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Abstract

It has been appreciated for almost 20 years that members of the Chlamydiales possess a virulence-

associated type III secretion mechanism. Given the obligate intracellular nature of these bacteria, 

defining exactly how type III secretion functions to promote pathogenesis has been challenging. 

We present a working model herein that is based on current evidence.
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1. Introduction

Members of the order Chlamydiales represent highly successful parasites—or 

endosymbionts in the case of environmental chlamydiae—of eukaryotic hosts. Based on a 

host range that extends from single-celled amoeba to mammals, members of the 

Chlamydiales are often considered ubiquitous in nature. Medically important species include 

the respiratory pathogen Chlamydia pneumoniae and the zoonotic agent C. psittaci. 

However, C. trachomatis represents the major human health concern and is a leading cause 

of sexually transmitted disease (serovars D-K and LGV1-3) and infectious blindness 

(serovars A-C). Significant co-evolution with eukaryotic hosts represents one obvious 

reason for such success as a pathogen. Chlamydia and Chlamydia-like endosymbionts last 

shared a common ancestor an estimated 700 mya, and C. trachomatis has been speculated to 

have diverged with the appearance of human ancestors 6 mya [51]. Gene loss and evolution 

have resulted in a reductionist genome that is fine tuned to exploit an intracellular niche 

[46]. All Chlamydiaceae are obligate intracellular bacteria that exhibit a bi-phasic 

developmental cycle [2]. This unique cycle is initiated when infectious elementary bodies 

(EB) associate with and actively invade a host—typically an epithelial cell. EBs differentiate 

into metabolically active, yet non-infectious, reticulate bodies (RB) which actively divide 

until an unknown signal induces asynchronous conversion back to EBs. The cycle is 
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concluded when host cells release EBs and RBs via lysis or extrusion [38]. Development 

occurs entirely within a parasitophorous vacuole termed an inclusion. Timing depends on 

the chlamydial species and host cell type, but is typically completed within 40–72 hrs.

The ability to subvert host cell biology via expression of a type III secretion system (T3SS) 

is a major factor in the success of Chlamydia as a parasite. The T3SS has received 

considerable attention as a paradigm in Gram-negative bacterial manipulation of single-

celled, plant, insect, and vertebrate eukaryotic hosts. Often referred to as the injectisome, the 

T3S apparatus (T3SA) is a complex secretory nanomachine composed of >20 proteins that is 

stimulated upon contact with target host cells [31]. Chlamydial genomes contain genes 

encoding the ubiquitously conserved core components of the apparatus designated contact 

dependent secretion proteins CdsCJNQRSTUV. Based on homology to characterized 

systems, these components along with CdsDLP form the envelope-localized base needle 

complex [31]. CdsF is the extended needle subunit and CopBD represent apparent 

translocon proteins. It is now established that the T3SS represents an ancient exaptation of 

flagella that was manifested by the loss of essential flagellar motility genes and acquisition 

of components enabling protein secretion across the bacterial envelope and translocation 

through eukaryotic membranes [1]. The designation non-flagellar T3SS (NF-T3SS) is now 

commonly used to differentiate from flagellar systems. Based on phylogeny of the outer 

membrane (OM) secretin CdsC, the chlamydial NF-T3SS emerged and evolved separately 

from other systems [1]. However, basic secretion mechanisms are conserved since 

ectopically-expressed chlamydial T3S substrates can be recognized and secreted by other 

T3SSs [67, 24].

The NF-T3SS mediates vectorial injection of anti-host proteins termed effectors that exert 

changes in the host cell microenvironment that benefit the respective pathogen or symbiont 

[31]. A combination of approaches that include the use of heterologous T3SSs has been used 

to establish effectors deployed by chlamydiae. Although the full complement of proteins has 

not been established, there are several categories of effectors evident. For example, Inc 

proteins intercalate into the inclusion membrane and function to subvert processes such as 

vesicular trafficking [47]. Chlamydia also express effectors that target the host nucleus, 

endoplasmic reticulum and other host cell compartments. We will not discuss specific 

effector biology and refer readers to several recent reviews that cover this area [13, 69]. 

Details regarding T3SA content and assembly in Chlamydia spp can also be found 

elsewhere [10]. Our aim in this review is to explore recent data that address questions 

regarding how the T3S mechanism is manifested in Chlamydia. In some cases, we take the 

liberty of speculating on certain mechanisms with the goal of assimilating what is known 

into the context of chlamydial infection biology. We present a testable working model 

herein (Fig. 1) that addresses how the chlamydial apparatus functions at each stage of the 

infection process and how activity could integrate with the complex chlamydial 

developmental cycle. To stay consistent with much of the literature, we will use the 

“CTxxx” designation from C. trachomatis serovar D [62] to refer to genes/proteins that have 

not yet received formal names.
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2. Attachment

Purified chlamydial EBs can be stimulated to release effectors via in vitro treatment with 

T3S-inducing buffers containing BSA and EDTA [39, 49, 61]. Although inefficient, these 

data confirm that EBs contain a complete T3SA capable of secretion. Given that activation 

of T3S activity is contact-dependent in other systems, it is probable that EBs are not actively 

secreting effectors prior to encountering a host cell. While there are sufficient ATP stores to 

potentially energize secretion, and some metabolic activity is possible, EBs are typically 

considered inert particles that are primed for infection [52]. This model is supported by 

quantitative proteomic analysis that indicates EBs are primed with high levels of invasion-

related T3S chaperones and effectors [56]. One obvious question that arises is: what 

prevents premature deployment of this arsenal?

Chlamydia CopN, an ortholog of Yersinia YopN, likely represents part of the answer. Based 

on primary sequence analysis CopN represents a fusion corresponding to YopN and TyeA 

[59]. In the Yersinia T3SS, a complex of YopN and TyeA with the chaperones SycN and 

YscB associates with the T3SA to block secretion prior to activating signals [54]. This 

machinery appears to be conserved in Chlamydia [59]. The chlamydial T3S chaperones 

(T3SC) Scc1 and Scc4 form a complex and interact with C. pneumoniae CopN. Scc1/Scc4 

interacts with the N-terminus of CopN and promotes CopN secretion in the heterologous 

Yersinia T3SS. By analogy to the Yersinia model, the Scc1/Scc4 heteroduplex would 

position CopN at the T3SS in EBs, yet secretion would be prevented by the TyeA-like 

domain of CopN. In agreement with this hypothesis, an additional chaperone—Scc3—was 

found to interact with the C-terminus of CopN [60]. Scc3 was shown to reduce the secretion 

of CopN by yersiniae [59]. This suggests Scc3 also plays a role in the negative regulation of 

the T3S. This has interesting implications since Scc3 also interacts with the translocator 

CopB (see chaperone discussion below).

In addition to regulatory factors that are common to T3SSs, Chlamydia-specific mechanisms 

likely also contribute to maintaining an inactive state prior to host cell contact. For example, 

we have hypothesized that Chlamydia-specific physiology could uniquely impact T3S 

activity. The EB envelope is highly cross-linked via inter-and intra-molecular disulfide 

bonds among cysteine-rich proteins [34]. The precise timing of alterations is unknown, yet 

these bonds must be reduced very early to enable EB conversion to the vegetative RB. 

Unlike orthologs in other T3SSs, the chlamydial needle subunit protein CdsF contains Cys 

residues [12]. Intermolecular disulfide bonds among CdsF subunits are apparent in EBs but 

not RBs [11], raising the possibility that disulfide bonding has evolved in Chlamydia to 

couple T3S activity with one of the hallmarks of the chlamydial developmental cycle. Based 

on modeling of other T3S needle proteins [25], the N-terminally located Cys residues of 

CdsF could be oriented in the lumen of the needle channel. In this scenario, CdsF disulfide 

bonds in EBs could preclude secretion. Whatever the role, it is clear that disulfide bonding 

in the chlamydial T3SS mirrors that of developmentally regulated events in the envelope.
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3. Invasion

T3S is most likely activated upon intimate, irreversible attachment to host cells [20]. Once 

chlamydiae attach, unknown signals are transduced that lead to activation of T3S. 

Interestingly, host Protein Disulfide Isomerase (PDI) activity is required for invasion [3], 

raising the possibility that PDI functions to reduce surface-exposed disulfide bonds such as 

those found in CdsF. If disulfide bonds in CdsF are accessible to PDI, this could be one 

signal that triggers secretion. Indeed, it has been speculated that conformational changes in 

the N-terminus of needle subunits are linked to signal transduction [31]. The orientation of 

CdsF would certainly be consistent with this concept. CdsF-specific antibodies label surface 

filaments on C. trachomatis EBs [12]. These antibodies also indicate a polar distribution of 

CdsF and needles that orient toward the host cell filopodia [50] that are induced during 

chlamydial invasion [19]. In other T3SSs, a tip protein oriented at the terminus of the needle 

serves a role in activation. There is currently no direct evidence that the chlamydial T3SS 

contains a corresponding structure. The purification of chlamydial structures and high-

resolution electron microscopy necessary to directly assess tip structures has not been 

achieved. C. trachomatis CT584 has been implicated as a potential tip protein based on 

predicted structure and biophysical evidence [44]. In support of this notion, CT584 is 

present in EBs [56], and like the corresponding C. pneumoniae protein Cpn0803 [66], 

interacts with CdsF [61]. CT584 [7] and Cpn0803 [66] can form hexamers, but solved 

structures do not resemble those of either class-1 or -2 tip proteins typical of either 

Salmonella SipD or Yersinia LcrV, respectively [31]. In addition, CT584 has recently been 

implicated as a potential chaperone [53]. Therefore, further investigation is warranted before 

designating CT584 as the tip protein.

Once activated, the T3S channel would first need to deploy the “gatekeeper” protein CopN 

followed by translocator proteins CopB and CopD. The fate of secreted CopN is unclear. C. 

trachomatis CopN appears to accumulate in the expanding inclusion membrane [29], yet 

CopN of C. pneumoniae, but not C. trachomatis, has been implicated as having effector 

function [5]. This function would be novel since corresponding gatekeepers in other T3SSs 

lack described effector activity. Now that an in vivo secretion assay is available for 

Chlamydia [49], it should be possible to directly assess whether CopN is translocated or 

remains within the inclusion lumen. Current evidence indicates that secreted CopB and 

CopD would form the invasion-related translocon enabling translocation of subsequently 

secreted effectors across the host membrane. Both CopB and CopD are present in EBs [56] 

and have structural characteristics consistent with translocator proteins [16, 17]. Consistent 

with translocator function, CopB accumulates in the inclusion membrane [30] and partitions 

as an integral membrane protein [21]. Interestingly, chlamydial genomes contain a potential 

duplication of translocator proteins. CopB2 and CopD2 possess many of the same structural 

characteristics of CopB and CopD. CopB2 can also localize to the inclusion membrane. 

Unlike CopB, CopB2 levels increase during mid-cycle development [21], raising the 

possibility that CopB mediates early and late translocation whereas CopB2 functions in the 

interim. However, questions regarding this possibility remain since CopB2 does not partition 

as a membrane protein and requires coiled-coil domains for inclusion membrane association 

[21].
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Secretion of translocators results in a complete T3SS that forms an infection synapse 

between the associated EB and host cell. At this point, invasion-related effectors (IRE) can 

be injected into the host cytosol where they can orchestrate chlamydial invasion. Thus far, 

three such effectors have been functionally described: TarP [23], TepP [22], and CT694 

[36]. Given the complexity of chlamydial entry and early-cycle development, it is almost 

certain that many more will be identified with time.

4. Intracellular Development

EBs within the nascent inclusion rapidly differentiate into vegetative RBs, and cultures are 

considered essentially synchronous until RBs begin to asynchronously re-differentiate back 

to EBs later in development [48]. Throughout this time, chlamydiae need to secrete 

additional effectors that function to create and maintain the intracellular niche, subvert and 

evade host immunity (innate immune gene suppression via TepP, for example [22]), and 

protect host cell until completion of the developmental cycle (inhibition of apoptosis, for 

example [69]). Chlamydia Inc proteins represent perhaps the largest class of effector 

proteins. These integral membrane proteins intercalate into the inclusion membrane where 

they act as both scaffolds conferring inclusion integrity and as platforms for interactions 

with host cell proteins [47]. Based on the numbers of potential T3S substrates already 

identified, we have estimated that C. trachomatis may encode as many as 60–80 effectors 

[13]. Therefore, the chlamydial T3SA needs to orchestrate delivery of a large cohort of 

secretion substrates.

Chlamydial genes are expressed according to a temporal program that can be divided into at 

least three categories; early-, mid-, and late-cycle. Interestingly, it appears that once a gene 

is expressed, its expression is maintained. For example, the early-cycle effector IncG is 

expressed within an hour of infection and remains expressed throughout the remainder of the 

cycle [9]. This raises several interesting questions, one of which is: does the chlamydial 

apparatus discriminate among the many effectors in order to deploy them at specific times 

for specific functions? If so, how is this accomplished? De novo gene expression provides 

one obvious layer of selectivity. For example, homotypic fusion of inclusions in multiply 

infected cells does not occur until mid-cycle. IncA is essential for this event, and incA is not 

de novo expressed until mid-cycle development [32]. In addition, de novo expression of 

some invasion-related effectors such as CT694 does not occur until EBs begin to form. This 

is presumably to enable packaging of the effectors into EBs for subsequent infections. 

Hence, some degree of effector discrimination can be accomplished via temporal expression 

of genes. Although CT695 was recently shown to be secreted during late-cycle development 

[49], it is currently unclear whether this is true for other invasion-related effectors. 

Regardless, some mechanism exists whereby invasion-related effectors are retained during 

late-cycle development while other effectors clearly are not [56]. It is well established in 

other T3SSs that a hierarchy exists among T3S substrates [31]. Many of the mechanisms 

that function in those systems likely also apply to T3S in Chlamydia. We consider herein 

how elements of the T3SA and T3S-specific chaperones could contribute to substrate 

selectivity.
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T3SS-expressing pathogens like Salmonella also encode many effectors. Some effectors 

function to enable entry into host cells while others are important during intracellular 

growth. Salmonellae employ differential expression and multiple secretion systems, 

designated SPI-1 and SPI-2, to separate these effector groups [31]. The chlamydial genome 

contains the coding capacity for a single complete system. How then does a single apparatus 

mediate deployment of numerous substrate classes? Intrinsic properties of the apparatus 

represent one mechanism. For example, we predict that the inner membrane component 

CdsU contributes to changes in substrate specificity. Cleavage of Yersinia YscU shifts 

secretion specificity from needle and translocator substrates to effectors [14], and this 

mechanism appears to be a conserved feature among T3SSs [31]. Cleavage of CdsU has not 

been tested. However, the flagellar homolog FhlB undergoes autocleavage at a conserved 

Asn-Pro sequence [28] to control the order of secretion for flagellar components. Blast 

searches of protein databases indicate that the Asn-Pro sequence is absolutely conserved in 

the Chlamydiales. While this might not be surprising since overall primary CdsU sequences 

are highly conserved among Chlamydia spp. (>83% identity), the Asn-Pro residues are also 

present in CdsU from the highly divergent Parachlamydia acanthamoebae. If CdsU plays a 

role similar to homologs, we anticipate the presence of full-length CdsU in EBs. Cleavage of 

CdsU would be apparent soon after attachment, and this would correlate with subsequent 

secretion of IREs.

Once the chlamydial T3SS is activated for effector secretion, secretion activity continues 

throughout development in metabolically active chlamydiae. For example, inclusion 

membrane-localized IncG can be detected within hours of infection. Secretion is obviously 

maintained since IncG can also be detected in membranes of large, mature inclusions [57]. 

Despite this apparent consistency, dynamic alterations likely manifest during intracellular 

development that influence T3SS selectivity. First, components of the core apparatus are de 

novo expressed during mid-cycle development [9]. Genes encoding components of the 

T3SA are dispersed in at least 10 operons that are predicted to respond to chlamydial sigma 

66-mediated transcription [35]. Some subtle differences in precise timing are apparent [9]. 

Whether these differences have physiological relevance or are merely functions of technical 

aspects such as RT-PCR efficiency remains to be determined. Regardless, a complete 

apparatus would be established at times approximately corresponding to the first round of 

RB division [58].

This could provide an opportunity for a core T3SA differing in capacity from that mediating 

secretion since invasion. Although direct evidence is currently lacking, analysis of the 

apparent chlamydial T3S sorting platform provides some potential for changes in secretion 

selectivity. The T3S sorting platform functions in maintaining a hierarchy among secretion 

substrates and is composed of a cytoplasmic C-ring protein, an accessory protein, an ATPase 

and an apparent regulator of the ATPase. These proteins interact in a dynamic fashion to 

promote chaperone-dependent secretion (discussed below) and are designated in the unified 

nomenclature as SctQ, SctK, SctN, and SctL, respectively [31]. In the chlamydial system, 

CdsQ represents the C-ring protein whereas CdsN and CdsL represent the apparent ATPase 

and associated regulator. A protein corresponding to SctK has yet to be identified. However, 

C. trachomatis CT560 may represent SctK based purely on genomic positioning within a 
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T3SS operon [35] and an apparent interaction with CdsQ [61]. In vitro studies have 

indicated ATPase activity for C. pneumoniae CdsN [65] that is regulated by CdsL [64]. Also 

consistent with other systems, interactions of CdsQ with itself, CdsN, CdsL and the 

multicargo T3SC Mcsc have been detected [61, 41, 65]. Additional protein-protein 

interaction findings further indicate that CdsQ represents a hub bridging the T3SA and 

secretion substrates [61]. Hence, it is presumed that the chlamydial sorting platform shares 

basic functions with those in other systems.

Quantitative comparison of protein levels in EBs and RBs suggest an interesting wrinkle in 

this presumption. While components of the core apparatus such as CdsD did not change in 

abundance, levels of CdsQ and CdsN were greatly reduced in RBs compared to EBs [56]. It 

is important to emphasize that these proteins are not totally absent in RBs. For example, 

transcription of cdsQ and cdsN occurs during this time [9], and CdsQ is certainly detectible 

in RB lysates via immunoblot [61]. One potential explanation for decreased levels of CdsQ 

has arisen from recent evidence indicating alternative translation of the C-ring protein. An 

internal translation start is apparent in Salmonella SsaQ [73] and Yersinia YscQ [18]. The 

alternatively translated C-terminus of YscQ is essential for secretion and exists in an 

apparent 2:1 ratio with full-length YscQ [18]. By analogy, the proportion of full-length 

CdsQ could be reduced in the active T3SA. Chlamydial CdsQ does contain a potential Met 

codon at position 207. The alternative translation product could have eluded detection in 

proteomic analyses [56] due to lack of tryptic peptides and in immunoblots since CdsQ 

antibodies were generated against a recombinant protein containing only the N-terminus of 

CdsQ [61].

This explanation, however, seems intuitively inconsistent with the fact that as many as 22 

full-length copies of SctQ form the C-ring [26]. A more intriguing possibility is that, as 

suggested [56], RBs may have reduced capacity (compared to EBs) for chaperone-

dependent secretion of effectors. The sorting platform represents a peripherally associated, 

mobile portion of the T3SA that fluctuates between an apparatus-associated and cytoplasmic 

localization [26]. In the flagellar T3SS, lack of secretion in a SctQ deficient strain can be 

overcome by overexpression of the ATPase [42]. However, overall CdsN levels are also 

comparatively reduced in RBs. Interestingly, chlamydial genomes contain genes encoding 

redundant components of the T3SS that more closely resemble flagellar components [10]. 

These include CT717 (CdsN paralog) and CT718 (CdsL paralog), raising the possibility that 

these components could substitute for deficiencies in CdsN. Indeed, the C. pneumoniae 

paralog of FliI does have ATPase activity [63]. Unfortunately, CT717 was not detectible 

under any conditions in proteomic studies [56] so the question remains open. Importantly 

the T3S ATPase has been implicated in the recognition of secretion substrates [31]. It is 

therefore possible that the mid-cycle T3SA assembles in a subtly different configuration. 

Other replacement components are possible since paralogs of inner membrane components 

CdsV and CdsJ are apparent in Chlamydia. Under one potential scenario, chaperones would 

be employed during invasion and early-cycle infection to prioritize secretion of cognate 

effectors while chaperone-independent secretion would predominate during mid-cycle. 

Although speculative, this would be consistent with observations that i) flagellar homologs 
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are transcribed earlier than NF-T3S components [9, 45] and ii) levels of some T3S 

chaperones are also reduced in mid-cycle RBs [56].

Chaperones are obvious candidates for factors contributing to a secretion hierarchy. 

Depending on their respective role, T3SCs directly interact with T3S substrates to prevent 

aggregation among interacting substrates, maintain the substrates in a secretion competent 

state, and pilot the substrate to the T3SA [31]. T3SCs typically have limited sequence 

similarity, but tend to be small (ca. 15–20 kDa), have an acidic isoelectric point, and bind as 

homo- or heterodimers to a discrete N-terminally localized domain on the cognate substrate. 

Genomic sequencing provided the first evidence that Chlamydia express proteins typical of 

T3SCs [62]. These included Class I (CT043, CT088, and CT663) and Class II (CT576, 

CT862, and CT274). Since then, experimental evidence has identified additional T3SCs 

including CT260, CT584, CT665, CT667 and CT670.

Most of the currently identified chaperones function in assembly and regulation of the 

T3SA. As indicated already, Scc1 (CT088) and Scc4 (CT663) promote CopN secretion as a 

heterodimeric chaperone [59]. According to our model, they would function in secretion of 

EB-localized CopN. The chaperones must also be functional later since accumulation of 

secreted CopN is detectible at the inclusion membrane during mid-cycle development [29]. 

Scc3 (CT862) also interacts with CopN [61], yet interferes with CopN secretion [59]. 

Interestingly, Scc3 also interacts with the translocon protein CopB [30]. This is consistent 

with the occurrence of a tetratricopeptide repeat (TPR) domain typical of translocon-specific 

chaperones [31]. Although it is unknown how this chaperone functions, Scc3 links the 

gatekeeper CopN with the subsequently secreted translocon proteins. Therefore, Scc3 could 

function in the secretion hierarchy exhibited by these T3S substrates. It is unclear how Scc3 

activity might mesh with Scc2 which is also an apparent translocon chaperone [30, 61, 16, 

17]. However, Scc2 is much more abundant in EBs than Scc3 [22]. In addition, chlamydial 

CT274 is also a TPR-containing chaperone. However, interactions of CT274 with both 

apparent T3SA (CT668) and effector (CT161) proteins [61] indicate a potentially divergent 

role for this chaperone. Clearly, much more work is required to untangle what is likely a 

very complex and dynamic aspect of chlamydial T3S. The situation with CdsE (CT665) and 

CdsG (CT667) is more straightforward. These proteins represent Class III chaperones that 

stabilize needle subunits and prevent premature needle polymerization. CdsE and CdsG 

form a heterodimer capable of interacting with CdsF [61, 12]. CdsF-containing projections 

are apparent on EBs [12], and nearly all of EB-localized CdsF contains intermolecular 

disulfide bonds [11]. This suggests that secretion of CdsF is not required during the invasion 

process. Hence CdsE and CdsG would function as typical needle chaperones to secreted 

CdsF during and after mid-cycle de novo production of T3SAs. Finally, CT670 represents an 

apparent homolog of Yersinia YscO that binds to the apparent YscP homolog CT671 [43]. 

By analogy, CdsO would serve as a section chaperone for CdsP. If true, this would have 

important implications for regulation of the Chlamydia T3SS since Yersinia YscP and its 

homologs represent a molecular ruler that contributes to substrate selectivity [31].

Given the number of indicated chlamydial T3S effectors, the apparent dearth of 

corresponding secretion chaperones is a bit surprising. Currently, Slc1 (CT043) and Mcsc 

(CT260) represent the only identified chaperones dedicated to effectors. Both of these 
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proteins function as Class IB multi-cargo chaperones. Slc1 is abundant in EBs [56] and 

binds the IREs to promote their secretion [22, 15, 53]. Therefore, this chaperone is clearly 

involved in prioritizing secretion of effectors required for invasion. Mcsc interacts with 

Cap1 and two Incs, CT225 and CT618 [61], all of which are de novo expressed during early 

development in C. trachomatis [9]. This represents only a very few of secreted effectors. It 

remains to be seen whether these chaperones function for other effectors or whether more 

chaperones exist in the chlamydial genome. Regardless, Slc1 and Mcsc indicate a prominent 

role of chaperones in earl-cycle development and would be consistent with a model where 

chaperone-independent secretion predominates later in development. It is also consistent 

with the fact that even chaperones effectors have chaperone-independent, N-terminal 

secretion signals [31]. This apparently holds true in Chlamydia since Subtil et al [67] were 

able to show secretion of numerous Incs by the surrogate Shigella T3SS using only the N-

terminal signal fused to Cya. One could argue that this secretion is a product of ectopic 

overexpression in a heterologous system. However, the recently acquired ability to 

transform Chlamydia was recently applied to show that IncD lacking its N-terminal 

sequence was not secreted by chlamydiae [8]. Overall, these data would suggest that 

chaperones have primary roles in assembly/regulation of the T3SA and prioritizing effectors 

needed to establish a protected replication niche.

5. Interactions with development and shutting off secretion activity

It is clear that the T3SS is intimately linked with biphasic developmental cycle manifested in 

Chlamydia. Secretion activity commences with contact of an EB with a eukaryotic cell and 

must be subsequently silenced when RBs differentiate back into EBs. A central question has 

been whether the T3SS activity is merely responding to developmental ques or does the 

T3SS play an active role in orchestrating those changes. As noted above, disulfide bonding 

within the chlamydial apparatus correlates with developmentally responsive bonds in 

envelope proteins. RB-localized T3SSs are oriented toward the inclusion membrane during 

intracellular development [27], and it has been suggested that the ability of the T3SA 

apparatus to interact with the inclusion membrane represents a developmental switch [72]. 

Although preliminary, details are beginning to emerge that are consistent with T3S activity 

in Chlamydia being directly linked to the developmental genetic program.

Recent evidence has implicated a component of the chlamydial T3SS interacting with RNA 

polymerase (RNAP). C. trachomatis CT398 has structural similarity to the Helicobacter 

flagellar protein FlgZ [6]. This study further revealed interactions of CT398 with the 

alternative sigma factor RpoN, raising the possibility that CT398 could modulate activity of 

RNAP. Although potential activities were not investigated, CT398 was also found to interact 

with the T3S ATPase regulators CdsL and CT718. CT398 was designated CdsZ, and the 

authors speculated, based on analogy with FlgZ, that CdsZ may facilitate co-translational 

secretion of effectors. This intriguing possibility would fit into our working model of T3S in 

Chlamydia. Perhaps CdsZ is one factor that functions during intracellular development when 

chaperone-independent mechanisms are most prevalent.

In addition to their role as secretion chaperones, T3SCs also appear to function in linking 

T3S activity with gene regulation in Chlamydia. As indicated above Scc1 and Scc4 serve as 
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secretion chaperones for CopN. Scc4 has also been shown to modulate RNAP through 

interactions with the σ-subunit and σ66 [55, 33]. The interaction was shown to inhibit RNAP 

activity in vitro in a σ66 dependent fashion. This observation has important implications 

since σ66 apparently controls not only gene expression for the T3SA [35], but also genes 

required for vegetative chlamydial growth [68]. Importantly, both Scc1 and CopN were 

found to antagonize the inhibitory activity of Scc4 [33]. If the in vitro data reflect a 

physiologically relevant situation in Chlamydia, then secretion of CopN would release Scc4 

at a time when σ66 is becoming important. However, Scc1 would still be available to interact 

with Scc4 and would theoretically prevent inhibition of σ66-RNAP-mediated transcription. 

The question then becomes, when would Scc4 be free to exert effects on RNAP? Rao, et al 

[55] suggested that high levels of Scc4 during late cycle development could result in a pool 

of Scc4 capable of interacting with, and inhibiting, σ66-RNAP. Therefore, Scc4 may directly 

link secretion activity with developmental gene regulation in Chlamydia in such a way as to 

promote a shift toward EB formation. This would be consistent with data indicating that a 

subset of late-cycle genes associated with RB differentiation to EBs are σ28-dependent [68], 

and Scc4 does not interfere with the σ28-RNAP [55].

These data highlight open questions regarding how T3S activity is turned off during RB to 

EB differentiation. The most logical scenario is one where detachment of the RB correlates 

with loss of secretion activity. Hence T3S would be inactive in intermediate bodies. 

According to our working model, CopN secretion would cease. Whether this occurs due to 

substrate specificity switching where full-length CdsU predominates or alterations in 

chaperone function remains untested. Perhaps reconstitution of disulfide bonds via re-

oxidation of cys residues in the T3SA and chlamydial envelope also contributes. Chlamydial 

redox state appears to be independent of the host cell environment and DsbJ has been 

proposed to function in late-cycle disulfide bond formation [70]. This is an attractive 

hypothesis, but more factors are likely involved. As a T3S substrate, CdsF would be secreted 

without a periplasmic intermediate and likely does not have direct access to DsbJ. 

Regardless, some environmental que results in positioning of the CopN/Scc1/Scc4/Scc3 

complex at the cytoplasmic face of the T3SA to prevent further effector secretion. Pools of 

IREs could then accumulate for use in subsequent rounds of infection, and the process 

would be primed to start all over again.

6. Concluding remarks

Our understanding of how T3S contributes to chlamydial pathogenesis has come a long way 

since it initial discovery in C. psittaci [37]. Cumulatively, the data have revealed a complex 

picture where an arsenal of diverse, host-interactive effectors contribute to the stealthy 

subversion and evasion of eukaryotic cellular biology. As indicated in our discussion, many 

gaps still remain to be filled. The recently acquired ability to genetically manipulate 

Chlamydia will certainly facilitate further investigation. Engineered mutation of effector 

genes is already enabling reverse genetic approaches for elucidation of effector function [40, 

22]. In addition, the ability to epitope tag secretion substrates to assay for effector secretion 

during chlamydial infection will eliminate dependence on surrogate T3SSs [8, 49, 4]. Given 

the apparent essential nature of T3S, it is doubtful that direct inactivation of T3SA genes 

will be possible. As an obligate intracellular parasite, any loss of function mutations would 
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result in the inability to propagate the chlamydial strains. However, the emergence of 

inducible gene expression should allow alternative approaches [71, 8]. It should be possible 

to use anti-sense RNA or dominant negative approaches to conditionally disrupt T3S 

activity. While significant work will be required, we make the safe prediction that these 

novel approaches will answer many questions and provide definitive evidence for just how 

important T3S is for Chlamydia pathogenesis.
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Figure 1. 
Working model for T3S during chlamydial development. A completely assembled T3SA is 

present in the EB and spans the inner membrane (IM), periplasmic P-layer (P), and outer 

membrane (OM). Secretion activity is prevented by disulfide bonding within CdsF and 

CdsC (shown in yellow), and by positioning of the CopN plug on the cytoplasmic face of the 

T3SA. Secretion activity is activated upon contact of an EB with a host cell plasma 

membrane (PM). This results in displacement of a potential tip protein (?), secretion of 

CopN, and deployment of the translocon proteins CopB and CopD. The chaperone Slc1 can 

then mediate prioritized secretion of invasion related effectors (IRE) that orchestrate the 

invasion process. T3S by intracellular chlamydiae is maintained by association of the RB 

with the inclusion membrane (IncM) and subsequence de novo expression of T3SA genes 

(light gray). Chaperone-independent secretion becomes dominant and components of the 

T3SA affect chlamydial gene expression through interactions with RNAP. T3S activity 

ceases when CopN re-associates with the apparatus concomitant with RB conversion to 

IncM-dissociated intermediate bodies (IM).
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