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SUMMARY Type III secretion systems (T3SSs) are utilized by Gram-negative pathogens
to enhance their pathogenesis. This secretion system is associated with the delivery of
effectors through a needle-like structure from the bacterial cytosol directly into a target
eukaryotic cell. These effector proteins then manipulate specific eukaryotic cell functions
to benefit pathogen survival within the host. The obligate intracellular pathogens of the
family Chlamydiaceae have a highly evolutionarily conserved nonflagellar T3SS that is an
absolute requirement for their survival and propagation within the host with about one-
seventh of the genome dedicated to genes associated with the T3SS apparatus, chaper-
ones, and effectors. Chlamydiae also have a unique biphasic developmental cycle where
the organism alternates between an infectious elementary body (EB) and replicative reticu-
late body (RB). T3SS structures have been visualized on both EBs and RBs. And there are
effector proteins that function at each stage of the chlamydial developmental cycle, includ-
ing entry and egress. This review will discuss the history of the discovery of chlamydial
T3SS and the biochemical characterization of components of the T3SS apparatus and
associated chaperones in the absence of chlamydial genetic tools. These data will be con-
textualized into how the T3SS apparatus functions throughout the chlamydial developmen-
tal cycle and the utility of heterologous/surrogate models to study chlamydial T3SS. Finally,
there will be a targeted discussion on the history of chlamydial effectors and recent
advances in the field.

KEYWORDS chlamydia, type III secretion

INTRODUCTION

Chlamydiae have an evolutionarily conserved nonflagellar type III secretion system
(T3SS), which is dedicated to virulence and is an absolute requirement for intracellular

survival. Only Gram-negative bacteria, both pathogens and symbionts, express T3SSs to
deliver effector proteins from the bacterial cytosol to the eukaryotic cell cytosol (reviewed in
reference 1). A T3SS is comprised of the main secretion apparatus, chaperones, and effector
proteins. The T3SS apparatus is a needle-like structure that originates in the bacterial cytosol
and spans the inner membrane, periplasmic space, and outer membrane. The internal diam-
eter of the needle is too narrow to accommodate fully folded effector proteins, and hence,
the T3SS chaperone proteins function to usher effectors in a partially folded or unfolded
state to the apparatus. To enhance pathogen survival, the effector proteins target specific
eukaryotic cell functions to subvert host defense mechanisms or commandeer normal host
functions (i.e., inhibition of Toll-like receptor signaling pathways or the promotion of endocy-
tosis of the bacteria, respectively). For some Gram-negative pathogens, the T3SS is one of
many virulence factors. But for Chlamydia, the genes encoding components of the T3SS,
including effectors, comprise 10 to 14% of a highly reduced genome and is regarded as the
main, and if not the most important, virulence factor (2).

Chlamydiae exhibit a biphasic developmental cycle (reviewed in reference 3), which is ini-
tiated by an infectious elementary body (EB) entering the host cell within a vacuole that ulti-
mately forms the chlamydial inclusion. The EB then undergoes primary differentiation into a
no-infectious reticulate body (RB) that grows and divides by a polarized budding mechanism
within the inclusion (4). At later time points postentry, some RBs cease to divide and undergo
an asynchronous secondary differentiation forming new infectious EBs. Chlamydial genes are
expressed temporally at distinct stages of the chlamydial developmental cycle (5). A functional
T3SS apparatus and effectors have been associated with chlamydial entry, establishment of
the inclusion, interception of host trafficking pathways to acquire nutrients, and egress—
essentially at all stages of chlamydial development and pathogenesis (reviewed in reference
6 and 7).

The chlamydial T3SS is thought to have been acquired about 700 million years ago,
when the last common ancestor of phylum Chlamydiae had already adapted to intracellular
survival (8, 9). Recent studies have indicated that Chlamydia diverged from a superphylum
and ancient endosymbionts (Planctomycetes-Verrucomicrobia-Chlamydiae [PVC]) 1 to 2 billion
years ago. Genetic analysis of the last common ancestor of Chlamydiae revealed that genes
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encoding components of T3SS were acquired within the same time frame as genes involved
in energy parasitism and biphasic development (9). Hence, this information highlights the
rationale for why those types of genes were maintained after Chlamydia underwent reduc-
tive evolution (10–12). These characteristics contrast with those of other pathogenic Gram-
negative bacteria, as their T3SSs were acquired primarily to enhance pathogenesis. Within
pathogenic or symbiotic Gram-negative bacteria, T3SSs are often encoded by genes organ-
ized in genomic islands (commonly referred to as pathogenicity islands in pathogenic bacte-
ria) or found on plasmids. Furthermore, these genomic islands are flanked with transposon
or insertion sequence elements, and often these stretches of genes differ in G1C content
compared with the overall G1C content of the genome of the bacteria (13). Consistent with
when Chlamydiales acquired T3SS, there are no discernible differences in G1C content of
chlamydial T3SS genes compared with the rest of the genome and no evidence of horizon-
tal gene transfer elements (2, 14, 15). Genes encoding proteins associated with the main
T3SS apparatus and some chaperones are organized in 4 to 6 gene clusters, depending on
the chlamydial species. Genes encoding chaperones associated with effector proteins and
effectors proteins are found within various operons or as single open reading frames distrib-
uted throughout the genome (2, 15). This type of genetic organization has been dubbed a
“pathogenicity archipelago” to distinguish it from the tight and distinct genomic organiza-
tion of a genomic or pathogenicity island (16).

Of note, the nonflagellar T3SS arose from an exaptation of bacterial flagella, which
were found the free-living members of the ancient PVC superphylum (9). The intermedi-
ate ancestral form of a nonflagellar T3SS was found in Myxococcales, where this system
lacked essential elements associated with motility but retained features required for pro-
tein translocation, as in the ability to secrete flagellin subunits to form a structure. Again,
this information is consistent with the nonmotile nature of pathogenic chlamydial species.
The nonflagellar T3SS became fully functional after a second adaptation that involved the
acquisition of secretins (17). Given the evolutionary history of nonflagellar T3SSs generally, it
is easy to understand how nonmotile chlamydial species have annotated genes (e.g., fliI and
flhA) that are more commonly associated with functional flagella (16). It is possible that the
chlamydial T3SS represents an original prototype of T3SSs from which all others evolved;
however, given the genomic organization of the chlamydial T3SS, it is more likely an example
of how indispensable genes become permanently organized within a genome.

DISCOVERY OF THE CHLAMYDIAL T3SS

Electron microscopy images from the late 1970s and early 1980s revealed spike-like
projections, often in a rosette formation, on both chlamydial developmental forms (EB and
RB) (18–21). These projections or rosettes were hypothesized initially to be adhesins or por-
ins. However, several of these transmission electron micrographs captured clear projections
that emanated from RBs through the inclusion membrane and into the host cytosol (19).
These images inspired the “soup through straw” hypothesis first presented by Richard
Stephens in 1992 in which he proposed that these projections helped the pathogens siphon
metabolites from the host cell cytosol without triggering detection from the endogenous
major histocompatibility complex (MHC) class I pathways (22).

Also, in the early 1990s, characterization of novel Yersinia Yop proteins led to the discov-
ery of a new secretion system for Gram-negative bacteria (23). A large gene cluster within
the virC virulence plasmid-associated locus that encoded 13 genes was absolutely required
for Yop secretion (24). This study was the first description of the Ysc (Yop secretion) secretion
machinery (24) and the foundational data responsible for the eventual naming of the
novel secretion system, now commonly known as the type III secretion system (T3SS) (25).
Furthermore, T3SS gene expression was induced upon a temperature shift to 37°C and
inhibited by Ca21 (26). A pinnacle study demonstrated how T3SS worked with contact
between Yersinia and a eukaryotic host cell stimulating the expression and polarized
transfer of YopE into the host cell cytosol (27). Ultrastructural analysis of the T3SS appa-
ratus by electron microscopy revealed a needle-like structure that spanned the inner
and outer bacterial membranes and extended beyond the bacteria, thus allowing the
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needle to pierce opposing eukaryotic membranes, such as the plasma membrane (28).
Hence, the chlamydial projections potentially had another purpose that did not involve
siphoning nutrients from the host cytosol.

By the mid-1990s, T3SSs were identified in many Gram-negative pathogens and appreci-
ated as key virulence mechanisms (13). Some nonpathogenic symbiotic Gram-negative bacte-
ria also carry T3SSs that are integral toward establishing a positive relationship with their hosts
(29–33). An altered G1C content within genes associated with the T3SS, the common organi-
zation of these T3SS on virulence plasmids or within chromosomally organized genomic/
pathogenicity islands, and the ability to genetically modify these regions all facilitated T3SS
discovery in various Gram-negative bacteria. As discussed above, the early challenges with
understanding if Chlamydia also carried and expressed T3SSs was that the genetic composi-
tion and organization were entirely different. Examination of a fragment of the Chlamydia
psittaci strain guinea pig inclusion conjunctivitis (GPIC) revealed 4 genes that were associ-
ated with virulence and had high homology to the contact-dependent (cds) or T3SS apparatus
of Yersiniae (14). Within this gene cluster, the genes were compared to genes expressed
by Yersinae and encoded the following proteins: Cds1, which is an ortholog to known
T3SS apparatus component YcsU; Cds2, which is orthologous to LcrD, a known regulator
of Yop secretion; CopN, which is orthologous to YopN, the T3SS Ca21 sensor; and Scc1,
which is an ortholog to a T3SS chaperone. Furthermore, these genes were conserved in
Chlamydia trachomatis serovars L2 and D (2), Chlamydia pecorum strain IB1, and Chlamydia
pnuemoniae strain TWAR (14). Western blot analysis demonstrated the presence of Cds2 in
lysates harvested at 44 h postinfection, which suggested the possibility of a functional T3SS
in Chlamydia (14). Even though this study identified only 4 genes out of a possible ;401
genes associated with T3SS, these data were significant and consistent with the conser-
vation of T3SS genes across other intracellular pathogens (14). Importantly, data from
this initial study were the first to suggest that if Chlamydiae had an intact T3SS, its genomic
organization and characteristics would be different than those observed with other Gram-
negative bacteria.

As confirmation of the original observation by Hsia, Bavoil, and colleagues, genomic
sequencing of C. trachomatis serovar D strain UW-3/CX (D/UW-3/CX) revealed T3SS compo-
nents, including orthologs to chaperones and apparatus components, dispersed throughout
the genome (2). A comparative genomic analysis of the C. trachomatis and C. pneumoniae
genomes revealed that indeed genes encoding the T3SS were found in 4 or more gene clus-
ters. And while this scattered organization was consistent between chlamydial species, the spe-
cific organization of these individual clusters was not necessarily conserved (15). Importantly,
though, the genes encoded proteins that were structurally similar to proteins of other
Gram-negative bacteria, and the core chlamydial T3SS components shared 48 to 92%
amino acid identity to other T3SS orthologs (15). T3SS structures could be produced
when genes from the 6 C. trachomatis gene clusters were incorporated into 3 individ-
ual plasmids and transformed into nonpathogenic Escherichia coli (a strain that would
naturally be devoid of a T3SS). Expression of the genes was induced with the addition
of EGTA (to chelate Ca21) or fetal bovine serum (FBS) and then needle-like projections were
visualized by electron microscopy (34). This structure was unable to secrete known chlamyd-
ial T3SS effectors; however, not all chlamydial chaperones were included in these E. coli
transformants (34).

AN ASIDE ON NOMENCLATURE

As discussed, the initial observation of a chlamydial T3SS occurred by examining genetic
sequences of C. psittaci (14), which was later classified as Chlamydia caviae strain GPIC. Other
labs initially studying chlamydial T3SS were using the C. trachomatis serovar L2 strain 434/
Bu (L2/434/Bu), given its ease of culture compared with C. pneumoniae and the biosafety
restrictions required to work with C. psittaci. The first C. trachomatis strain to be sequenced
and annotated was serovar D strain UW-3/CX (2). About a decade later, when strain L2/434/
Bu was sequenced and annotated, a different methodology was used, creating new gene
numbers, despite the similarity in genetic organization between the strains (35). Because
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many chlamydial researchers were working with strain L2/434/Bu prior to its annotation,
many studies had been (and are being) published using strain D/UW-3/CX nomenclature.
This practice remains a common one in the field even though the original genetic tools
were developed for C. trachomatis strain L2/434/Bu (6). For clarity, defined common
names as well as C. trachomatis serovars D/UW-3/CX (CT) and L2/434/Bu (CTL) genomic
annotations will be used, where appropriate. Table 1 (T3SS apparatus genes) and Table 2
(chlamydial chaperone genes) can also be referenced for further clarification. A compre-
hensive table of chlamydial effector proteins is not provided in this review because one
has been published recently (6).

THE ELUSIVE SEARCH FOR AN INHIBITOR OF THE CHLAMYDIAL T3SS

As briefly mentioned above, the genetic tractability of pathogenic E. coli (including
Shigella), Salmonella spp., and Yersinia eased the ability to characterize the spatial organiza-
tion and function of T3SS gene products (13). Genetic manipulation of Chlamydia was not
achieved successfully until 2011 (36); therefore, those interested in studying chlamydial T3SS

TABLE 1 Chlamydial orthologs to proteins of bacterial T3SS

Annotation by strain or species
Common
gene nameb Proposed function

Expression during the
developmental cyclecD/UW-3CX L2/434/Bu C. pneumoniae GPICa

CT669 CTL0038 CPn0707 CCa00035 cdsN/yscN Inner membrane ATP synthase, part
of Hub complex

16 hpi; peak, 24–40 hpi

CT717 CTL0086 CPn0858 CCa00909 fliI Inner membrane ATP synthase, part
of Hub complex

8 hpi; peak, 40 hpi

CT670 CTL0039 CPn0706 CCa00036 cdsO/yscO Stalk 8 hpi; peak, 24 hpi; slightly
decreased at 40 hpi

CT561 CTL0824 CPn0826 CCa00937 cdsL/yscL Support protein “spokes,” inner
membrane basal body

16 hpi; peak, 24–40 hpi

CT672 CTL0041 CPn0704 CCa00038 cdsQ/yscQ C-ring of inner membrane complex/
cytoplasmic sorting platform

16 hpi; peak, 40 hpi

CT719 CTL0088 CPn0860 CCa00907 fliF Flagellar M-ring protein 8 hpi; peak, 40 hpi
CT060 CTL0316 CPn0363 CCa00428 cdsV/flhA Export gate 8 hpi; steadily increases to 40 hpi
CT091 CTL0346 CPn0322 CCa00460 cdsU/yscU Inner membrane basal body

component
8 hpi; peak, 24–40 hpi

CT562 CTL0825 CPn0825 CCa00938 cdsR/yscR Export apparatus 16 hpi; peak, 24–40 hpi
CT563 CTL0826 CPn0824 CCa00939 cdsS/yscS Export apparatus 16 hpi; peak, 24–40 hpi
CT564 CTL0827 CPn0823 CCa00940 cdsT/yscT Export apparatus 24 hpi; peak, 40 hpi
CT718 CTL0087 CPn0859 CCa00908 fliH Flagellar assembly protein; inner ring

component
8 hpi; peak, 24–40 hpi

CT664 CTL0033 CPn0712 CCa00030 cdsD/yscD Inner membrane ring of basal body;
orthologs: PrgH, MxiG

16 hpi; peak, 24 hpi and remains
at this level through 40 hpi

CT559 CTL0822 CPn0828 CCa00935 cdsJ/yscJ Basal body component that spans
periplasm

16 hpi; peak, 24–40 hpi

CT674 CTL0043 CPn0702 CCa00040 cdsC/yscC Outer membrane ring 16 hpi; peak, 40 hpi
CT666 CTL0035 CPn0710 CCa00032 cdsF Needle protein, SctF 8 hpi; peak, 24–40 hpi
CT671 CTL0040 CPn0705 CCa00837 cdsP/yscP Molecular ruler 8 hpi; peak, 24 hpi; slightly

decreased at 40 hpi
CT584 CTL0847 CPn0803 CCa00960 none Needle tip; IpaD LcrV 16 hpi; peak, 24–40 hpi
CT578 CTL0841 CPn0809 CCa00954 copB Needle tip; translocator 24 hpi; peak, 40 hpi
CT579 CTL0842 CPn0808 CCa00955 copD Needle tip; translocator 24 hpi; peak, 40 hpi
CT861 CTL0236 CPn1020 CCa00741 copB2 Needle tip; translocator 16 hpi; peak, 24–40 hpi
CT860 CTL0235 CPn1019 CCa00742d copD2 Needle tip: translocator 8 hpi; steadily increases to 40 hpi
CT398 CTL0655 CPn0525 CCa00220 cdsZ FlgZ protein; flagellar-associated

zinc-ribbon domain protein
8 hpi; steadily increases to 40 hpi

CT301 CTL0553 CPn0095 CCa00677 pknD Serine/threonine kinase targets CdsD 3 hpi; remains at steady high
levels 16 hpi–40 hpi

CT090 CTL0345 CPn0323 CCa00459 IcrD Low calcium sensor 16 hpi; peak, 40 hpi
CT089 CTL0344 CPn0324 CCa00458 copN/lcrE Low calcium response protein 16 hpi; peak, 24-40 hpi
aGPIC C. caviae strain ATCC VR-813/DSM 19441.
bIf there are multiple common names given for an individual gene, the bolded name is used in the text.
cTimes are relevant for C. trachomatis serovars D and L2. Information is from reference 5.
dCCa00742 was annotated as the CarD transcriptional regulator.
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had to look at alternative means to disrupt its function. Given the importance of chlamydial
T3SS to every stage of the developmental cycle, this endeavor was complicated. Hence, there
was a concerted effort in the field to identify a pharmacological inhibitor that targeted
chlamydial T3SS (37–52). Initial studies focused on inhibitors that inhibited T3SS in other
Gram-negative pathogens, such as Yersinia (39). However, in cell culture, these same inhibi-
tors limit/chelate iron, which leads to chlamydial persistence that, in turn, halts many chla-
mydial biological processes, including T3SS (42). Furthermore, chlamydial strains that have
mutations in hemG, a protoporphyrinogen oxidase that requires iron, are resistant to these
T3SS inhibitors (41). To date, there have been no chemical inhibitors that are capable of
specifically targeting chlamydial T3SS versus triggering a general persistence phenotype.
The recently developed CRISPR interference (CRISPRi) or inducible knockdown of chlamyd-
ial genes (53–59) may provide a much-needed tool to temporally inhibit specific compo-
nents of the chlamydial T3SS. Thus, inducible knockdown of gene expression provides a
more direct means to characterize the spatial temporal organization and function of the
chlamydial T3SS. The stability of proteins encoded by chlamydial T3SS genes is unknown,
which may be a complicating factor to this approach.

THE CHLAMYDIAL T3SS APPARATUS: INTRODUCTION TO THE EYE OF THE NEEDLE
Core Components of a T3SS Apparatus

The T3SS apparatus has the following two core components: the basal body and the
needle. Chlamydial specific T3SS genes and their proposed functions are provided in
Table 1. A proposed chlamydial T3SS structure is depicted in Fig. 1, and the localization
of the individual proteins is based on the similarity of these proteins to orthologs in other
T3SSs and limited biochemical data. In general, the basal body of the apparatus is com-
prised of 14 to 15 different proteins and spans the inner membrane, periplasmic space,
and the outer membrane. It is composed of the Hub or main ATPase that originates in
the bacterial cytosol and attaches, via junction proteins (e.g., CdsL and CdsQ) and a stalk
protein (e.g., CdsO), to the inner ring that forms in the inner membrane and extends into
the periplasmic space (Fig. 1). The inner ring is comprised of an oligomerized structure
that supports and houses the export gate and export apparatus. Within the periplasmic
space, the inner ring connects to the outer ring, which then inserts and spans the outer
membrane, which is the final component of the T3SS basal body (Fig. 1). The base of the
needle is housed within the outer ring and is sometimes connected to the export appa-
ratus by inner rod proteins. Chlamydia bacteria have orthologs to all these components
except for an inner rod protein as PSI-BLAST or other standard bioinformatic methods
did not reveal any obvious candidates (E. A. Rucks unpublished observation).

Basal Body Assembly

The formation of the T3SS apparatus basal body is different from that of a flagellum,
despite the structural similarities of the core components of these structures. Assembly
of the basal body of the T3SS apparatus starts at the outer membrane with the outer ring and
is followed by the formation of structures within the inner membrane. Components of the
inner membrane and outer membrane are then connected by a protein secreted through the
inner membrane structure that forms a channel, binding the periplasmic side of the outer
membrane ring (Fig. 2A). The portion of the T3SS apparatus that spans the periplasm is sup-
ported by peptidoglycan within the periplasmic space. The sequential nature of the T3SS appa-
ratus assembly is proposed to be in of itself a quality control-related process, as components
are added only after the previous components have been assembled successfully (60).

Hypothetical mechanisms of chlamydial T3SS basal body assembly. An interesting
consideration in T3SS assembly is that in Chlamydia, the peptidoglycan is detected at
the division septum but is not detected throughout the periplasm (61). With no detectable
peptidoglycan that would act as a scaffold for the assembly of the periplasmic portion of
the chlamydial T3SS apparatus, it may occur similarly to the basal bodies of flagella.
Assembly of the flagellar basal body begins in the inner cytoplasmic membrane, and
each new component is ushered through the central channel and attached at the outermost
protein of the previously assembled apparatus. In support of this idea, key components of the
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chlamydial T3SS basal body are orthologs to flagellar proteins (62) (Fig. 2B). Specifically,
these orthologs are FliI, an ATP synthase or the Hub ATPase; FliH, a flagellar assembly pro-
tein that is part of the inner ring; FliF, the M-ring; and FlhA, the export gate (62) (Fig. 1).
Chlamydia bacteria also encode a highly conserved flagellar-associated zinc-ribbon domain
protein, CdsZ (CT398), that has similarity to FlgZ (63), which is required for flagellar assem-
bly and motility in Helicobacter pylori but is not required for T3SS apparatus assembly (64).
Given that the chlamydial T3SS basal body has both flagellar and T3SS orthologs, there is
the interesting possibility that the formation of the chlamydial T3SS basal body is formed
by a novel, hybrid mechanism (Fig. 2C). In this scenario, the flagellar orthologs form the
inner membrane structures first. Then, the outer membrane component, which has greater
similarity to T3SS orthologs than flagellar proteins, is secreted through the inner membrane
structure. Finally, an unknown periplasmic molecule forms a scaffold to allow inner ring
assembly (Fig. 2C).

(i) Clarification of Previously Annotated M-ring and ATP Synthase orthologs. With
respect to this novel hypothesis of chlamydial T3SS basal body assembly, there has
been some confusion in the field relative to the annotation of predicted M-ring and
ATP synthase homologs. In several different databases, the fliF inner membrane ring ortho-
logs (referred to as M-ring) in C. trachomatis serovars D and L2 have been referred to as
ct719 and ctl0086, respectively; however, in the literature, ct719 and ctl0086 have been anno-
tated as FliA ATP synthase homologs (62). While Chlamydia bacteria have been known to
combine two functionally distinct proteins into a single protein, it is unlikely in this scenario

FIG 1 Graphical representation of components that comprise the chlamydial T3SS based on similarity to other bacterial
T3SSs and limited biochemical data.
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due to structural limitations of a functional T3SS. To clarify their possible functions and cor-
rect mistakes in previous annotations, the proteins encoded by these genes were examined
via InterPro analysis (https://www.ebi.ac.uk/interpro/). The protein encoded by ct719 is 334
amino acids (aa) in length and 37,306 Da in size, which is a size consistent with flagellar
motor proteins (65). An InterPro analysis of CT719 revealed that it has homology to the FliG
flagellum motor family of proteins over the entire length of the protein and homology to
the flagellar M-ring protein N terminus within amino acids 69 to 114. These characteristics
are very similar to the proteins encoded by the C. pneumoniae and C. caviae fliF flagellar M-
ring homologs cpn0860 (341 aa; 38,293 Da) and cca00907 (337aa; 37,503 Da), respectively. In
contrast, the protein encoded by ctl0086 is larger at 434 aa and 47,584 Da and, by InterPro
analysis, has a predicted N-terminal ATPase domain (aa 24 to 86), ATPase nucleotide binding
domain (aa 144 to 351), and C-terminal T3SS EscN ATPase domain (aa 360 to 429).
Combined, these characteristics are consistent with family members belonging to the FliI
inner membrane ATPases (66). Furthermore, the proteins encoded by the annotated homo-
logs in C. pneumoniae (cpn0858) and C. caviae (cca00909) demonstrate similar sizes and
ATPase domains as CTL0086. To summarize, CT719 is likely a candidate flagellar M-ring pro-
tein, not an inner membrane ATP synthase, while CTL0086 demonstrates similarity to an
ATP synthase of the FliI protein family. Furthermore, examination of adjacent genes
within the same cluster revealed that in C. trachomatis serovar D, the gene encoding
the fliI ATP synthase ortholog is ct717 and the C. trachomatis serovar L2 gene encoding
the fliFM-ring ortholog is ctl0088. These findings contributed to entries in Table 1.

Needle Assembly

In general, the proteins that oligomerize to form the needle filament, the second major
component of the T3SS apparatus, are added only after the basal body has been completed.
This aspect of T3SS needle assembly mirrors the assembly process of a flagellum, with each
additional needle filament subunit being secreted through the central core of the apparatus
and polymerizing to the outermost tip of the needle. Needle length is tightly controlled by
an accessory protein or “molecular ruler,” CdsP, the Yersinia YscP ortholog. Chlamydiae also
have genes that are orthologs to those known to encode needle tip proteins, such as ipaD
and lcrV (Table 1) (67). In general, needle tip proteins are thought to sense contact with
the host cell to prevent constitutive or wasteful secretion of T3S effector proteins. C. tracho-
matis carries one possible needle tip protein, CT584, as it structurally resembles other T3SS
needle tip proteins (67); although, there is no direct experimental evidence that supports
CT584 functioning as a needle tip protein. Additional candidate needle accessory proteins
are CopB, CopB2 and CopD, CopD2, which are orthologs to Yop B and D, respectively, and
comprise the translocon, which is a needle component required for translocation of effector

FIG 2 Graphical representation depicting models of chlamydial basal body assembly. (A) Diagrams of how typical T3SS basal bodies are formed. (B) Diagrams of
how the chlamydial basal body may form via the mechanism associated with flagellar basal body assembly. (C) Proposes a novel hybrid mechanism that shares
characteristics between both flagellar and T3SS basal body assembly.
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proteins across eukaryotic membranes. The significance of the duplication of the Cop pro-
teins is unknown and discussed in depth later in this review. In Yersinia, the Yop proteins
affix to the tip of the needle, help to prevent premature translocation of effector proteins,
and are thought to form pores within the target mammalian membrane (68). Direct contact
between the T3SS apparatus and the host membrane is one of the signals associated with
the permissiveness of effector protein secretion (23).

BIOCHEMICAL CHARACTERIZATION OF CHLAMYDIAL T3SS APPARATUS
COMPONENTS

After the initial discovery of T3SS homologs in Chlamydia (14), and the subsequent
sequencing of C. trachomatis serovar D (2), many initial studies were designed to understand
if homology dictated function. These early studies did not have the benefit of genetic tools,
as transformation of Chlamydia was not developed until 2011 (36). Therefore, these studies
focused on bioinformatic analysis and elegant biochemical characterization of purified pro-
teins. As such, there are biochemical characterizations of the Hub ATPases (CdsN and FliI),
spoke protein (CdsL), stalk protein (CdsO), sorting platform (CdsQ), export gate (FlhA), inner
membrane ring component (CdsD), needle filament protein (CdsF), predicted needle tip pro-
tein (CT584), and translocon proteins (CopB and CopD). The transformation of some of these
genes for expression in orthologous or surrogate T3SS systems will be discussed in a later
section. These proteins were cloned and purified from either C. trachomatis serovars D or L2
or from C. pneumoniae. Given the conserved nature of these genes across chlamydial spe-
cies, it is likely that a purified protein from one chlamydial species will likely translate to how
that protein is functioning in the other species.

Hub ATPases and Adjacent Structures

Both Hub ATPases associated with the chlamydial T3SS were biochemically characterized
with purified C. pneumoniae proteins CPn0707 (CdsN) and CPn0858 (FliI). Specifically, the
C-terminal fragment of CdsN demonstrated ATPase activity (69). Furthermore, by bacterial
two-hybrid and glutathione S-transferase (GST)-pulldowns, CdsN was found to interact with
CdsL (spoke protein), CdsQ (sorting platform protein), and CopN (effector). Interestingly, it
did not interact with the proposed molecular ruler CdsP (CPn0705) but did interact with
CdsO (stalk protein), which was initially, but incorrectly, identified as a putative chaper-
one (69). The ATPase activity of FliI is slightly better characterized as it has confirmed Walker
A and B motifs and can interact with some of the same proteins as CdsN, namely, CdsL,
FlhA, and CopN. The N terminus of FliI cannot interact directly with M-ring protein FliF (62),
but these data suggest that there may be a series of intermediate proteins, such as CdsL
and CdsQ, connecting the main ATPase with the M-ring (Fig. 1). Within Chlamydia, the
expression of cdsN and fliI is slightly different, with fliI transcription beginning before cdsN
transcription (5). These expression data fail to illuminate whether these proteins ultimately
function as Hub ATPases in distinct T3SS apparatus, if they collaborate, or if are interchange-
able. These possibilities are not mutually exclusive.

There are also data to suggest that the activity of these ATPases may be regulated post-
translationally. In in vitro assays with purified proteins, increasing concentrations of the CdsL
spoke protein inhibited CdsN ATPase activity, and CdsL was found to bind to CdsN within its
catalytic domain (70). These data suggest that CdsL has a structural function that links the
Hub ATPase to the sorting platform and/or a regulatory function. Furthermore, a peptide mi-
metic of CdsN inhibited invasion of C. pneumoniae presumably by inhibiting the function of
the T3SS and highlighting the importance of this protein in chlamydial pathogenesis (70).
Consistent with these proteins being present at the time of invasion/entry, both CdsN and
CdsL were identified in a proteome analysis of C. pneumoniae EBs (71). The assembly or func-
tion of the CdsL spoke proteins may be regulated by another protein, CdsZ (CT398), which is a
flagellar-associated zinc-ribbon domain protein whose orthologs facilitate flagellar synthesis.
CdsZ was found to interact with CdsL and inner ring component FliH (export gate) by bacterial
adenylate cyclase two-hybrid assays (BACTH), although the biological function of these interac-
tions remain uncharacterized (63).
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The Spoke and Stalk Structure

If the chlamydial basal body is structured similarly to characterized T3SS basal body
structures of other Gram-negative bacteria (60), then the Hub ATPase is linked to the
cytoplasmic ring (C-ring) by two separate proteins, namely, CdsL and CdsO (Fig. 1). As a candi-
date stalk protein, CdsO presumably binds the central core of ATPase and links it directly to
the M-ring FliF. Biochemical evidence demonstrating the likely function of CdsO as a stalk pro-
tein is mixed. Studies of the C. pneumoniae CdsO stalk protein CPn0706 indicated that CdsO is
not secreted (72) and that it forms a dimer (69), which is consistent with characterized stalk
proteins of other Gram-negative bacteria. Chlamydial CdsO homologs are unique in amino
acid content from other organisms; however, Clustal IX 1.83 alignment of C. trachomatis sero-
var D CdsO protein CT670 indicated that it is likely a YscO ortholog, which is the Yersinia stalk
protein. Furthermore, CT670 and the Yersinia YscO have similar molecular weights and isoelec-
tric points (pI), with CT670 being 20.1 kDa with 8.22 pI and Yersinia YscO being 18.8 kDa with
a 7.89 pI (73). Analytical centrifugation of purified CT670 indicated that it can form monomers
or dimers, but size exclusion chromatography was less straightforward as one of the forms
was “cigar shaped,” which is inconsistent with forms of orthologous stalk proteins. An analysis
of crystal structures of CT670 revealed symmetric units of monomers with two coil-coiled heli-
cal domains, with charged residues facing out of the structure and hydrophobic residues resid-
ing between the helices, which are consistent with the orthologous YscO structures (73).
Bacterial two-hybrid studies demonstrated that CT670 did not interact with expected binding
partners, including the needle filament CdsF or an inner membrane basal body component,
CdsU. The interaction between CT670 and the FliF M-ring protein CT719 was not tested, but
CT670 did have a positive interaction with the molecular ruler CdsP (73). These interaction
data complicate the understanding of how CdsO may be functioning or positioned within the
chlamydial T3SS. At the same time, negative data are difficult to interpret.

The Sorting Platform or C-ring, M-ring, Export Gate, and Export Apparatus

Similar to the flagellar basal body, the portion of the T3SS basal body that originates in
the bacterial cytosol and extends into the inner membrane is composed of a series of rings,
which includes the C-ring, commonly referred to as the sorting platform, and the M-ring.
Yeast two-hybrid analysis supports that CdsQ is a likely T3SS C-ring, as the C. trachomatis
serovar D homolog was identified as interacting with multiple chlamydial T3SS proteins,
which is consistent with its function as a sorting platform (74). The M-ring is distal to the sort-
ing platform, and these proteins are thought to bind directly (Fig. 1), although to this author’s
knowledge, no biochemical studies have directly assessed an interaction between CdsQ and
FliF. A bacterial two-hybrid assay and pulldowns with purified proteins revealed that the C.
pneumoniaeM-ring protein FliF (CPn0860) interacts with the export gate FlhA (CPn0363) (62).
The same protein-protein interaction studies demonstrated that FlhA (CPn0363) can interact
with CdsU (CPn0322), the next adjacent inner ring component (62) (Fig. 1).

Inner Ring Structure

Based strictly on sequence similarity to other T3SS homologs, three proteins, namely,
CdsD, CdsJ, and FliH, are proposed to form the inner ring, which is the structure distal to the
M-ring and spans the inner membrane and periplasmic space. Also based on sequence simi-
larity, the inner ring likely houses the export gate (FlhA), CdsU, and the export apparatus
(CdsR, CdsS, and CdsT). Within Chlamydia, it is unclear if CdsD, CdsJ, and FliH function together
or individually, as fliH is expressed at 8 hours postinfection (hpi) and cdsD and cdsJ are not
expressed until 16 hpi. All 3 genes reach peak expression between 24 and 40 hpi (5).

CdsD and possible posttranslation modification of the inner ring. In C. pneumo-
niae, the CdsD (CPn0712) homolog was found to be a target of serine/threonine kinase,
PknD (CPn0095) (75). Although, the molecular consequences of this phosphorylation
are unclear. PknD was characterized as an integral membrane protein after expression in
E. coli followed by differential centrifugation (75). Furthermore, an inhibitor of PknD
phosphorylation activity inhibited phosphorylation of CdsD and suppressed replication
of C. pneumoniae (76). CdsD is a large protein with 829 aa and is 89 kDa in size. The last 400
aa are orthologous to the YscD/HrpQ protein family. When amino acid residues 558 to
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771 were crystalized, the resulting crystals formed oligomeric complexes that were
mediated by disulfide bridges (77). This structural observation may have importance
for how this protein functions during the chlamydial developmental cycle, as it has
been noted that changes in disulfide bonds occur in other T3SS proteins during chla-
mydial development (78). Further analysis of the CdsD crystal structure revealed three
trefoil domains of abbab topology which was similar in structure to PrgH of
Salmonella enterica serovar Typhimurium and YscD of Yersinia enterocolitica. Although
the structure of CdsD is more extended than PrgH and less extended than YscD, the
functional implications of these differences are unclear (79). A Western blot analysis
revealed that CdsD is present in C. pneumoniae EBs and is also localized within RBs by indi-
rect immunofluorescence (80). These data are consistent with the identification of CdsD in
the proteome of C. pneumoniae EBs (71). CdsD does have a transmembrane domain
between aa 530 to 552 (77), but TX-144 fractionation found CdsD in the aqueous fractions
of EBs and RBs (80). TX-114 is used to determine the hydrophobicity of proteins via phase
partitioning/separation; for example, integral membrane proteins will segregate to the TX-
114 phase not the aqueous or soluble phase (81, 82). These data suggest that CdsD is not
an integral membrane protein that spans the inner membrane and that most of the protein
may reside within the periplasmic space (77, 80). Sarkosyl solubilization of purified C. tracho-
matis serovar L2 EBs demonstrated that CdsJ was found in the soluble fraction (83), indicat-
ing that it is not found in the chlamydial outer membrane (81, 82). However, CdsJ is found
in TX-114 insoluble fractions of EB lysate (84), which is consistent with it being an integral
membrane protein found in the inner membrane (81, 82). CdsJ is present in both EBs and
RBs, suggesting that it may have functions throughout the chlamydial developmental
cycle (84). Furthermore, cryo-electron tomography has revealed that inner membrane
T3SS components create an invagination of the inner membrane (85). These data suggest
that proteins associated with the inner ring are associated with chlamydial inner mem-
brane but also protrude into the periplasmic space (Fig. 1).

Outer Ring Components

Sarkosyl purification of chlamydial outer membrane complexes (COMCs), found CdsC, a
candidate outer ring component, in the insoluble fraction (83). Consistent with CdsC being
an integral membrane protein, it was found in the TX-114 phase of EB lysates (84). These
data are consistent with the hypothesis that this protein resides in the outer membrane and
forms the outer ring of the T3SS basal body complex. Of note, the chlamydial CdsC protein
is larger than orthologous T3SS outer ring proteins and is phylogenetically distinct from
other secretins. Specifically, the first 250 amino acids in the N-terminal region comprise a
hydrophilic domain that is unique to Chlamydia, with the remainder of the protein demon-
strating similarity to other outer membrane secretins (86).

Needle Filament

The needle filament protein CdsF is unique among other orthologous T3SS needle
proteins as it is not identified as a T3SS needle protein by standard database searches and
has cysteine residues (83). These inconsistencies led Fields and colleagues to examine CdsF
thoroughly. Thus, it is likely the best-characterized component of the chlamydial T3SS appa-
ratus. Sarkosyl purification of COMCs from purified EBs demonstrated CdsF in the insoluble
fraction (83). Furthermore, by indirect immunofluorescence, CdsF can be localized to the
inclusion membrane in distinct puncta adjacent to RBs (83, 87). This localization was also
confirmed by immunoelectron microscopy (83). In a separate study, cryo-electron tomog-
raphy captured needle structures that were polarized on one side of EBs, namely, the side
facing HeLa cell filopodium. A CdsF antibody confirmed that these structures were T3SS
needles (85).

Similar to other T3SS needle proteins, CdsF can polymerize. CdsF is a 9-kDa monomer,
and with the addition of cross-linker bismaleimido-hexane, it forms a laddered pattern of 13
different CdsF-containing complexes, ranging in size from 30 kDa to 100 kDa (83). These
data are consistent with a previous study that imaged isolated needles (referred to as “rods”
in this publication) by electron microscopy and determined that they were helical in nature
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and arranged in subunits with an estimated size of 50 kDa (88). These subunit estimates fall
within the size associated with CdsF-containing complexes (83). Furthermore, CdsF polymer-
ization occurs only at the bacterial surface. However, polymerization patterns may be differ-
ent between EB and RBs as the predominant cross-linked form in the EB was a dimer and in
the RB it was a trimer. These data suggest that there is a confirmational change in the nee-
dle relative to its environment that is likely due to the cysteines within the protein (83).

Possible significance of a lack of an annotated inner rod protein. Related to the discus-
sion of how CdsF was characterized, it is important to point out that Chlamydia bacteria do
not have annotated inner rod protein, which is the internal structure found in many T3SS
systems (89). This information could reflect another similarity between the chlamydial T3SS
apparatus and the flagellum in that the inner rod structure of a flagellum is composed of
the M-ring protein (90), which in Chlamydia would be the FliF protein. Another possibility is
that this gene was lost or consolidated in Chlamydia during reductive evolution. Yet another
possibility is that the gene encoding this protein has not been annotated due to the lack of
similarity to other genes or proteins in standard databases. A possible candidate for an inner
rod protein is encoded by ct716/cyl0085/cpn0857/caa00910, which is a gene that encodes an
uncharacterized protein and is found within a gene cluster encoding other T3SS components.
But a PSI-BLAST analysis of these proteins failed to demonstrate similarity to YscI/HrpB inner
rod protein family members, and InterPro analysis failed to reveal key structural features con-
sistent with inner rod proteins (E. A. Rucks, unpublished observation).

Molecular ruler. In Chlamydia, there are orthologs to YscP, the Yersinia molecular
ruler (Table 1), but the functional or biochemical characterization of CdsP has not been eluci-
dated. In Y. pestis, yscP expression is associated with controlling Yop (effector protein) secre-
tion (91), ostensibly to prevent premature Yop secretion. Further studies in Y. enterocolitica
indicated that YscP formed a blockade within the T3S apparatus that was relieved once the
needle length or secretion conditions were optimal (92). A more detailed analysis of YscP
helical content suggested that YscP could determine needle length via two proposed mod-
els (93). In the first model, YscP remains within the needle apparatus, attached to both the
tip of the growing needle and the export apparatus. As the needle grows, YscP would
stretch, and at a certain tension (determined by structural helices), a confirmational change
would dislodge YscP from the export apparatus and promote its secretion and “unblock”
the apparatus to allow secretion of effector proteins. In the second model, YscP acts as a
“timer” in that the amount of time that YscP is being progressively threaded through the ap-
paratus would determine when the C-terminal switch domain of YscP would encounter its
binding partner. The confirmational change to YscP upon binding to its partner would then
promote secretion and unblock the apparatus (93).

Proteins that cap the T3SS needle. T3SS needles are capped by several proteins, as
follows: the needle tip and the translocon.

(i) The needle tip protein. Based on current data, it is entirely unclear if the IpaD/
LcrV chlamydial orthologs function as needle tip proteins. The characterization of ct584,
ctl0847, cpn0803, and cca00960 as genes predicted to encode chlamydial needle tip proteins
was based on sequence similarity and biophysical properties of C. trachomatis serovar D pro-
tein CT584. Data from size exclusion chromatography (ability of the purified CT584 to form
higher order complexes of;150 kDa) and circular dichroism (evidence of alpha helical struc-
tures with at least two folding domains) were consistent with CT584 potentially acting as a
needle tip protein. But Fourier transform infrared spectroscopy found no evidence of stand-
ard coil-coiled domains associated with characterized needle tip proteins. Furthermore, an
empirical phase diagram analysis, which uses multiple parameters to compare proteins of
similar function regardless of sequence similarity, was indeterminant of CT584 belonging to
the IpaD or LcrV subfamily (67). Furthermore, crystal structures of the CT584 homolog
CPn0803 from C. pnuemoniae did not align with LcrV but did form hexamers composed
of 3 dimers, consistent with structures associated with needle tip proteins (94, 95). These
studies could not conclude if CPn0803 was a member of the T3SS apparatus, a chaperone,
or an effector (94). However, CPn0803 can interact with components of the T3SS apparatus,
including CdsN, CdsQ, and CdsF via an in vitro GST-plate assay and pulldowns from
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C. pneumoniae EB lysates (95). Purified CPn0803 was also incubated with lipid strips and
found to bind to phosphatidylinositol and phosphatic acid (95), which are both components
of eukaryotic cell membranes. Of note, CT584 has also been studied as a possible chlamydial
chaperone (96) and will be discussed as such in a later section. Currently, there are no data
supporting that the chlamydial T3SS apparatus contains a needle tip protein.

(ii) Translocon proteins. In other Gram-negative bacteria, when T3SS is activated, the
needle tip protein undergoes a confirmational change and the translocon proteins are T3SS
secreted and bind the needle tip and pierce the target mammalian membrane. Chlamydia
bacteria have 4 possible translocon proteins, namely, CopB/CopB2 and CopD/CopD2, with
biochemical studies focusing on CopB and CopD. Although CopB and CopD have not been
explicitly shown to interact with one another during chlamydial infection, it is hypothesized
that these proteins bind to one another and function together to form the translocon, simi-
larly to orthologs of YopB and YopD (97). Known interactions of CopB and CopD were deter-
mined using the C. pneumoniae homologs CPn0809 and CPn0808, respectively. They were
cloned with a GST tag, immobilized on beads, and incubated with an E. coli lysate overex-
pressing specific His-tagged chlamydial proteins. These studies demonstrated that CopB
interacts with CdsF (needle filament protein) and Scc2/LcrH_1 (putative chlamydial T3SS
chaperone) (98). CopD (CPn0808) of C. pneumoniae was found to interact with CopN
(a secreted T3SS sensor protein), CdsN (Hub ATPase), CdsF (needle filament protein), and
Scc2/LcrH_1 (putative chlamydial T3SS chaperone) (99). Consistent with their function as
translocons, antibodies against CopB or CopD decreased C. pneumoniae infectivity, presumably
by inhibiting the translocation of effectors required for entry (98, 99). Furthermore, peptides
that inhibited the interaction of CopB with its cognate T3SS chaperone LcrH_1 also inhibited
C. pneumoniae infectivity (98). These studies are consistent with CopB or CopD being critical
functionality for T3SS (97, 100–102).

The Use of Electron Microscopy to Characterize the Chlamydial T3SS Apparatus

As biochemical assays and ultrastructural analysis were used to interrogate specific compo-
nents of the needle apparatus, electron microscopy has also been used to contextualize the
biochemical findings. As noted above, electron microscopy originally found spike-like projec-
tions on both EBs and RBs (18–21, 88, 103). One of the original ultrastructural studies via trans-
mission electron microscopy of chlamydial EBs revealed projections that were 60 to 80 Å in
diameter and ;500 Å in length that were inserted into a ring structure in the outer mem-
brane (88). The authors of these studies conclude that the diameter of these structures was
too small for DNA or protein to pass through and likened them to ion transporters (88), thus
supporting the early soup through straw hypothesis that was discussed in an earlier section
(22). Technologically advanced cryo-electron tomography studies performed by Hayward
and colleagues revisited these projections and demonstrated that these structures are con-
sistent with T3SS needles. They revealed detailed images of needle-like structures projecting
from the RBs, contacting the inclusion membrane, and connecting to membrane segments
of the rough endoplasmic reticulum (87). These data were consistent with a previous study,
which indicated that the chlamydial inclusion membrane creates membrane contact sites
with the endoplasmic reticulum (104). Nans et al. (85) quantified that there are typically 14
to 20 T3SS needles, spaced on average 56.5 nm apart on one side of the EB. Cryo-soft X-ray
tomography has also captured needle structures of RBs inside the chlamydial inclusion
(105), which clarified earlier electron micrograph images demonstrating direct connections
via projections between RBs and the inclusion membrane that then extended into the cyto-
sol (19). Building upon their original study, Hayward and colleagues used cryo-electron
tomography with subtomogram averaging to derive intact structures by measuring 515
chlamydial T3SS needle complexes (86). In comparison to other T3SS, the chlamydial basal
body is distinct in that it is elongated with a convex curvature. This basal body measures
34 nm in length and 14 to 20 nm in diameter. The measurement of these structures when
Chlamydia was in contact with host cells revealed that the basal body contracts by at least 4
to 5 nm, which suggests that this conformational change may be associated with a pump-
ing action to help propel effector proteins through the structure. As noted above, the C-ring
protein CdsC is larger than other T3SS orthologs, and the EM images revealed that the outer
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ring surrounds the needle at the face of the outer membrane, which is also unique from
other described T3SSs. The T3SS needle length is also shorter than other T3SS needles.
When not in contact with host cells, the chlamydial needle averages 28 nm in length (86).
For comparison, the Salmonella T3SS needle measures 60 nm in length (106). Upon con-
tact with a eukaryotic membrane, the needle lengthens to about 30 to 33 nm (86).
Furthermore, pores consistent with the insertion of the translocon formed by CopB and
CopD are observed after contact between the chlamydial T3SS needle and the target
mammalian membrane (86).

T3SS FOR ALL STAGES OF CHLAMYDIAL DEVELOPMENT
Basic Considerations in the Context of the Chlamydial Developmental Cycle

Chlamydia bacteria use their T3SS at every stage of their developmental cycle. It is
unclear if the T3SS apparatus associated with the EB is the same as that associated
with the RB, but both engage two different types of membranes, namely, the plasma mem-
brane and the inclusion membrane, respectively. Furthermore, the cell walls of these two
developmental forms are radically different, as the outer membrane of the EB is highly
cross-linked and likely impermeable to many extracellular ions. In contrast, the outer
membrane of the RB is not cross-linked and is likely permeable to extracellular ions that
gain access to the lumen of the chlamydial inclusion. These differences will be highlighted
in the following section where possible chlamydial T3SS (calcium) sensors are discussed.

There are several unanswered questions regarding T3SS in Chlamydia. After entry and the
EB differentiates into an RB, does the T3SS apparatus of the EB get degraded and a new ap-
paratus form in the newly differentiated RB? What happens to the RB T3SS apparatus during
chlamydial division? Are new daughter cells equipped with an existing T3SS apparatus that is
donated by the mother cell or are they made anew after the final steps of division? What
happens to the T3SS apparatus of RBs that are undergoing secondary differentiation and
forming infectious EBs? Some organisms like Salmonella have solved similar dilemmas by
have having two distinct T3SSs. The T3SS encoded by the Salmonella pathogenicity island I
(SPI1) is associated with entry (107), while the T3SS encoded by the Salmonella pathogenicity
island II (SPI2) functions within the host cell (108, 109). But as obligate intracellular pathogens,
Chlamydia bacteria have a highly reduced genome, and genome sequencing data do not
support the presence of 2 entirely unique T3SSs. However, clues to this quandary may reside
within the existence of a few redundant genes (cdsN and fliI; copB/copD and copB2/copD2)
(2), the localization of chlamydial T3SS-secreted inclusion membrane proteins (Incs) in the
inclusion membrane several hours after entry (110), and a temporal transcriptional program
that is linked with progression through the chlamydial developmental cycle (5).

The EB is not transcriptionally competent due to the highly condensed chromosome.
However, within a newly differentiated RB, the chromosome is relaxed, and transcription
commences, typically at ;2 hpi, which is the start of early gene transcription. Early genes
are typically transcribed until 8 to 10 hpi, after which the RBs undergo multiple rounds of
exponential division and the midcycle genes are transcribed. Starting around 16 hpi, some
RBs undergo a secondary differentiation creating new EBs as other RBs continue to divide.
Even though, for C. trachomatis, egress will not occur for another 32 h, from a transcriptional
viewpoint, 16 hpi marks the onset of late gene transcription (3, 5). Because 16 hpi has also
been discussed as being midcycle (111, 112), this review will consider early-, mid-, and late-
cycle transcription by the time points identified above. For C. pneumoniae, the developmental
cycle is longer, as egress does not occur until 72 hpi. But gene transcription occurs in a similar
time frame as C. trachomatis, with early gene transcription occurring at;1.5 to 8 hpi, midcycle
gene transcription occurring at;12 to 18 hpi, and late-cycle gene transcription beginning at
;24 hpi (113).

By the above definitions, the majority (;60%) chlamydial T3SS apparatus genes are con-
sidered late-midcycle or late-cycle genes, as their transcription does not commence until 16
hpi (Table 1). This timing suggests that these genes may be transcribed to preload EBs with
apparatus proteins. Notably, once transcription begins for these genes, it continues for the
remainder of chlamydial developmental cycle. In C. trachomatis, the earliest T3SS apparatus-
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associated gene that is transcribed at 3 hpi and is pknD, which encodes the serine/threonine
kinase that targets inner ring protein CdsD (75). Of the other T3SS genes that are transcribed
early, most transcription commences around 8 hpi and are associated with the expression of
core T3SS apparatus components FliI (Hub ATP synthase), CdsO (stalk), FliF (M-ring), CdsU
(inner membrane basal body component), FliH (inner ring component), CdsF (needle fila-
ment), YscP (molecular ruler), and CopD2 (Table 1) (5).

Redundant Structural Elements in the Chlamydial T3SS

Understanding the timing of chlamydial T3SS apparatus assembly from current liter-
ature is complicated by inherent lab-to-lab differences. Data emerging from the same lab
using the same chlamydial strain and culture conditions indicate that for C. trachomatis
strain L2/434/Bu, secretion of effector proteins Incs occur within the first few hours postin-
fection (84). Additionally, the chlamydial inclusion is restricted from fusion with the endo-
cytic pathway that occurs within the first hours postinfection (114, 115), and a subset of
Incs are transcribed during the early stages of infection and appear on the inclusion mem-
branes within the first 2 to 8 h of infection (110, 112). Combined, these data indicate that
Chlamydia bacteria have a functional T3SS during the first few hours of infection, suggest-
ing that some of the T3SS apparatus associated with the infectious EB may remain after
primary differentiation to an RB or that premade proteins are available to quickly assemble
a new apparatus. Furthermore, the 8-hpi time point is also associated with the first division
events in Chlamydia (4), which suggests that a new apparatus is made during these events.
It is entirely unclear if transcription events are limited to the mother or daughter cell or if
they are occurring in both.

One of the two structural elements of the chlamydial T3SS apparatus that is redundant is
the core Hub ATP synthases FliI and CdsN. FliI transcription begins during the mid-develop-
mental cycle and peaks at 40 hpi. In contrast, cdsN is synthesized only during the late stages
of C. trachomatis development and also peaks between 24 and 40 hpi (5). The expression
pattern of the C. pneumoniae CdsN ortholog is similar to that in C. trachomatis (113), indicat-
ing that these expression patterns are conserved and therefore likely important toward
when the proteins function. Genes that are expressed during the late stages of the chlamyd-
ial developmental cycle are thought to synthesize proteins required for either the secondary
differentiation of an RB to an EB or for the protein to be prepackaged into EBs. Supporting
the latter, CdsN is found in chlamydial EBs of both C. trachomatis (116) and C. pneumoniae
(71). A proteomic analysis of C. trachomatis EBs and RBs revealed that most T3SS apparatus
proteins were found in EBs and not in RBs (116); although, we know that the secretion of
Inc proteins occurs temporally throughout the chlamydial developmental cycle (110, 112,
117). A separate study that performed a deep sequencing analysis of the C. trachomatis tran-
scriptome revealed that transcripts of cdsJ, which encodes the candidate inner membrane
ring protein, and cdsC, which encodes the candidate outer membrane ring, were enriched
in RBs (118). Confounding these types of analyses is the fact that some chlamydial T3SS pro-
teins have been identified in uninfected HeLa lysates either because they share homology
to a mitochondrial protein (e.g., CdsC) or they were identified due to unknown reasons (e.g.,
LcrD and CopB) (119). Thus, it is possible that chlamydial T3SS proteins associated with RBs
may have been identified in some of these other proteomic studies but excluded as possible
background contaminants. In a previous review, Ferrell and Fields (120) hypothesized that
the redundant chlamydial T3SS apparatus components may represent two functionally dis-
tinct and separate basal core units, which may provide Chlamydia with a potential mecha-
nism to control effector secretion. Given that there are chlamydial effectors expressed and
secreted at each stage of development, the timing of secretion and effector hierarchy are
critical toward supporting chlamydial growth and development. Previous studies performed
in the Schneewind laboratory demonstrated that Hub ATPase can recognize effector proteins
as a mechanism to control effector secretion hierarchy (121). It is also well-characterized that
the Hub ATPases recognize chaperone and effector complexes which results in effector secre-
tion and represents another mechanism controlling effector secretion hierarchy (120, 122).

An interesting duplication, which is conserved across chlamydial species, is that of copB
and copB2 and that of copD and copD2. Transcription of copB and copD occurs during the
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late stages of the developmental cycle, whereas the transcription of copB2 and copD2 occurs
during the later stages of the early- or mid-developmental cycle (5). These data suggest that
these proteins may be functioning at different stages of chlamydial development. Using
antibodies and Western blot analysis, CopB was detected in C. trachomatis within the first
few hours of infection and then there was no detectable signal again until 20 hpi, a time
when some RBs are undergoing secondary differentiation to form new EBs (123). These data
are consistent with a proteomic analysis that found CopB associated with the proteomes of
EBs only (116) and also in lysates of purified EBs (84). CopB is also associated with the mem-
branes of mature inclusions, indicating that it has functions other than early T3SS events
(124). Antibodies against CopB or CopD reduced the infectivity of C. pneumoniae (98, 99)
Although, it should be noted that antibodies against CopB2 or CopD2 have not been tested
in similar assays. In contrast, a Western blot analysis revealed that CopB2 was constitutively
expressed, at least at the protein level (123). Further indirect immunofluorescence revealed
that CopB2 was found associated with the inclusion membrane, during time points when
CopB was absent (123). Selective permeabilization of the plasma membrane followed by the
addition of a nonmembrane permeable cross-linking biotin reagent demonstrated that
CopB2 was exposed to the cytosolic side of the chlamydial inclusion (124). CopB and CopB2
separate differently after TX-114 extraction. CopB partitions in the TX-114 insoluble fraction,
consistent with an integral membrane protein, such as a protein component of a translocon.
In contrast, CopB2 partitioned in the TX-114 soluble fraction along with the soluble protein
control GroEL. Furthermore, ectopic expression wild-type or deletion mutant CopB2 revealed
that deletion of several coil-coil domains rendered CopB2 unable to localize to chlamydial
inclusions. These data indicated that a CopB2 association with the inclusion membrane was
driven by protein-protein interactions and not by membrane (lipid) binding, suggesting that
CopB2 functions in a different capacity from a typical translocon protein (123). Collectively,
these studies suggest that the most likely scenario is that CopB functions as a translocon com-
ponent, while CopB2 may function as an additional accessory or, even, as a sensor protein.
The hypothesis that CopD or CopD2 associate with CopB within the translocon of the T3SS ap-
paratus of the EB (CopD) or RB (CopD2) is supported by transcription data, with similarity
to the Yersinia protein YopD, and in vitro pulldown data. In this scenario, the presence of
CopD or CopD2 may be one of the defining or determinant features of the T3SS translo-
con associated with specific developmental forms (Fig. 3). This model has yet to be tested
experimentally.

POSSIBLE TRIGGERS THAT MAY ACTIVATE THE CHLAMYDIAL T3SS
Description of the Classical Low Calcium Response that Induces T3SS in Yersinia

Significant questions regarding how secretion through the chlamydial T3SS apparatus
is controlled are what are the environmental cues that trigger chlamydial T3SS and how is
effector secretion regulated? The presumption is that the ultimate control mechanism for
Chlamydia is similar to the originally described contact-dependent secretion (68). We do
know that the needle protein CdsF does not polymerize until it is on the surface of the
organisms (83). It has been reported for other T3SSs that upon contact with the host mem-
brane, the needle itself can transmit an activation signal (125, 126). Environmental cues,
such as the ability to recognize the temperature of a human host (e.g., 37°C) and extracel-
lular calcium levels consistent with being in contact with a host cell, activate the T3SSs of
other Gram-negative bacteria. This mechanism associated with environmental cues was first
described in Yersinia cultured in broth. The responsive genes were characterized as the low
calcium response genes or lcr genes that encode proteins to block secretion at the tip of
needle [LcrQ, LcrE(YopN), and LcrG], sense extracellular calcium levels from inside the orga-
nism (LcrD), sequester effectors and chaperones in the bacterial cytosol (LcrQ, LcrE, and
LcrG), or suppress the expression of T3SS-related genes (LcrH) (127). It was later recognized
that chelation of Ca21 in bacterial medium artificially mimics the microenvironment of a
bacterium coming in close contact with a host cell (27). Of note, Chlamydia bacteria have
orthologs to two lcr genes, specifically lcrD and lcrE (commonly referred to as copN in C. tra-
chomatis) (Table 1) (Fig. 3A). What was important about the early studies characterizing the
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lcr genes in Yersinia was not necessarily that a low Ca21 environment and human body tem-
peratures induced the T3SS (although these were helpful mimics for the identification of T3SSs
in other bacteria [128]); it was the notion that the expression and implementation of the T3SS
was responsive to environmental queues. Based on the number of host defense mechanisms,
it is not conducive to pathogen survival if effector proteins are constitutively secreted.

Chlamydial Homologs to Low Calcium Response Proteins

As Chlamydia bacteria are obligate intracellular pathogens, it is challenging to modify
the intracellular environment to artificially trigger chlamydial T3SS. Temperatures compatible
with tissue culture remain relatively stable, and chelating ions like Ca21 is not practical. In
general, Ca21 concentrations within the eukaryotic cytosol are low compared with those in
the extracellular space, but Ca21 concentrations also exist in a gradient that is controlled by
ATPases within the endoplasmic reticulum and plasma membrane. Furthermore, the ability
of Ca21 ions to readily cross into the chlamydial periplasmic space is unknown. In EBs, their
outer membrane is highly cross-linked rendering it is unlikely that Ca21 ions would readily
translocate to the EB periplasmic space (82, 129–132). In RBs, Ca21 would have to cross both
the inclusion membrane and then the more permeable outer membrane. Therefore, by
understanding how the Yersinia LcrD and YopN proteins function may provide clues to how
the chlamydial orthologs may function. Chlamydial LcrD is found in the proteomes of both
EBs and RBs but is enriched in EBs (116). The Yersinia ortholog is a protein found in the inner
membrane and responds to Ca21 levels as ions enter the periplasmic space (127, 133). In
Chlamydia, LcrD localization has not been resolved; although, Fig. 1 depicts chlamydial LcrD
as residing within the inner membrane. However, given the retention and the conservation
of the lcrD gene, LcrD likely functions in some capacity to help regulate chlamydial T3SS.

More experimental data are available about CopN, which is a candidate protein that
may help regulate the function of chlamydial T3S. CopN is an ortholog to SctW, which repre-
sents the family of T3SS gate keeper proteins (134). This protein family includes the Yersinia
YopN (also known as LcrE) protein (127, 135), which has great similarity to CopN (14, 136). In
Yersinia, yopN was characterized as part of a locus that became transcriptionally active in
response to low Ca21 growth conditions in broth medium (127, 135). A Western blot analy-
sis revealed that YopN was surface localized and T3SS secreted (135) and possibly associ-
ated with the outer bacterial membrane (136). Strains that carried mutations or deletions
in lcrE/yopN were impervious to Ca21 levels and constitutively secreted Yop effectors
(136, 137). These data indicated that in Ca21-rich environments, YopN played a pivotal role
in suppressing T3SS by plugging the apparatus. Upon encountering low Ca21 environments,
which mimics host cell contact, T3SS was activated and YopN was secreted (135). The

FIG 3 Activation of T3SS. (A) Depicts how the Yersinia T3SS is activated by host cell contact, which was originally characterized by chelating Ca21 from bacterial
growth medium (127, 256–258). (B) Depicts a likely mechanism of chlamydial T3SS activation, which is contact with lipids of the plasma membrane or the inclusion
membrane (145). This model further depicts possible differences in the translocon proteins of an EB (CopB and CopD) versus an RB (CopD2 only or CopB and
CopD2). CopB2 is modeled as a peripheral inclusion membrane protein as is consistent with current data (123).

Type III Secretion in Chlamydia Microbiology and Molecular Biology Reviews

September 2023 Volume 87 Issue 3 10.1128/mmbr.00034-23 18

https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00034-23


removal of the plug YopN resulted in the secretion of other Yop proteins (127) (Fig. 3A).
Supporting the notion that Ca21 functions as an artificial or proxy signal to activate Yersinia
T3SS, YopN proteins do not have a binding affinity for Ca21 that is typical of calcium-binding
proteins (135). But results obtained from characterizing YopN function directly informed
experiments that examined CopN function in chlamydial T3SS.

Using the Y. enterocolitica heterologous T3SS, CopN was the first chlamydial protein dem-
onstrated to be T3SS secreted (138). Additional studies using S. enterica serovar Typhimurium
demonstrated that CopN localized to the host cytosol via T3SS (139). Immunofluorescence
studies localized CopN to the cytosol in C. trachomatis- or C. pneumoniae-infected cells
(138, 140). Similar to the function of YopN, CopN is thought to be held in the plug position
within the chlamydial cytosol by chlamydial chaperone proteins Scc1 and Scc4 (141) or Scc3
(141, 142). CopN is detected in TX-114 soluble fractions of C. trachomatis EB lysates, consist-
ent with it not being an integral membrane protein (84). Proteome analysis also revealed an
enrichment of CopN in C. trachomatis EBs with no peptides of CopN being identified in RBs
(116). These protein data are consistent with copN expression occurring during the late
stages of the chlamydial developmental cycle to produce CopN to be prepackaged into EBs
(5). In C. pneumoniae-infected cells, CopN is associated with the sequestration of fructose bis-
phosphate aldose A to benefit bacterial growth (140) and may interact with a/b-tubulin of
microtubules (142, 143). Of note, the ability of CopN to bind to microtubules is recognized
only with the C. pneumoniae homolog and not with the C. trachomatis homolog (143).
Furthermore, exogenous expression of C. pneumoniae CopN in yeast or mammalian cells
caused cell cycle arrest which was linked to the noticeable alterations of the microtubule
cytoskeleton (144). Based on these combined observations, it is likely that CopN has T3SS-
related functions upon chlamydial entry and early inclusion establishment but also in poten-
tially modulating chlamydial-host interactions.

Possible Role of Lipids as Activators of Chlamydial T3SS

In thinking about likely molecular signals that would activate chlamydial T3SS, lipids likely
play a role (Fig. 3B). Small molecules are unlikely to passively cross the highly cross-linked
outer membrane of chlamydial EBs, but contact with a lipid bilayer would create confirma-
tion or biophysical changes that could be key to activating chlamydial T3S. This hypothesis
is supported by previously discussed electron tomography data (86). In a different study, lip-
osomes enriched in sphingolipids and cholesterol induced secretion of chlamydial effector
TarP from purified C. trachomatis EBs (145). It is also established that cholesterol and sphin-
golipids are required for pore formation to T3SS translocon proteins (e.g., CopB and CopD)
(146). Lastly, these are lipids that are components of both the plasma membrane and the
chlamydial inclusion membrane.

Linking Induction of T3SS and Transcription

Any environmental trigger, including contact between the needle and the target
membrane, will impact the expression of the T3SS at the transcriptional level. In Chlamydia,
there are s 66 promoter regions upstream of many T3SS genes (147, 148), but the transcrip-
tional control of other chlamydial T3SS genes may be promoted by an alternative s factor,
s54 (RpoN) (149). Transcriptional regulation of chlamydial T3SS is poorly understood, but
there are several candidate proteins that may function in this capacity. For example, CdsZ is
a contact-dependent secretion-zinc ribbon binding domain, and bacterial two-hybrid assays
revealed that CdsZ binds to RpoN, spoke protein CdsL, and inner ring protein FliH. CdsZ
interactions with CdsL and FliH were confirmed via GST-pulldowns from E. coli lysates. While
RpoN was exogenously expressed in C. trachomatis and coprecipitated with CdsZ (63).
These data, in addition to cdsZ being transcribed during late stages of the chlamydial de-
velopment cycle (5), contributed to Barta et al. (63) hypothesizing that CdsZ is involved in
regulating early T3SS events. Another chlamydial T3SS protein that interacts with RpoN is
chaperone Scc4 (141, 150), which will be discussed fully within the next section. Recent
studies have also identified a possible transcriptional regulator, ChxR (CT630), that can reg-
ulate the expression of genes associated with virulence, which ostensibly includes T3SS
genes (151). For this study, Caldwell and colleagues used chemical mutagenesis to create
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a ChxR null mutant chlamydial strain via chemical mutagenesis. A comparative proteomic
analysis of lysates from cells infected with either a wild-type or ChxR null strain harvested
at 36 hpi revealed a significant decrease in 5 known chlamydial T3SS effector proteins.
Reverse transcription-quantitative PCR (qRT-PCR) analysis confirmed that the decrease in
these proteins was occurring at the level of transcription (151).

CHLAMYDIAL T3SS CHAPERONES: USHERS TO THE INJECTISOME
Introduction to the 5 Structural and Functional Classes of T3SS Chaperone Proteins

Generally, chaperone proteins are accessory cytosolic proteins that are critical for T3SS
and are categorized into 5 structural and functional classes (89). The functions of chaperones
are varied, as they are required for proper localization and secretion of T3SS machinery,
establishment of a hierarchy of effector secretion, promotion of T3SS-associated protein
or effector stability, maintenance of certain effectors in an unfolded or partially folded state,
and/or modulation of transcription in response to T3SS events (152–154). Class I chaperones
are involved in the secretion of effector proteins, have a distinct identifiable structural motif
(a-b-b-b-a-b-b), and are typically homologous to the larger CesT family of bacterial chap-
erone proteins (155–157). Class I chaperones are further classified as binding to either single
effector proteins (class IA chaperones) or multiple effector proteins (class IB chaperones)
(157). Class II chaperones bind to translocon proteins (e.g., CopB and CopD) and are also
typified by alpha-helical structures and the presence of tetratricopeptide repeat (TPR)
domains (158, 159). TPR domains are defined as 3 to 16 tandem repeats of up to 34 amino
acids (158) Class III chaperones bind to proteins that form the T3SS apparatus (160). Very
few chaperones are classified as types IV or V because they are both structurally distinct
from other chaperone proteins and are involved in binding to needle filament proteins (89).
Class IV chaperones are typified by enteropathogenic E. coli protein CesA, which binds to
the EspA needle filament protein (161). Class V chaperones are typified by yersiniae protein
YscE, which contains a unique structural fold (162). YscE and Pseudomonas aeruginosa hom-
olog PscE require cochaperones YscG and PscG, respectively, to bind to and to prevent pre-
mature polymerization of respective needle filament proteins YscF or PscF (163). Furthermore,
YscE binds to the C-terminal region of YscF (163), not within the first 10 to 15 amino acids that
is typical of chaperone-substrate interactions (164, 165). Because T3SS chaperone proteins
have very little amino acid similarities across bacterial species, secondary structural features
(e.g., a-b-b-b-a-b-b or TPR domains) are more commonly used to identify candidate
chaperone proteins (89).

Candidate Chlamydial T3SS Chaperones

Chlamydiae have 11 genes that encode candidate T3SS chaperones (Table 2). These genes
are conserved across chlamydial species and are often organized within or adjacent to gene
clusters that encode other T3SS proteins (Table 2) (2). In the initial studies that characterized
these chaperones, the proteins were often given different common names depending on indi-
vidual preference or which chlamydial species was being studied. For example, Scc3 (CT862/
CTL0237/CPn1021/CCa00740) as studied in C. trachomatis has also been referred to as LcrH_2
when studied in C. pneumoniae (148); herein, this protein will be referred to as Scc3. The chap-
erone Mcsc (CT260/CTL0512/CPn0409/CCa00385) is not an acronym commonly associated
with T3SS chaperones; however, when Mcsc was initially characterized, it was found capable
of binding multiple effector proteins, and hence it was aptly named, multiple cargo secretion
chaperone (166). In instances where there is divergence in the literature regarding the com-
mon name of a chaperone, the one used most frequently in the literature will be used here;
these names are also bolded in Table 2. Lastly, there are examples of chlamydial proteins
being labeled as novel putative chaperones only because they were demonstrated to bind to
known chlamydial T3SS effectors (e.g., CT635 binding to effector CT622 [167]). These proteins
are not considered in the following discussion because further bioinformatic analysis could
not identify common structural motifs or other characteristics consistent with known chaper-
ones (E. A. Rucks, personal observation).

Chlamydiae have at least five class I chaperones, three (and a probable fourth) class II
chaperones, and two class III chaperones (although one of these may be a class V chaperone;
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see below) (Table 2). Of note, chaperones are expressed at lower levels than effectors, and
chaperone availability is typically a limiting factor associated with T3SS effector secretion
(168, 169). Mass spectrometry analysis of the protein content of C. trachomatis serovar L2
EBs found that 2% of the total protein mass consisted of chlamydial chaperones (166),
while T3S effectors exist in a 10-fold molar mass excess over chaperone proteins (116, 166).
The most abundant chaperone proteins are Slc1, Scc2, and Mcsc, and the least abundant
ones are Scc1, CT274/CTL0526, Scc3, and Scc4 (166). Given the importance of chaperone
function to T3SS, generally, a conventional hypothesis is that the chaperones in Chlamydia are
essential genes. Two recent transposon mutagenesis studies challenge this thought. A study by
LaBrie et al. (170) in 2019 was able to generate a transposon mutant in C. trachomatis
L2/434/Bu that disrupted the gene encoding Scc1. A separate study performed by Ian
Clarke’s group generated transposon mutants in C. trachomatis serovar L2 strain SWFP for
Scc1 and Slc1 (171). In both studies, the functional impact of these mutations was not exper-
imentally tested to determine if Scc1 or Slc1 activity was abolished. The fact that Scc1 could
be targeted by transposon mutagenesis by two separate groups and experimental method-
ologies does suggest that it may not be an essential gene as originally hypothesized or that
there is redundancy in chaperone function. The transposon mutation in Slc1 is also curious,
as Slc1 has been implicated in assisting the secretion of entry-associated effectors (discussed
below), and yet, viable mutants were recovered indicating that the entry and induction of
the developmental cycle were not completely abolished. These data are consistent with
chlamydial entry being essential for survival and the existence of redundant mechanisms.

Class I chaperones. Three of the five class I chaperones (slc1, scc1, and scc4) were
identified as members of the CesT family of chaperones via PSI-BLAST (Table 2). CesT family
members are based on sequence similarity to the Tir chaperone in EPEC (172). Scc1 and
Scc4 are likely class IA chaperones, as they have been demonstrated to assist in the secretion
of a single substrate, CopN (138, 141, 150). Chlamydial proteins that are likely class IB chaper-
ones are Slc1, CT584, and Mcsc, as they can bind to multiple substrates (74, 96, 166). To pro-
mote the secretion of their substrates, T3SS chaperones often homodimerize, but there is
some evidence that there are often heterodimer interactions from two different chaperones
that promote substrate or effector secretion (89). Chlamydial chaperones that can form
homodimers are Slc1, Mcsc, CT584, and Scc4 (96). Homodimers formed by Scc1 have not
been demonstrated, but Scc1 forms a heterodimer complex with Scc4 (141, 150). When
expressed by itself in E. coli, Scc1 is not soluble; however, when it is coexpressed with Scc4,
soluble Scc1 can be purified from cultures (141). Of note, the chaperones that are responsi-
ble for the TT3S of most chlamydial effectors during chlamydial infection are unknown.

(i) Scc4 can form heterodimer complexes with Scc1 or RNA polymerase. The best-
characterized chaperone-effector pairing is between CopN and its chaperones Scc1 and
Scc4. To shed light on possible chaperone-substrate/effector interactions, the field has
used yeast two-hybrid or bacterial two-hybrid systems, in conjunction with pulldowns
from purified chlamydial organisms or from coexpression in heterologous systems. Scc1
and Scc4 function together to promote the secretion of CopN (141, 150, 173). In a seminal
study, both scc1 and copN were transformed into Y. enterocolitica and under T3SS-inducing
conditions, CopN, was secreted when coexpressed with Scc1 (138). Later studies revealed that
C. trachomatis and C. pnuemoniae homologs of CopN can bind to respective homologs of
Scc1, Scc3 (class II; discussed below), and Scc4 in C. trachomatis or C. pnuemoniae, respectively
(141, 173, 174). Scc4 is required for the secretion of CopN from Y. pestis, and coexpression of
Scc1 and Scc4 enhances CopN secretion (175). The Scc1 and Scc4 complex was the
first example of heterodimeric chaperone interactions promoting secretion of an
effector. It is also one of the few chaperone effector complexes that has been demonstrated
to occur during chlamydial infection. Treatment of infected cells with membrane-permeable
chemical cross-linker dithiobis(succinimidyl propionate) (DSP), followed by coimmunopreci-
pitation, revealed that Scc4, Scc1, and CopN are complexed within chlamydial organisms.
Furthermore, Scc1 and Scc4 colocalize within chlamydial organisms starting at 24 hpi (141).

This Scc1-Scc4 heterodimer complex also has regulatory implications relative to chlamyd-
ial transcription. Scc4 has been demonstrated to interact with the b- and a-subunits of RNA
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polymerase (RNAP) (176). In vitro transcription assays revealed that the interaction between
Scc4 and RNAP inhibited E. coli s70- and chlamydial s66-dependent transcription but not
chlamydial s 28 transcription (176); s66 belongs to the s70 family of bacterial transcription
factors (177, 178), while s28 and s54 are alternative s factors in Chlamydia (2). Consistent
with the above findings, expression of Scc4 alone in E. coli inhibited transcription of recA,
idnT, and cysG and halted E. coli growth. Coexpression of Scc4, Scc1, and CopN alleviated both
the inhibition of transcription and growth (150). These studies highlight that Scc4 has two dis-
tinct functions, as follows: binding to RNAP and promoting the secretion of CopN. Nuclear mag-
netic resonance studies revealed that Scc4 must undergo a structural rearrangement to bind
Scc1. In turn, Scc1 has a dynamic region that allows for this binding but must also be partially
unfolded; this last step likely requires additional accessory proteins in Chlamydia (179).

Data from Shen and colleagues support a model in which Scc1 and Scc4 bind to CopN
during the early and late stages of chlamydial development. After the secretion of CopN,
Scc4 is free to bind to RNAP during mid-developmental cycle time points (179). To examine
the impact of overexpression of Scc4, scc4 was cloned into an anhydrotetracycline (aTc)-in-
ducible expression plasmid (180) which was then transformed into C. trachomatis serovar L2
(175). Chlamydial-infected cells were treated with 10 ng/mL aTc at the time of infection,
which resulted in larger inclusions, which were noticeable at 16 hpi, and overall, more abun-
dant RBs and fewer EBs produced between 16 and 24 hpi. However, there were no noticeable
differences in the total number of EBs at 32 hpi between induced and uninduced samples.
Furthermore, overexpression of Scc4 resulted in an increase of transcription of late genes (e.g.,
scc1, copN, and slc1), while the transcription of early- and midcycle genes (e.g., incD or euo)
were not impacted. Combined, these data suggested that overexpression of Scc4 accelerated
chlamydial growth but not necessarily the duration or pace of the chlamydial developmental
cycle (175). It is unclear if excess Scc4 binding to RNAP directly resulted in changes of the tran-
scription of genes examined, of which many are related to chlamydial T3SS. There are s 66 pro-
moter regions upstream of many T3SS genes (147, 148); however, the activities of alternative
s factor s54 may also play a role in the expression of other chlamydial T3SS genes (149).

(ii) Class IB chaperones. Pulldowns from C. trachomatis serovar L2 EB lysates were per-
formed to elucidate the function of class 1B chaperone Slc1. These studies demonstrated
that Slc1 can bind to chlamydial entry effectors TarP (166, 181), TmeA, TmeB, and TepP (166).
These data are consistent with slc1 transcription occurring late in the chlamydial developmen-
tal cycle to be prepackaged into EBs (5). These studies were further confirmed by coimmuno-
precipitation of TarP, TmeA, and TmeB with Slc1 that were coexpressed by Y. enterocolitica
(96). Additionally, coexpression of only Slc1 with various chlamydial effector proteins during
T3SS-inducing culture conditions, enhanced the secretion of TarP from Y. pseudotuberculosis
(181) and that of TarP, TmeA, TmeB, TepP from Y. pestis (166). Mass spectrometry analysis
from Slc1 pulldowns from purified EB lysate revealed that Slc1 can also weakly bind to another
chaperone protein, Mcsc (166). The biological significance and function of this interaction
are unknown because previous studies demonstrated that Slc1 forms homodimers to pro-
mote the secretion of chlamydial effectors (96), and the effector TarP is the preferred binding
partner of Slc1 (166).

There is less understood about the last two class IB chaperones, namely, Mcsc and
CT584. Both proteins are hypothesized to function, in part, to stabilize effectors and protect
them from premature proteolysis (74, 96). In vitro biochemical studies revealed that Mcsc
can form a single homodimer and binds to at least two chlamydial T3SS effectors, namely,
CT618 and Cap1. These Mcsc-effector complexes can then bind the CdsQ sorting plat-
form (74). Bacterial two-hybrid analysis revealed that CT584 is capable of binding to 6 dif-
ferent chlamydial T3SS effectors but could assist only in the translocation of one (CT082)
via the Y. enterocolitica T3SS (96). It is unknown whether coexpression of another chlamydial
chaperone would allow the secretion of more effectors from Y. enterocolitica. Unpublished
data from the Rucks lab demonstrate by a bacterial two-hybrid assay that CT584 can form
heterodimers with Slc1 and Mcsc (L. Knight and E. A. Rucks unpublished data). The further
use of the Y. enterocolitica surrogate T3SS revealed that when CT584 binds to a central
region within CT082, it stabilizes CT082 protein levels in Yersinia (96). These data support
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that CT584 acts as a chaperone and not as a needle tip protein, as inferred previously
(67, 94, 95). The ability of the protein to be able to form homodimers (96) is consistent with
both functions.

Class II chaperones. Class II T3SS chaperones are likely responsible for establishing
hierarchy in the secretion of effector proteins in part by promoting the secretion of translocon
proteins. Class II chaperones are typified by the presence of distinctive structural motifs called
tetratricopeptide repeat (TPR) domains. Examples of chlamydial class II chaperones are Scc2,
Scc3, CT274, and possibly CT114. There are no functional data associated with CT274, other
than it contains TPR domains and is orthologous to class II chaperones of other bacteria
(Table 2). CT114 was discovered in a Phyre prediction search as having TPR domains between
amino acids 261 and 462. The TPR domain was confirmed with InterPro analysis of the CT114
(CTL0369) amino acid sequence (182) (S. P. Ouellette and E. A. Rucks, unpublished observa-
tions) (Fig. 4). In the chlamydial chromosome, ct114 is organized immediately upstream
but separate from the incD operon, which encodes four chlamydial T3SS effectors (2, 35).
Furthermore, the transcription of ct114 follows a similar pattern to the incD operon (5).

Consistent with a function associated with establishing a hierarchy of substrate secretion,
Scc2 and Scc3 have both been implicated in promoting the secretion of translocon proteins
CopB/CopD. Translocon proteins form pores in the target membrane, and therefore, their
secretion must precede any other effectors. In lysates obtained from C. trachomatis-infected
cells, CopB coimmunoprecipitates with Scc2 and Scc3 (124). Also, purified proteins from C.
pneumoniae subjected to GST-pulldowns revealed interactions between CopB and CopD
with Scc2 (98, 99). Combined, these data suggest that these translocon-chaperone interac-
tions are conserved across chlamydial species.

As Scc2 and Scc3 are orthologs to Yersinia SycD, it was originally hypothesized that these
proteins would complement the function of SycD in the secretion of YopD. But when either
scc2 or scc3 were cloned into a DsycD mutant, only Scc3 could partially restore wild-type
levels of YopD secretion. Both Scc2 and Scc3 are capable of binding YopD in vitro, even
though Scc2 could not complement the DsycD mutant (124). Of note, both Scc2 and Scc3
are larger in size than SycD and also have unique amphipathic helices in their amino-termi-
nal regions which may indicate Scc2 and Scc3 have unique functions not typically associ-
ated with SycD proteins (124).

In addition to being in involved in the T3SS of translocon proteins, Scc3 also can play an
inhibitory role in chlamydial T3SS. Specifically, Scc3 binds to the C-terminal region of CopN
and reduces CopN secretion (173). Of note, CopN is capable of binding to Scc3 or the Scc4-
Scc1 chaperone complex (141). The inhibitory function may play a regulatory role in estab-
lishing the hierarchy of effector secretion, as CopN may be the first effector that is secreted
after the translocons have formed the pore in the target membrane. Scc3 was the first exam-
ple of a chlamydial class II chaperone demonstrating a function consistent with establishing
hierarchy or titrating the amount of effectors that is ultimately secreted. Hence, CopN and

FIG 4 Model of CT114 as a class II chaperone. (A) Shows a high-resolution three-dimensional (3D) model of a CTL0369 amino acid
sequence generated by the Phyre2 server (259). CTL0369 is the C. trachomatis L2/434/Bu homolog to CT114 in C. trachomatis serovar
D. The N-terminus is in red and the structure follows the coloring of the rainbow with the C terminus appearing in dark blue. The alpha
helical structures are consistent with structures associated with chaperone proteins. (B) Shows a comparison between CT114 and known
Class II chaperone, Scc2 (CTL0839). CT114 is twice as large as Scc2 but contains a characteristic TPR domain (aa 261 to 462) within the C-
terminal half of the protein similar to Scc2 (aa 56 to 204). Proximal to the TPR domain in CT114 is a transglutamase-like domain (aa 157 to
268), which is not consistent with the function or structure of a T3SS chaperone protein. These domains were defined by analyzing the
sequences of these proteins (source, C. trachomatis serovar L2 strain 424/Bu) by InterPro (182).
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Scc3 serve the gatekeeper function that does not allow premature effector secretion before
that apparatus is fully assembled, specifically with the translocon in place at the tip of the
needle (142). As such, chlamydial class II chaperones may function in multiple individual or
synergistic capacities to support chlamydial T3SS.

Class III and a candidate class V chaperone. Yeast two-hybrid and yeast three-hybrid
assays have revealed the possible function of class III chaperones CdsE and CdsG. Specifically,
CdsE and CdsG can bind to one another and form a three-protein complex with CdsF, the
needle filament protein. This chaperone-substrate pairing is consistent with CdsE and CdsG
functioning to promote the secretion of T3SS apparatus proteins. Further coexpression of
CdsE and CdsG with CdsF is required for CdsF to be stably expressed and not degraded in E.
coli. These data are consistent with CdsE and CdsG collaborating to promote the secretion
of CdsF (83). This heterodimer arrangement is similar to the YscE/YscG and PscE/PscG chap-
erone heterodimers of Yersinia and Pseudomonas, respectively (163), which may indicate
that CdsE may be more appropriately defined as a class V T3SS chaperone (89).

WILL YOU SECRETE MY PROTEIN? THE USE OF SURROGATE T3SS MODELS TO
STUDY CHLAMYDIAL T3SS EFFECTOR PROTEINS
Overview of Model Organisms

The use of heterologous or surrogate models to study chlamydial T3SS by specifically
cloning chlamydial T3SS genes into a different Gram-negative pathogen was introduced
briefly in the previous section. The first heterologous system used to study chlamydial T3SS
was Y. enterocolitica, and it was also the first study to provide definitive evidence that C. tra-
chomatis contained genes that encoded functional components of a T3SS (138). For the first
time, Fields et al. (138) demonstrated that under conditions that induced Y. enterocolitica
T3SS, CopN when coexpressed with Scc1 was secreted. This study also highlighted the fol-
lowing primary utility of these heterologous systems: to screen possible uncharacterized
chlamydial proteins to determine if they were chlamydial T3SS effectors. Since these initial
studies, other groups have used Y. enterocolitica to probe chaperone-effector interactions
(96, 124) and to identify novel chlamydial effectors (183, 184). Other heterologous systems
used to study chlamydial T3SS include the following: Y. pseudotuberculosis (84, 124, 181,
185, 186), Y. pestis (166), S. enterica serovar Typhimurium (139), and Shigella flexneri (167, 187).

Comparison of pathogen lifestyles to that of Chlamydia spp.While the main com-
ponents of T3SS are homologous between species (13), there are key differences in
pathogen lifestyle, which in turn impact the types of effectors and cognate chaperones.
Typically, chaperone proteins are specific for the effector or group of effectors of which
they are promoting the secretion, and while structural aspects of chaperones are con-
served, specific amino acid content is not (89). Further T3SS effectors are typically bacterium
specific, with few orthologs across different bacterial species (13). The amino acid content of
proteins does directly impact protein-protein interactions; therefore, differences in effector
amino acid content may alter the interaction with an orthologous chaperone. In considera-
tion of pathogen lifestyles relative to those of Chlamydia, the Yersiniae species used are all
considered extracellular pathogens. S. flexneri is intracellular but localizes to the cytosol
of infected cells and is not a membrane-bound vacuole. Only, S. enterica Typhimurium is
both intracellular and resides within a membrane-bound vacuole.

(i) The similarities and differences in chaperone proteins. These differences are fur-
ther highlighted by the fact that a PSI-BLAST search between chlamydial chaperone
proteins and the species that have been used in orthologous systems revealed few
similarities between chlamydial chaperones and those of other bacterial species (Table
2). This lack of similarity is important in contextualizing data derived from these sys-
tems. For example, highlighting the fact that existing Y. pestis chaperones could not
entirely compensate for the chlamydial chaperones, the addition of slc1 to the Y. pestis
surrogate model enhanced the T3SS of several effectors (166). Furthermore, cloning of full-
length effectors into these systems was recognized as problematic for their T3SS as the can-
didate chlamydial effectors got stuck or degraded without the appropriate chlamydial
chaperone (96, 186). None of these pathogens have developmental cycles, and hence,
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nuances to temporal chaperone-effector or chaperone-chaperone interactions would
not be realized in these systems.

Bioinformatic Tools Used to Identify Chlamydial T3SS Effector Proteins

It is estimated that Chlamydia bacteria have dedicated greater than 1/10 of their genome
to T3SS effectors (2, 6). The largest family of effectors is the Inc family. Incs are structurally
distinct (188), which facilitates the use of bioinformatics to identify putative Inc proteins
across chlamydial species and then test for their secretion via surrogate T3SSs (189). There have
been several strategies employed to identify additional chlamydial T3SS effectors. Several of
these strategies have employed bioinformatic tools. In one study, proteins of unknown function
that were conserved across chlamydial species were tested to see if they contained T3SS signal
sequences. The first 20 to 65 codons were cloned and fused to cyaA and then tested for secre-
tion by S. flexneri. This methodology revealed 24 possible non-Inc chlamydial T3SS effectors
(187). In a separate study, a computational algorithm-based support vector machine (SVM)
or SVM-based Identification and Evaluation of Virulence Effectors (known as SIEVE) (190) was
trained against the chlamydial genome. SIEVE successfully identified many Inc proteins, which
are known chlamydial T3SS effectors, but also some Pmp proteins, which are not exported
via T3SS (190). In the second iteration of SIEVE, the algorithm was tweaked and “retrained.”
Candidate genes were then cloned for the expression and T3SS testing in Y. pseudotuber-
culosis. This robust study yielded a list of 100 possible T3SS effectors (186).

There have also been studies that tried to identify secreted chlamydial proteins
localized to the host cell cytosol (184, 191). In one such study, cells were infected with
C. trachomatis and permeabilized with perfringolysin O (PFO), which will essentially leak the
contents of the cytosol into the extracellular milieu. Shotgun protein mass spectrometry
analysis revealed 13 possible chlamydial effectors that were then tested for T3SS compatibil-
ity using Y. enterocolitica, which further narrowed the list to 4 possible novel effectors (184).
Initial approaches to identify or screen for possible chlamydial type III effectors utilized surro-
gate or heterologous T3SS to test for compatibility. A recent study highlights the complica-
tion of the use of such systems to evaluate whether a chlamydial protein is secreted by
T3SS (192). Specifically, bioinformatic predictions identified 382 possible C. pneumoniae T3SS
effectors, and validation of these proteins using a Yersinia or Shigella surrogate model gave
many false positives. Ultimately, candidate genes were cloned with a GSK epitope tag, which
becomes phosphorylated in the host cytosol, and transformed into C. trachomatis, which
identified 49 possible effector proteins (192).

Advances in the field of chlamydial genetics will eliminate the dependence on surrogate
models to study the chlamydial T3SS. Currently, there is the ability to express a T3SS effector
with a C-terminal epitope tag from a plasmid (180, 193, 194) or directly from the chromo-
some in C. trachomatis serovar L2 (434/Bu) (195). In addition to the GSK-tag described
above (192), a separate study utilized a b-lactamase reporter fusion (BlaM) to demon-
strate the secretion of specific effectors into the host cytosol (196). Similarly, creating an
Inc-APEX2 fusion that can be inducibly expressed from C. trachomatis allowed for visual-
ization by transmission electron microscopy of the orientation of the fusion construct
within the inclusion membrane (197). While the FLAG epitope tag has no intrinsic enzymatic
activity to determine whether a candidate effector is localized to the host cytosol, it remains
a common epitope tag used to study the secretion of chlamydial T3SS effectors (7, 195,
197–207). Recent studies in the Rucks lab have demonstrate that additional epitope tags
can also be successfully secreted by C. trachomatis L2/434/Bu, such as 6�His, HA, StrepTagII,
and Spot tags (L. Knight and E. A. Rucks, unpublished observation). The use of these epitope
tags will remain an important tool in studying chlamydial effector secretion and function as
antibodies against these proteins are rare and finite resources.

CHLAMYDIA’S GUIDE TO OCCUPYING A HOST CELL: A T3SS EFFECTOR FOR EVERY
OCCASION
Overview of Chlamydial Effector Proteins

As thoroughly discussed, the components of the T3SS apparatus are highly conserved
between different species of Gram-negative bacteria (13). Effector proteins are highly specific
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to the pathogen or symbiont in question, as they are related to their specific survival needs.
The number and types of effectors also vary greatly among and within bacterial species. It is
widely accepted that within a bacterial species that differ in effector proteins between individ-
ual serovars or isolates there are “core effectors” or effectors that are common to all bacteria
within a given species (208). In examining the total number of effectors for some of the patho-
gens used in surrogate models for chlamydial T3SS, the average number of effectors is 16.
Specifically, the S. enterica SPI-1 T3SS encodes 2 effectors (209) and the SPI-2 T3SS translocates
an estimated 28 effectors (208). S. flexneri is estimated to have about 19 effectors, while 11
effectors have been identified in Yersiniae (210). Based on the total protein-coding genes
found in these bacterial species, these numbers represent 0.67% (S. enterica [211]), 0.4% (S.
flexneri [212]), and 0.2% (Yersinae [213]) of the genome encoding T3SS effectors. In contrast to
these pathogens, C. trachomatis is estimated to produce about 100 T3SS effector proteins (6);
therefore, Chlamydia devotes about 11% of its limited coding capacity to producing effector
proteins (2). While this large percentage might reflect some redundancy, it does highlight
the necessity of a veritable menagerie of effectors required to coax a host cell into being
an effective growth incubator. A fundamental distinction between the pathogens used in
surrogate models of T3SS and Chlamydia is the fact that it is helpful to the other patho-
gens to subvert normal host cell function, but for Chlamydia, this is a necessity. There have
been two very recent and comprehensive reviews written about C. trachomatis T3SS effec-
tors (6, 7). Furthermore, Andersen et al. (6) provide a comprehensive up-to-date table out-
lining all known chlamydial T3SS effectors. This section will be used to highlight broader
function of these effectors and the recent data regarding effector function.

Function of Effectors in Chlamydial Entry

Chlamydial entry occurs in two distinct sequential steps (214, 215). The first step is
reversible and is guided by electrostatic interactions and heparan sulfate glycosaminogly-
cans (216–218). Within the female reproductive tract, estrogen is thought to enhance attach-
ment (219). Additionally, coatamer complex I (COPI) enhances the presentation of heparan
sulfate on the cell surface and is required for chlamydial entry into host cells (220). The sec-
ond step is irreversible and thought to involve a receptor (221), with one possible receptor
being the estrogen receptor (222). It is during this second step that chlamydial T3SS is
deployed and results in the translocation of TarP, TmeA (CT694), and TmeB (CT695) (185,
196, 223). Small interfering RNA (siRNA) knockdown of COPI decreases the amount of TarP
that is T3SS secreted/translocated into the host cell, supporting that a tight association
between Chlamydia and the host cells is required for T3SS (220). The function of TarP locally
remodels the actin cytoskeleton to promote chlamydial entry (224, 225). Interestingly, TarP
is considered a core effector, with the basic gene being conserved across chlamydial sero-
vars and species; but the structures of TarP (e.g., number of tyrosine-rich repeat regions or
actin binding domains) are specific to the species or serovar of Chlamydia (226). TmeA has
been demonstrated to activate N-WASP to promote actin polymerization and likely func-
tions synergistically with TarP during chlamydial entry (227). Of interest, TmeA has a mem-
brane localization domain (MLD), which is similar to the MLDs found in Yersinia effector
YopE and Pseudomonas effector ExoS (228). The role of TmeB in chlamydial entry is less
clear, but the deletion of this gene and the gene downstream resulted in a 2-log decrease
in progeny (229).

The Largest Family of Chlamydial T3SS Effectors: Incs

Within the first few hours of infection, the EB differentiates into the RB, and protein
synthesis commences. During this same time period, Chlamydia bacteria begin to remodel
their inclusion membrane with T3SS chlamydial proteins (110, 230), which prevents the
inclusion from progressing through the endosomal-lysosomal pathway (230). The chlamyd-
ial proteins that are commonly associated with the chlamydial inclusion are the Incs. These
proteins were some of the first bacterial proteins localized to the chlamydial inclusion and
have a unique topology, as follows: a bilobed hydrophobic transmembrane domain (188),
with the N termini and C termini being exposed to the host cell cytosol (231). There are
about 50 estimated candidate Inc proteins in C. trachomatis, and all chlamydial species have
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a various number of genes that encode Inc proteins, with 23 Incs being conserved across
chlamydial species, as in a subset of “core effectors” (232). In 2001, the use of a S. flexneri sur-
rogate T3SS model demonstrated that Inc proteins are T3SS secreted (233). Because mem-
bers of the Inc family are easily identified due to key secondary structure features, they are
the best studied ones of the known chlamydial T3SS effectors.

Temporal expression. Like all chlamydial genes, the expression of Incs is temporal.
Some incs are clustered within operons (e.g., incD-incG) or gene clusters (e.g., ct229-
ct223), while others are scattered throughout the chromosome (e.g., incA and ct147)
(2). The genes encoded on the incD operon, which include incD, incE, incF, and incG,
are some of the first Incs to be synthesized after chlamydial entry (110). It is widely
accepted that these early Incs help to establish the chlamydial inclusion; while mid-
cycle Incs, such as CT813/InaC, help to maintain inclusion integrity and chlamydial ac-
quisition of nutrients (207); and Incs found on the inclusion later in infection, such as
CT228, are involved in chlamydial egress (234, 235).

Incs directing host-chlamydial interactions. Given the positioning of the Incs, with
their N termini and C termini being exposed to the host cell cytosol, and the fact that some
of the C-terminal regions of Incs are quite large (greater than 60 amino acids), these proteins
are also the focus of many studies examining host-chlamydial interactions. There have been
several affinity purification-based proteomic studies that have increased our understanding
of the web of host-chlamydial interactions that surround the chlamydial inclusion. One such
study mapped possible interactions between exogenously expressed strep-tagged Incs in
uninfected HeLa cells, which gave an impressive interaction map between Incs and possible
eukaryotic protein targets (236). Other groups have used proximity labeling to understand
protein networks that are proximal to the inclusion (197, 237, 238). Both of these studies
constructed genetic fusions between Inc proteins and APEX2, an ascorbate peroxidase that
creates a biotin-phenoxy radical in the presence of H2O2, which then binds to target amino
acids of proteins that are within a 20- to 40-nm spatial radius of the APEX2-tagged protein
of interest (239). In both studies, inc-APEX2 constructs were cloned into an anhydrotetracyl-
cine (aTc)-inducible chlamydial expression plasmid (180). And upon the addition of aTc,
these fusion proteins are expressed and secreted from Chlamydia and localize to the inclu-
sion membrane (197, 237, 238). To understand if Inc-APEX2 proteins were oriented properly
in the inclusion membrane, HeLa cells were infected with the Inc-APEX2-expressing strains,
treated with diaminobenzidine (DAB) and horseradish peroxidase (HRP) prior to H2O2 treat-
ment, and then processed for imaging by transmission electron microscopy (TEM). The TEM
images revealed electron dense deposits on the cytosolic side of the inclusion, which indi-
cated that Inc-APEX2 proteins were labeling the cytosolic side of the inclusion and that they
were correctly oriented in the inclusion membrane (197).

To gain an understanding of possible protein networks, one of these APEX2 studies
used several different Inc-APEX2 proteins and discovered common core proteins (e.g.,
LRRF1 and BASP1) and several overlapping protein networks (e.g., 14-3-3) that are
proximal to the chlamydial inclusion (119, 197). These data highlight the fact that pro-
tein-protein interactions that occur at the chlamydial inclusion likely have ripple effects
into these various signaling pathways that help rewire the host cell generally. The first
Inc-host protein interaction described was between an early Inc, IncG, which becomes
phosphorylated in the host cytosol and interacts with 14-3-3b (240). One of the more
interesting interactions has been noted between another early Inc, IncD, and an ER pro-
tein known as CERT (104, 241), which also occurs in membrane contact sites between the
ER and the inclusion membrane (104). These studies highlight how the inclusion likely inte-
grates itself into host cell pathways and may modulate or engage with cross-talk between
organelles to help maintain host cell health to maximize chlamydial growth and develop-
ment. This idea is buttressed by soluble (or non-Inc) chlamydial effectors that localize to ei-
ther the Golgi (242), mitochondria (243), or nucleus (244) to specifically alter the function of
these organelles. Furthermore, Inc-host protein interactions help to integrate the chlamydial
inclusion into the overall function of the host cell, which contributes toward maintaining
host cell health until the point of egress (245).
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Despite advances toward understanding the networks of protein interactions, the major-
ity Inc-host protein interactions have been studied between a single Inc and a single eukary-
otic protein target, as highlighted by two such examples above. However, a recent study
demonstrated for the first time a single eukaryotic protein, VAMP3, interacting with up to
five different Inc proteins in a temporal manner (199). VAMP3 is a eukaryotic soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor (SNARE) protein that helps to fuse
two opposing membranes and functions within trans-Golgi, recycling endosome, plasma
membrane trafficking pathways (246, 247). VAMP3 localizes to the chlamydial inclusion dur-
ing the mid-developmental cycle and remains localized to the inclusion throughout the re-
mainder of chlamydial development (199). The first Inc interaction detected was between
VAMP3 and IncF, which becomes less robust, at which point VAMP3 interacts strongly with
IncG. The longest sustained interaction between VAMP3 and any Inc is with Inc CT449. This
interaction occurs during a period when VAMP3-IncF or -IncG interactions are no longer
detected and before the time point that VAMP3 binds to yet another Inc partner, CT813/
InaC. VAMP3 also interacts with a late Inc, CT442, during the late chlamydial developmental
cycle (199). These studies were the first to demonstrate the dynamic nature of some protein-
protein interactions that occur at the chlamydial inclusion. The function or consequences of
these interactions are currently unclear, but if the inclusion is integrating into the host cell,
these types of interactions are to be expected, as they are common in subcellular organelles.

Understanding how Incs may be organized in the inclusion membrane. One of
the original goals of the proximity labeling studies was to better understand how Incs
are organized in the inclusion membrane, which is difficult to purify (116, 248). Indirect
immunofluorescent studies have found that some Incs localize in small discrete microdo-
mains (i.e., CT223/IpaM, IncB, and CT228) (188, 206, 249), while other Incs localize uni-
formly around the periphery of the inclusion membrane (i.e., IncA, IncG, and IncF) (110,
231, 250). In the first published proximity labeling study, Dickinson et al. (237) created a
chlamydial strain that expressed an IncB-APEX2 construct, which localized around the
periphery of the inclusion, and identified only four Inc proteins. In a separate study using
three different Inc-APEX2 (IncA and IncF-based) constructs, four Inc proteins were also
identified (197). The Inc that was commonly identified between the two studies was
CT223/IpaM (197, 237), which may indicate that even though this Inc localizes primarily
in membrane microdomains (188, 249), it may also be an abundant Inc in the inclusion
membrane or its identification is related to the fact that it contains 14 APEX2-modifiable
amino acids (which are cysteine, tyrosine, tryptophan, or histidine) (119, 239). There are
several limiting factors in using APEX2 to determine Inc organization in the inclusion
membrane. In addition to the relatively low number of APEX2 modifiable amino acid tar-
gets in Inc proteins, there is also the general problem of the low abundance of chlamyd-
ial proteins versus host proteins, which are the bulk of the protein identifications
received in these types of studies (119).

(i) How genetic dysregulation of Inc expression alters inclusion membrane compo-
sition. Incs likely have multiple functions, of which one ostensibly is to mediate host-patho-
gen interactions and another function is likely to organize the inclusion membrane. For
example, overexpression of IncF results in smaller inclusions and excess IncF tends to form
aggregates that are then excluded from the inclusion membrane (205). In contrast, overex-
pression of IncA was not associated with these same defects (205). Deletion of IncA, which is
responsible for homotypic inclusion fusion (251), also results in CT223/IpaM no longer being
organized in membrane microdomains (199), an indication that other Inc proteins are also
likely organized differently in the absence of IncA. Combined, these studies raised questions
about how Inc proteins function in inclusion membrane organization and also if altered
expression of certain Incs impacted the expression of other Incs.

A recent study examined the overexpression of several different Inc proteins. The overex-
pression of certain Incs (e.g., IncF or CT813/InaC) resulted in smaller inclusions, decreased
progeny, and decreased expression of some endogenous Incs at the transcriptional level
(204). Specifically, overexpression of ct813 resulted in reduced IncE and IncG proteins on the
inclusion membrane, which were then linked to decreased expression of incE and incG. Of
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note, the IncA protein and incA transcript levels remained unchanged (204). Furthermore,
previous studies found that IncE recruits sorting nexin-6 to the chlamydial inclusion (236).
Overexpression of ct813, which results in more CT813/InaC and less IncE in the chlamydial
inclusion membrane, reduced sorting nexin-6 recruitment to the chlamydial inclusion (204).
These data highlight that while we often study chlamydial effectors as single entities, there
is likely an interconnectedness at the level of effector expression and secretion. There are
several possible explanations for these findings. For example, a disorganized inclusion mem-
brane might lead to altered host cell interactions, which negatively impacts chlamydial de-
velopment and possibly gene expression generally. As mentioned previously, inc expression
is temporal. Endogenous ct813 is expressed after incE (5, 252). Therefore, an overproduction
of CT813/InaC might trigger a premature reduction in the expression of genes encoding
early Incs, such as incE. The chaperones for specific Inc proteins is unknown, but Mcsc is a
candidate (74). Therefore, too much of an Inc can saturate its cognate chaperone, potentially
altering heterodimer chaperone or chaperone-effector interactions, of which some have
implications (e.g., Scc4) toward regulating gene expression. However, these data also suggest
that too much of a single effector can globally disrupt T3SS function, so these phenotypes
may also be indicative of systemic imbalances (e.g., lack of secretion of other T3SS effectors)
versus a phenomenon that is strictly limited to a disorganized inclusion membrane. The me-
nagerie of possibilities also highlights the complexity of studying T3SS in Chlamydia.

CONCLUDING REMARKS

There are many interesting questions regarding chlamydial T3SS that remain to be
answered. While many of us are focused on the chlamydial effectors that localize to the inclu-
sion membrane, the field has only begun to study chlamydial T3SS effectors that are secreted
into the cytosol or localize to specific subcellular compartments or organelles. These proteins
likely have important functions that promote a collaborative co-option of host cell function
that enhances chlamydial growth and development because the chlamydial T3SS exists pri-
marily to support the progression of the developmental cycle. Directly linking T3SS to devel-
opmental cycle progression was an early hypothesis in the field that posited that the T3SS
projections from the RB mediated intimate contact with the inclusion membrane. As the
number of projections decreased, the RB would be released from the inclusion. CopN would
no longer be secreted into the host cytosol but into the inclusion lumen, an event that would
trigger secondary differentiation (253). This hypothesis may be applicable to C. trachomatis
and C. psittaci as RBs often line the edges of the inclusion and abut the inclusion membrane
(254). But it is inconsistent with the manner in which C. pneumoniae develop, with RBs local-
ized slightly away from the inclusion membrane within the lumen of the inclusion (255).
Experiments designed to understand whether a T3SS-associated signal is the elusive molecu-
lar trigger that results in secondary differentiation are inherently complicated as the state of
the host and the organism must be considered. For example, overexpression of a mid-cycle
Inc, CT813/InaC, results in downregulation of other Incs at the transcriptional level and
altered chlamydial development (204). Are these data a reflection of altered chlamydial-host
interactions and/or a reflection of haywire signaling within the T3SS, including effector
expression? With the exciting advances in chlamydial genetics, it may become possible to
better understand the function of the proteins that are assumed to make up the chlamydial
T3SS apparatus and the effector proteins. Do these proteins function as their orthologs do?
Or do they have some unique functions to account for the reduced genome of Chlamydia?
There are several candidate chlamydial T3SSs that may have unique transcription factor
(Scc4) or environmental sensor (CopB2) functions that need to be experimentally elucidated.
A better understanding of the regulatory mechanisms that control chlamydial T3SS at the
transcriptional and posttranslational level, including the factors that govern effector hierar-
chy, are necessary to devise strategies to inhibit these processes. These scientific questions
are interesting from the standpoint of understanding basic host-pathogen interactions and
their consequences. But, also, answering these questions may lead to developing therapeu-
tics that will efficiently treat Chlamydia while not disturbing the healthy microbial flora.
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