted
D/UW-3/CX L2/434/Bu Eukaryotic-like domain T3S signal Expressed Inducing Inhibitory
CTO51 CTLO307 Coiled-coil Yes Yes No No
CT131 CTLO386 TMD Yes Yes Yes No
CT149 CTLO404 Alpha/beta hydrolase fold Yes Yes No No
CT350 CTLO604 HEAT repeat No No No No
CT360 CTLO614 Coiled-coil No Yes No No
CT392 CTL0648 DUF1207 (specific to Chlamydia) No No No No
CT460 CTL0720 SWIB (ATP-dependent chromatin-remodeling) proteins No Yes No No
CT503 CTLO765 Coiled-coil No Yes No No
CT537 CTL0799 PFAM: TsaE Yes Yes No No
CT584 CTLO847 Coiled-coil Yes Yes No No
CT627 CTLO891 PFAM: Rhodanese_C, RHOD Yes No No No
CT668 CTLO037 Coiled-coil No Yes Yes Yes
CT683 CTL0052 TPR Yes Yes No No
CT691 CTLO060 PFAM: PhoU_div Yes Yes Yes Yes
CT696 CTLO065 None No Yes Yes Yes
CT736 CTLO105 PFAM: PBP No Yes Yes Yes
CT744 CTLO113 Coiled-coil Yes Yes No No
CT768 CTLO0137 Coiled-coil Yes Yes Yes No

alnducing conditions contain medium without Ca**. Inhibitory conditions contain medium with Ca*".

CT696, and CT736) were detected in the supernatant only under T3SS-inducing conditions,
whereas two (CT668 and CT691) were present in the supernatant under both T3SS-induc-
ing and -inhibiting conditions, suggesting that these two substrates could be secreted
through a different mechanism. Collectively, we identified four new candidate substrates
that can be secreted by Yersinia and may be secreted by C. trachomatis.

Identification of previously undescribed type Ill secreted effector proteins in
Chlamydia trachomatis. To determine whether these candidate substrates are capable
of being secreted by C. trachomatis, we utilized three secretion assays. Each candidate
protein was cloned into a pBomb4-tet vector and expressed as a C-terminal fusion to
the tag of interest. Each construct was transformed into C. trachomatis serovar L2, and
expression was confirmed by western blotting. We sought to test all 18 candidate sub-
strates for secretion in C. trachomatis; however, CT051 and CT350 were excluded from
our list as we were unable to generate a clone for any of the three assays.

The CyaA assay utilizes the Bordetella pertussis calmodulin-dependent adenylate cyclase
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FIG 1 Novel C. trachomatis type |ll secreted effector proteins are secreted using Y. pseudotuberculosis as a
surrogate host. Y. pseudotuberculosis was transformed with each C. trachomatis gene of interest, and
transformants were grown in secretion-inducing (— Ca®") or secretion-inhibiting (+ Ca®*) medium. Pellets
(P) and supernatants (S) were separated by centrifugation and normalized by optical density at 600 nm.
Samples were resolved by SDS-PAGE expression, and immunoblots were probed with anti-FLAG
antibodies. Data are representative of three independent experiments.
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TABLE 2 Candidate secretion substrates evaluated for secretion in C. trachomatis®
D/UW-3/CX  L2/434/Bu  CyaA assay BlaM assay GSK assay Final designation

CT051 CTL0307 NA® NA® NA® Unable to conclude
CT131 CTLO0386 Not secreted ~ NA? Secreted Possibly secreted
CT149 CTLO404 NA¢ Secreted Secreted Secreted

CT350 CTL0604 NA® NA® NA® Unable to conclude
CT360 CTL0614 NA¢ NA¢ NA¢ Unable to conclude
CT392 CTL0648 Secreted NA? NAY Possibly secreted
CT460 CTL0720 Secreted NA NA¢ Possibly secreted
CT503 CTLO765 Not secreted  NAC Not secreted  Not secreted

CT537 CTL0799 Secreted NA¢ NA¢ Possibly secreted
CT584 CTLO847 NA9 Secreted Secreted Secreted

CT627 CTLO891 Secreted Not secreted  Secreted Secreted

CT668 CTLO037 NA9 NA9 NA9 Unable to conclude
CT683 CTLO052 NA9 NA9 NA9 Unable to conclude
CT691 CTL0060 Secreted NAd NAd Possibly secreted
CT696 CTLO0065 NA¢ NA¢ NA¢ Unable to conclude
CT736 CTLO105 Secreted Not secreted  Not secreted  Possibly secreted
CT744 CTLO113 NA® NA9 NA< Unable to conclude
CT768 CTLO0137 Not secreted  Not secreted  NAC® Not secreted

aCandidates secreted in at least two assays were considered secreted, and those positive in only one assay were
considered possibly secreted. Those with negative results in at least two assays were designated “not secreted”
whereas those that were unable to be evaluated in at least two assays were designated “unable to conclude.”

bNot assayed (NA) due to lack of a clone.

“Not assayed (NA) due to lack of transformants.

9Not assayed (NA) because of inability to confirm expression.

toxin CyaA to monitor effector secretion. It has been used to identify type IV and type il
secreted effector proteins from Legionella pneumophila, Coxiella burnetii, Salmonella spp.,
Yersinia spp., and recently C. trachomatis (22, 25, 26-28). In this assay, if the effector protein
of interest is released into the host cell cytosol, the secreted CyaA will interact with host
calmodulin to convert ATP to cAMP, the levels of which can be monitored by enzyme-
linked immunosorbent assay (ELISA). Each effector protein (Table 2) was expressed as a C-
terminal fusion to CyaA, constructs were transformed into C. trachomatis, and expression
of the fusion protein was confirmed by western blotting. As shown in Fig. 2A, CyaA fusions
of CT131, CT149, CT392, CT503, CT537, CT627, CT691, CT736, CT768, and CT460 were read-
ily expressed and subsequently evaluated for secretion. All CyaA fusions matched pre-
dicted molecular weights except for CT503-CyaA. It is possible that CT503-CyaA is posttran-
scriptionally modified, resulting in the higher observed molecular weight. CyaA tag alone
was used as a negative control. Significantly elevated levels of CAMP were noted in cells
infected with CT392, CT460, CT537, CT627, CT691, and CT736 relative to CyaA alone, indi-
cating secretion (Fig. 2B; Table 2).

The TEM/BlaM assay has also been used previously to identify bacterial factors that are
translocated into the host cell cytosol (23, 25, 29). The substrate, CCF4-AM, possesses two
dye molecules that are in close proximity and undergo a fluorescence resonance energy
transfer (FRET) event. However, the two dye molecules are separated by a beta-lactam
ring. If the candidate substrate is secreted from C. trachomatis into the host cell cytosol,
beta-lactamase will cleave the beta-lactam ring, disrupting the FRET event, causing the
substrate to fluoresce blue (460 nm) instead of green (535 nm). Prior to assaying the candi-
dates, western blotting was employed to confirm effector secretion. CT694/TmeA, which
was previously shown to be secreted in this assay, was used as a positive control (23). Of
those substrates tested, CT584, CT768, CT736, CT149, and CT627 were expressed (Fig. 3A),
and only CT149 and CT584 had a higher 460:535 ratio than C. trachomatis expressing BlaM
alone (negative control) (Fig. 3B; Table 2), suggesting they are released to the host cell
cytosol.

We also employed a third assay that makes use of a small, 13-residue epitope tag,
glycogen synthase kinase (GSK), which is phosphorylated by eukaryotic kinases when
relocated to the cytosol (30, 31). Due to the relatively low abundance of the secreted
proteins and many background bands associated with the antibody (32), we added a
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FIG 2 Identification of novel C. trachomatis secreted effector proteins via an adenylate cyclase (CyaA) secretion
assay. Candidate secretion substrates were expressed as C-terminal fusions to the CyaA tag and transformed
into C. trachomatis. (A) Transformants were used to infect Hela cells at an MOI of 5 for 24 h, after which
expression of the fusion protein was confirmed by immunoblotting with anti-CyaA antibodies. C. trachomatis
heat shock protein (HSP) was used as a loading control. The asterisk on the right of each band indicates the
molecular weight (MW) of each CyaA fusion protein. Predicted molecular weights are as follows: CT131-
CyaA, 151 kDa; CT149-CyaA, 59 kDa; CT392-CyaA, 66 kDa; CT503-CyaA, 42 kDa; CT537-CyaA, 42 kDa; CT627-
CyaA, 63 kDa; CT691-CyaA, 50 kDa; CT736-CyaA, 41 kDa; CT768-CyaA, 89 kDa; CT460-CyaA, 35 kDa. (B) Hela
cells were infected with each candidate at an MOI of 5, and after 24 h, cytosolic levels of CAMP were measured
by competitive ELISA. The levels of cAMP present in C. trachomatis expressing CyaA alone were compared to
those in C. trachomatis expressing the candidate secretion substrate. CT392, CT460, CT537, CT627, CT691, and
CT736 exhibited elevated levels of cAMP relative to C. trachomatis expressing CyaA alone and were thus
considered secreted. Error bars represent the standard deviations from the means. Statistical significance was
determined using one-way ANOVA. ****, P < 0.0001; **, P < 0.01. Data are representative of three independent
experiments with three replicates (A and B).

FLAG tag which allowed us to immunoprecipitate the samples to concentrate our can-
didate effector proteins. To test for secretion, cells were infected with C. trachomatis
expressing the candidate of interest fused to the GSK FLAG tag. The fusion protein was
immunoprecipitated and analyzed by western blotting with GSK and phospho-GSK (P-
GSK) antibodies. As shown in Fig. 4, CT149, CT131, CT627, and CT584 were secreted,
whereas phosphorylation of CT503 and CT736 was not detected, suggesting they are
not secreted in this assay.

CT392 and CT691 have unique localization patterns when ectopically expressed in
HelLa cells. Upon release into a host cell, bacterial effector proteins traffic to host cell or-
ganelles where they perturb host cell processes. To determine whether these newly identi-
fied secreted factors target specific host cell compartments, we ectopically expressed each
secreted or possibly secreted effector protein in Hela cells. CT131, CT149, and CT584 were
previously evaluated for subcellular localization (33); thus, we excluded them from our
analysis. As shown in Fig. 5, CT460, CT537, CT627, and CT736 resulted in a localization pat-
tern similar to that of green fluorescent protein (GFP) alone and thus were designated as
having no localization pattern. In contrast, CT392 localized in cytoplasmic puncta whereas
CT691 was cytoplasmic and excluded from the nucleus. Collectively, these results demon-
strate that several of the newly identified effector proteins traffic to distinct subcellular
compartments when ectopically expressed in eukaryotic cells.

CT392 displays a toxic phenotype in Saccharomyces cerevisiae. To determine if
C. trachomatis secreted substrates perturb critical eukaryotic cell pathways, we
expressed all the secreted and possibly secreted effector proteins (Table 2) under the
control of a galactose-inducible promoter in S. cerevisiae. CT131, CT149, and CT584
were previously evaluated for toxicity in yeast (33); thus, we excluded them from our
analysis. After the samples were diluted and spotted on galactose (inducing) medium,
each sample was evaluated for a growth defect, denoted as a toxic phenotype, by
comparing it to growth obtained on glucose (noninducing) plates as well as to vector
alone. If overexpression of the C. trachomatis effector of interest causes a toxic pheno-
type, then that effector is most likely disrupting an important pathway in yeast (29, 34,
35). Since many of the same cellular processes are conserved between yeast and mam-
mals, this is a simple assay that can determine whether the effector of interest is
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FIG 3 Identification of novel secreted proteins from C. trachomatis via a beta-lactamase (BlaM) secretion assay. Candidate
secretion substrates were fused to the BlaM tag and transformed into C. trachomatis. (A) Hela cells were infected at an MOI
of 5 for 24 h with transformants. Expression of the BlaM fusion protein was confirmed by immunoblotting with anti-BlaM
antibodies, and anti-HSP was used as a loading control. The asterisk indicates the molecular weight of each BlaM fusion
protein. Predicted molecular weights are as follows: CT584-BlaM, 54 kDa; CT768-BlaM, 94 kDa; CT736-BlaM, 46 kDa; CT149-
BlaM, 64 kDa; CT627, 68 kDa. (B) Secretion was determined by infecting Hela cells at an MOI of 5 for 24 h. Infected cells
were loaded with CCF4-AM for 1 h, and the change in 460-/535-nm fluorescence was monitored on a plate reader. A shift
from 535-nm fluorescence to increased 460-nm fluorescence is indicative of secretion into the host cell cytosol. Ratios
associated with the candidate substrate-BlaM fusions were compared to those of C. trachomatis expressing BlaM alone. CT694
was included as a positive control. Error bars represent standard deviations from the means. Statistical significance was
determined using one-way ANOVA. ****, P < 0.0001; **, P < 0.01. (B). Data are representative of three experiments (A and B).

disrupting a critical pathway in human cells. CT105/CteG was used as a positive control
as we previously demonstrated it has a toxic phenotype in this system (36). Of the six
effectors tested here, we demonstrate that only CT392 displayed a toxic phenotype,
suggesting that it could disrupt an essential eukaryotic host cell pathway (Fig. 6A).
Toxicity was specific to our yeast assay as no growth difference or toxicity was noted in
C. trachomatis overexpressing CT392 (see Fig. S1 and S2 in the supplemental material).
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FIG 4 Evaluation of C. trachomatis candidate secretion using a GSK FLAG secretion assay. Candidate
secretion substrates were fused to a GSK FLAG tag and transformed into C. trachomatis. Hela cells were
infected at an MOI of 5 with each strain, and after 24 h, the candidate peptide was immunoprecipitated
using anti-FLAG beads. Samples were resolved by SDS-PAGE, and immunoblots were probed with anti-
GSK or anti-P-GSK to evaluate expression and secretion, respectively. CT149, CT131, CT627, and CT584
were determined to be secreted using this assay. The asterisk indicates the molecular weight of each GSK
FLAG fusion. Predicted molecular weights are as follows: CT503-GSK-FLAG, 30 kDa; CT736-GSK-FLAG, 19
kDa; CT149-GSK-FLAG, 37 kDa; CT131-GSK-FLAG, 129 kDa; CT627-GSK-FLAG, 41 kDa; CT584-GSK-FLAG, 24
kDa. Data are representative of 3 independent experiments.
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FIG 5 C trachomatis secretion substrates traffic to distinct subcellular compartments. Proteins confirmed
to be secreted were fused to a GFP tag and used to transiently transfect Hela cells. Cells were fixed in
4% formaldehyde, and DNA was stained with DAPI (blue) to visualize the nucleus. Samples were imaged
for unique localization patterns in comparison to vector alone using immunofluorescence microscopy.
Data are representative of three independent experiments.

CT736

To identify a region of CT392 required for toxicity, we generated C- and N-terminal
truncations of CT392. While deletion of a region between amino acids 80 and 100 from
the C terminus modestly reduced toxicity, deletion of a region between amino acids
100 and 200 from the N terminus abolished toxicity (Fig. 6B), suggesting this is the
region required for CT392 toxicity in yeast.

DISCUSSION

As an obligate intracellular pathogen, C. trachomatis must have methods to manip-
ulate host organelles and signaling pathways from the confines of the inclusion. C. tra-
chomatis achieves this by releasing an array of cT3SS effector proteins into the host
cell. It is hypothesized that many of these effector proteins play roles in promoting
host cell viability, inhibiting host defense mechanisms, facilitating nutrient acquisition,
altering the cell cycle, and initiating host cell invasion (8, 18, 19, 36, 37). To date, only a
few cT3SS effectors have been characterized. One major limitation to understanding
how these proteins contribute to chlamydial infection is the lack of a list of bona fide
CT3SS substrates that have been confirmed to be secreted. Our study directly com-
pares the efficiency of a surrogate host to that of the native organism for evaluating
candidate secretion substrates and highlights the importance of validation in the
native host. Importantly, we expand on the repertoire of known secretion substrates.

Several prior studies have sought to identify C. trachomatis secretion substrates by
measuring their ability to be translocated using a surrogate host (8, 10, 16, 21, 37-39).
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FIG 6 C. trachomatis secretion substrates perturb normal host cell processes. (A) Secretion substrates were expressed in S. cerevisiae under a galactose-inducible
promoter. Each was serially diluted to 10> and spotted on uracil dropout medium containing glucose (noninducing) or galactose (inducing). Vector alone was
used as a negative control, and CT105 was used as a positive control. (B) CT392 truncations were expressed in S. cerevisiae under a galactose-inducible promoter,

serially diluted, and spotted. Loss of toxicity is noted for —100C and —200N truncations. FL, full length. Data are representative of 3 independent experiments (

and B).

>

However, we hypothesized that novel secretion substrates might still be uncovered. With
the advent of tools for genetic manipulation of C. trachomatis, we now have the unprece-
dented opportunity to perform a side-by-side comparison of a surrogate system to that of
the native organism. Using multiple bioinformatic predictions, we identified 18 candidate
secretion substrates that, to the best of our knowledge (with the exception of CT696 [23]),
had not been previously assessed for secretion. While whether a specific factor will be
secreted can be hard to predict, some attributes increase the odds that a candidate might
be a secreted protein. Many secreted substrates possess eukaryotic-like domains such as
coiled-coil motifs, ankyrin repeats, tetratricopeptide repeats (TPRs), or F-box domains to
mediate interactions with their eukaryotic binding partners (25, 29, 40-42). Of the 18 candi-
dates we tested here, seven possessed a coiled-coil motif and one harbored a TPR domain
(Table 1). Additionally, we identified one candidate, CT392/CTL0648, that possesses a do-
main of unknown function (DUF1207) that is unique to Chlamydia spp. Prior studies identi-
fied a class of proteins that possess another domain of unknown function that is unique to
Chlamydia spp., DUF582, and each of these candidates was subsequently shown to be
secreted using Shigella flexneri as a surrogate host (39). While the function of DUF1207 and
DUF582 domains remains unknown, the fact that these unique domains are found in sev-
eral secreted proteins may suggest that they have evolved to mediate chlamydia-specific

interactions with the host cell.

In the past 2 decades, several machine learning algorithms have been developed to
predict candidate secretion substrates. These approaches typically work by comparing
a large set of known effectors and noneffectors to define attributes that distinguish
these two groups (43-45). Here, we used the pEffect and Effective T3S databases.
These databases identified 10 candidate substrates that are bioinformatically predicted
to possess a T3SS signal, of which three were shown to be secreted by Y. pseudotuber-
culosis. Of our 18 total candidates identified by bioinformatics, we found that six were
secreted by Y. pseudotuberculosis, confirming previous assertions that bioinformatic
predictions need to be confirmed experimentally due to the possibility of false posi-
tives. Of these, only four were secreted under T3SS-inducing conditions. Surprisingly,
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CT691 and CT668 were secreted under both T3SS-inducing and -inhibiting conditions,
indicating they are likely secreted through a T3SS-independent mechanism.

Until 2011, C. trachomatis was recalcitrant to genetic manipulation, necessitating the
use of a surrogate host to determine whether a candidate factor was capable of being
secreted. Using Yersinia spp., Shigella spp., or Salmonella spp., ~35 conventional T3SS effec-
tor proteins have been described (8, 10, 16, 21, 37-39). While robust secretion by a surro-
gate host may suggest a factor is secreted, it does not always correlate with secretion by
the native organism. Indeed, a recent study using C. trachomatis to define Chlamydia pneu-
moniae secreted factors was unable to confirm the secretion of numerous substrates that
had been previously reported as secreted (32). One possible explanation is that since the
T3SS requires chaperones to stabilize effectors, C. trachomatis likely has specific chaperones
that are not present in surrogate systems to aid in the secretion of some of its effector pro-
teins (46-48). While Inc proteins can readily be visualized by immunofluorescence micros-
copy to affirm secretion (15), conventional secretion substrates tend to be present at lower
abundance and diffusely localized throughout the cell, requiring signaling ampilification to
detect. Thus, to rigorously test each candidate substrate for secretion by C. trachomatis, we
employed three distinct secretion assays that have previously been used to monitor effec-
tor secretion in other organisms (23, 25, 28-31) and have been recently adapted for use in
C. trachomatis (22, 23, 32). Not surprisingly, we saw differences in which substrates were
secreted based on the secretion assay that was used. Notably, six, two, and four were posi-
tive for secretion in the CyaA, BlaM, and GSK assays, respectively (Table 2). The CyaA and
BlaM assays both utilized large tags (~30 kDa), which may hinder certain proteins from
being secreted. The GSK tag is smaller (~3 kDa) and so should be less inhibitory toward
secretion and could potentially produce more reliable results. Surprisingly though, we
found the highest number of effectors to be secreted using the CyaA assay, suggesting
that this assay provides high sensitivity and that the large tag may not be an impediment
to secretion as predicted.

As previously noted, differences between secretion in a surrogate and that in the
native host have been recently described (32). Y. pseudotuberculosis was capable of
secreting CT668, CT691, CT131, CT768, CT696, and CT736, with CT668 and CT691 being
released into the supernatant independent of the T3SS. We were successfully able to
confirm secretion by C. trachomatis for CT691, CT736, and CT131 in at least one assay.
Surprisingly, while CT149, CT392, CT460, CT537, CT584, and CT627 were not secreted
by Y. pseudotuberculosis, they were translocated by C. trachomatis in at least one assay.
This difference in secretion between Yersinia- and Chlamydia-based experiments may
be explained by multiple factors. As with previous studies, we fused the first 30 amino
acids of our candidate protein to NPT to assay secretion in Y. pseudotuberculosis. Our C.
trachomatis assays used the full-length protein, giving a more accurate measure of
secretion. While the N terminus is required for secretion, chaperones are also necessary
for translocation, and it is possible that differences in available T3SS chaperones may
account for differences in secretion noted between the organisms. Collectively, these
results highlight the importance of evaluating secretion in the native host.

While CT668 and CT696 were secreted by Y. pseudotuberculosis, we were unable to con-
firm their secretion in C. trachomatis. CT668 secretion was noted under T3SS-inhibiting con-
ditions and thus could be due to a different secretion method or could be due to bacterial
lysis. CT696 is a hypothetical protein that is located immediately downstream from the
T3SS effector proteins CT694/TmeA and CT695/TmeB. All three proteins are expressed at
the mid-cycle of infection; however, TmeA and TmeB are cotranscribed while CT696 is tran-
scribed separately (23). Prior studies using Y. pseudotuberculosis as a surrogate host sought
to determine whether CT696 is secreted. CT696 was detected in the supernatant, but the
molecular weight was significantly lower than anticipated (23). Intriguingly, the molecular
weight of CT696 isolated from the pellet fraction ran at the anticipated molecular weight
on the SDS-PAGE gel, suggesting it could be processed during secretion in the native host
(21). Due to the low level detected in the supernatant and the inconsistent molecular
weight, whether CT696 was secreted or not could not be confirmed. Here, we detected
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CT696 in the supernatant when the first 30 amino acids were expressed in Y. pseudotuber-
culosis and fused to NPT. Unfortunately, we were unable to confirm its secretion by C. tra-
chomatis due to a lack of detectable expression in each of the assays. Similarly, Mueller and
Fields (23) attempted to confirm CT696 secretion using the BlaM/TEM1 assay but were
unable to confirm expression. While a precise cause is unknown, it is possible that the lev-
els of CT696, even using the overexpression system, are too low to detect without
immunoprecipitation.

Large-scale screens such as ectopic expression and yeast toxicity assays have been
used extensively for preliminary characterization of secretion substrates (25, 29, 33, 40,
49). While a C. trachomatis open reading frame (ORF) library was constructed previ-
ously with the goal of expressing each ORF in S. cerevisiae to evaluate subcellular local-
ization and toxicity, some were not tested due to a lack of a clone or of expression. Of
the newly described secreted or possibly secreted substrates identified here (Table 2),
only CT131, CT149, and CT584 were previously evaluated (33). Here, we report that
CT392 localizes to cytoplasmic puncta and CT691 localizes to the cytoplasm. Of the
effectors tested, only CT392 expression resulted in a growth defect in S. cerevisiae (Fig.
6A). Due to CT392's unique phenotypes, we further explored if there was a specific
region of the protein that was responsible for the toxic phenotype. Bioinformatic anal-
ysis using SMART predicted a coiled-coil region at 85 aa to 116 aa. The —100N trunca-
tion still retained toxicity, suggesting it is dispensable for toxicity. Interestingly, re-
moval of 200 aa from the N terminus abolished toxicity, suggesting residues 100 to
200 of the N terminus are important for toxicity. Using the eukaryotic-linear motif
(ELM) resource, we identified an F and H motif at 177 to 189 aa, a motif that has been
shown to be required for interactions with inositol polyphosphate 5-phosphatases
(OCRL1). OCRL1 is an important regulator of membrane trafficking and is recruited to
the chlamydia inclusion (50). While we were unable to demonstrate binding between
CT392 and OCRL1 (data not shown), it is possible that this motif may serve another,
unknown function. Regardless, CT392 has been shown previously to be important for
chlamydial infection, and further exploration to elucidate its function is warranted (51).
In conclusion, we have identified three novel secreted effectors and an additional six
proteins that may be secreted by C. trachomatis. Four of these secreted effectors were
secreted in a surrogate system and further confirmed using C. trachomatis. Intriguingly,
several proteins were translocated by C. trachomatis but not Y. pseudotuberculosis,
highlighting differences between the native organism and the surrogate host.
Collectively, our study highlights the importance of validating secretion in the native
organism when possible and using multiple secretion assays.

MATERIALS AND METHODS

Bioinformatic analysis. To identify novel secretion substrates, open reading frames from the Chlamydia
trachomatis L2 (LGV 434/Bu) genome were subjected to multiple Graphical User Interface (GUI) bioinformatic
analyses. Considering that cT3SS effectors likely interact with eukaryotic host cell factors, eukaryotic-like
domains were predicted by the Simple Modular Architecture Research Tool (SMART). Though T3SS effectors
do not always contain a known secretion signal, some secretion signals have been characterized. The pres-
ence of a T3SS signal was assessed by pEffect and Effective T3S databases. As several C. trachomatis proteins
are known to be secreted into the host cell, homology to a known secreted effector protein was determined
via the Basic Local Alignment Search Tool (BLAST) to determine proteins that would likely have roles within
the eukaryotic host.

Bacterial and cell culture. C. trachomatis serovar L2 (LGV 434/Bu) was cultivated using HelLa 229
cells (American Type Culture Collection). A gastrografin density gradient was performed to purify EBs as
previously described (52). HeLa cells were grown in RPMI 1640 medium (Thermo Fisher Scientific) sup-
plemented with 10% fetal bovine serum (Gibco) at 37°C with 5% CO,. Y. pseudotuberculosis was main-
tained in heart infusion broth (HIB) (Millipore Sigma) at 37°C. S. cerevisiae was grown in yeast-peptone-
dextrose medium at 30°C.

Cloning. To assess secretion of each candidate effector protein, a modified version of pBomb4-tet-
mCherry (52) was employed by cloning the unique secretion assay tag into the Kpnl/Sall site, creating
pBomb4 CyaA, pBomb4 BlaM, and pBomb4 GSK FLAG. The coding sequence for cyaA and blaM was
amplified from pJB-Kan-TetRPA-cyaA and pUC57, respectively. The GSK FLAG tag was synthesized by
GenScript. Each C. trachomatis gene was amplified from L2/434/Bu genomic DNA via PCR using gene-
specific primers (see Table S1 in the supplemental material) and was subsequently cloned into the Notl/
Kpnl site to generate a C-terminal fusion to CyaA, BlaM, or GSK FLAG. For yeast toxicity and ectopic
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expression, each effector was cloned into the Kpnl/Xhol site of pYesNTA-Kan (34) or pcDNA3.1 GFP,
respectively. Each construct was analyzed, and sequence was confirmed via DNA sequencing (McLab).

Yersinia T3SS assay. To assess secretion of new candidate effector proteins, the first 120 nucleotides
of each C. trachomatis gene of interest were PCR amplified and cloned into pFLAG-CTC. Plasmids were
transformed into wild-type Y. pseudotuberculosis, and transformants were selected on brain heart infu-
sion agar with carbenicillin as previously described (15, 22). To assess secretion, transformants were ino-
culated into secretion-inducing medium (HIB, 100 mM EGTA, and 1 M MgCl,) and secretion-inhibiting
medium (HIB and 500 mM CaCl,). Each culture was incubated with shaking at 26°C for 2 h, after which
expression of the effector-neomycin phosphotransferase (NPT) fusion and T3SS was induced with 1 mM
isopropyl-p-thiogalactopyranoside (IPTG) and a temperature shift to 37°C for 4 h, respectively. After incu-
bation, each culture was separated into supernatant and pellet fractions and trichloroacetic acid (TCA)
was added to precipitate the proteins overnight on ice at 4°C. Pelleted fractions were resuspended in
Tris and 1x phosphate-buffered saline (PBS) with 4x lithium dodecyl sulfate (LDS) sample buffer. Both
fractions were analyzed by western blotting using an anti-FLAG antibody (Millipore Sigma).

Transformation of Chlamydia. C. trachomatis serovar L2 (LGV 434/Bu) was transformed as previ-
ously described with minor modifications (53, 54). Fresh lysates of C. trachomatis EBs were mixed with
5 g of plasmid DNA and 10 uL of 5% transformation mix (50 mM Tris, pH 7.5, 250 mM CaCl,) in a final
volume of 50 uL. After 30 min, 4 mL of RPMI medium was added and cultures were applied to 2 wells of
a 6-well plate containing confluent HeLa cell monolayers. Plates were centrifuged at 900 x g for 30 min
at 15°C and incubated at 37°C with 5% CO, for 18 h. After 18 h, selection medium containing 0.3 ng/mL
penicillin G was added, and cells were incubated for an additional 24 h. Every 48 h, C. trachomatis lysates
were passaged and used to infect new Hela cell monolayers using RPMI medium containing 0.3 xg/mL
penicillin G and 1 wg/mL cycloheximide. Infectious progenies were passaged until there were viable
inclusions (~P2) as evident by expression of GFP.

CyaA secretion assay. Expression of the fusion protein was first confirmed by western blotting as
described below, and only those cells with positive expression were tested in the adenylate cyclase (CyaA)
assay. Hela cells were seeded in 96-well clear-bottom white plates (Greiner) and incubated at 37°C with 5%
CO, overnight. Cells were infected with C. trachomatis harboring pBomb4 CyaA using a multiplicity of infec-
tion (MOI) of 5. Expression of the fusion protein was induced using 10 ng/mL anhydrous tetracycline HC
(aTc). At 24 h postinfection (hpi), a competitive ELISA (Abcam) was used to measure the amount of cAMP in
host cells. Levels of cAMP in cells infected with C. trachomatis expressing the candidate effectors were com-
pared to those of a negative-control vector (pBomb4 CyaA plasmid with no fused effector protein) to calcu-
late effector secretion. Data are representative of three independent experiments with three technical repli-
cates per experiment.

Beta-lactamase assay. Confirmation of expression of each effector-BlaM fusion protein was first con-
firmed via western blotting as described below, and only those cells that expressed the fusion protein
were assayed. Hela cells were seeded into black clear-bottom 96-well plates (Greiner) and incubated at
37°C with 5% CO, until confluent. Cells were infected with each BlaM-transformed C. trachomatis strain at
an MOI of 5, and expression was induced with 10 ng/mL aTc. At 24 hpi, cells were washed twice with 1x
PBS and loaded with CCF4-AM following the manufacturer’s instructions (Thermo Fisher Scientific) using
the alternative loading protocol as previously described (23, 25, 29). Plates were placed in the dark for 1 h
at room temperature. Fluorescence was read on a Tecan plate reader. For quantification, background was
subtracted, the ratio of 460 nm to 535 nm (blue to green) was quantified, and expression relative to unin-
fected cells was calculated as previously described (55). Data are representative of three experiments with
three technical replicates.

GSK FLAG immunoprecipitation. Hela cells were seeded in T175 cell culture flasks and infected at an
MOI of 5 with C. trachomatis. Expression of the GSK FLAG-effector fusion was induced with 10 ng/mL aTc.
After 24 h, infected cells were washed with ice-cold 1x PBS and scraped in 800 uL ice-cold eukaryotic lysis
solution (ELS) (50 mM Tris-HCl, 150 mM sodium chloride, 1 mM EDTA, and 1% Triton X-100) containing 1x
Halt cocktail protease and phosphatase solution (Thermo Fisher Scientific) and 10 M GSK inhibitor {1-(7-
methoxyquinolin-4-yl)-3-[6-(trifluoromethyl)pyridin-2-yljurea (Tocris)}. Lysates were transferred to a prechilled
microcentrifuge tube on ice for 20 min and were then pelleted at 12,000 x g for 20 min at 4°C. Supernatants
were applied to anti-FLAG magnetic beads (Thermo Fisher Scientific) and were placed on a rotator at 4°C for
1 h. Samples were then washed 5 times with ice-cold ELS without Triton X-100 to remove unbound proteins.
The GSK FLAG fusion protein was eluted using 4x NUuPAGE LDS sample buffer (Thermo Fisher Scientific), and
samples were analyzed via western blotting. Data were collected from three independent experiments.

Western blotting. Hela cells in 6-well plates were infected with C. trachomatis CyaA- or BlaM-effec-
tor transformants at an MOI of 5 to confirm expression. Cells were lysed at 24hpi with ELS and Halt cock-
tail protease inhibitor. Samples were resolved using 4 to 12% Bis-Tris gels and transferred to a polyvinyli-
dene difluoride (PVDF) membrane. Membranes were probed with anti-CyaA (Santa Cruz) or anti-BlaM
(QED Bioscience) primary antibodies and anti-mouse or anti-rabbit horseradish peroxidase (HRP) (Bio-
Rad) secondary antibodies, respectively.

Ectopic expression. Hela cells, seeded in 24-well plates with coverslips, were transfected using
Lipofectamine LTX with Plus reagent (Thermo Fisher Scientific) and incubated at 37°C per the manufac-
turer’s instructions. After 4 h, the medium was removed and replaced with 1 mL RPMI medium. Cells
were fixed 18 h posttransfection in 4% formaldehyde and permeabilized with 0.1% Triton X-100.
Samples were blocked in 2% bovine serum albumin (BSA), and DNA was stained with 4’,6-diamidino-2-
phenylindole (DAPI).

Yeast toxicity. S. cerevisiae was transformed with the yeast toxicity plasmid using the lithium acetate
method as previously described (34). Transformants were serially diluted and spotted on synthetic
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dropout medium lacking uracil and supplemented with glucose (noninducing conditions) or galactose
(inducing conditions) as the carbon source. Plates were incubated for 48 h at 30°C in triplicate to assess
toxicity.

Growth curve. Hela cells, seeded on 24-well plates, were chilled on ice at 4°C for 10 min. Cells were
infected with C. trachomatis overexpressing CT392-FLAG or CT865-FLAG at an MOI of 1. Cells were chilled on
ice at 4°C for 30 min, after which the medium was changed and samples were incubated at 37°C. At 48 hpi,
cells were scraped, serially diluted, and plated onto fresh Hela cell monolayers. GFP-expressing infectious
forming units (IFUs) were enumerated by immunofluorescence microscopy.

LDH assay. Hela cells, seeded on 24-well plates, were infected with C. trachomatis overexpressing
CT392-FLAG or CT865-FLAG at an MOI of 2.5. Expression of the fusion protein was induced with 10 ng/
mL aTc. Cells were incubated for either 24, 48, or 72 h. At each time point, cells were rocked for 5 to 10
min, 100 L of supernatant was centrifuged at 600 x g for 10 min, and 100 uL of lactate dehydrogenase
(LDH) mix (BioVision) was added to a black clear-bottom 96-well plate in triplicate. Ten microliters of su-
pernatant was added to each well, and the plate was incubated at room temperature in the dark for 30

Infection and Immunity

min. Absorbance was read on a Tecan plate reader at 450 nm with a reference wavelength of 650 nm.

Statistics. Statistical analysis was performed using GraphPad Prism 9.3.0 software. One-way analyses
of variance (ANOVAs) were used followed by Dunnett’s multiple comparisons with P values shown as fol-
lows: P < 0.05, *; P < 0.01, **; P < 0.001, ***; P < 0.0001, ****,
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