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Abstract 

Chlamydia trachomatis remains a highly relevant clinical pathogen. It is the 

causative agent of the most commonly reported sexually transmitted disease in the 

western hemisphere, and the most common cause of infectious blindness in the 

developing world.  As an obligate intracellular pathogen, Chlamydia employs a vast array 

of virulence proteins to hijack and remodel the host cellular machinery and to facilitate 

growth and dissemination.  Besides delivering effector proteins into the host cytoplasm 

via a conserved type III secretion machinery, Chlamydia encodes components of multiple 

secretion systems, such as type II and V.  Chapter 3 of this document describes the 

secretion, processing and localization of the two chlamydial proteins Pls1 and Pls2, 

which share homology with the passenger domain of autotransporters, and their 

involvement in inclusion expansion.   

In recent years, many new chlamydial effector proteins have been described. 

CPAF (Chlamydial Protease-like Activity Factor) is a secreted serine protease that is 

emerging as a central virulence protein:  it is proposed to play a central role in Chlamydia 

pathogenesis by cleaving proteins involved in antigen-presentation, apoptosis and 

cytoskeletal re-arrangements.  However, the functional significance of CPAF remains 

elusive due to the lack of specific inhibitors and Chlamydia mutants.  The body of work 

presented herein demonstrates that in addition to targeting host proteins, CPAF cleaves a 

subset of early chlamydial effector proteins, including Inc-proteins that reside on the 

nascent pathogenic vacuole (“inclusion”).  The design and development of a CPAF-

specific inhibitory peptide demonstrates that these chlamydial effector proteins are true 
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targets of CPAF.  This peptide reversed the cleavage of bacterial targets by CPAF both in 

an in vitro cleavage assay and during infection, indicating that these effectors are bona 

fide targets.  Inhibition of CPAF activity also revealed that this protease regulates 

multiple facets of chlamydial pathogenesis.  CPAF inhibition in infected epithelial cells 

led to the complete dismantling of the inclusion, secretion of pro-inflammatory cytokines 

and engagement of an inflammasome-dependent programmed cell death pathway.   While 

fibroblasts defective in various inflammasome components were resistant to Chlamydia-

induced cell death, inclusion integrity and bacterial replication was still compromised 

upon CPAF inhibition, indicating that CPAF maintenance of inclusion integrity is 

independent of caspase-1 activation.  Overall, these findings revealed that CPAF, in 

addition to regulating host function, directly modulates the activity of secreted effectors 

and early Inc-proteins.  Furthermore, we establish that CPAF is an essential virulence 

factor that is required to maintain the integrity of the inclusion and prevent the 

engagement of innate immune programmed cell death pathways in infected epithelial 

cells. CPAF activity thus remains a compelling mechanism by which an intracellular 

pathogen employs extensive proteolysis to modify the host environment.  
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1. Introduction 

1.1 Chlamydiae 

 The genus Chlamydiae, of the order Chlamydiales, consists of nine members 

that are all obligate intracellular pathogens (Greub 2010). They display a wide range 

of host and tissue tropism, and cause varied disease pathology depending on the host 

(Horn 2008).  However, a number of environmental Chlamydia-like bacteria have 

been identified as symbionts of free-living amoebae (Birtles, et al. 1997; Fritsche, et 

al. 2000). Members of the family of Parachlamydiaceae have been shown to display a 

similar life cycle, host interaction and metabolism as the Chlamydiae. Interestingly, 

genomic and phylogenetic analysis indicate that the last common ancestor of the 

environmental Parachlamydia and the Chlamydiae relied on a T3S system and lived 

inside a protist, emphasizing the importance of this ancient, intimate and intracellular 

life style (Horn, et al. 2004).  

 

1.1.1 Chlamydia in human disease 

There are three species that infect the human host: Chlamydia trachomatis, 

Chlamydia pneumoniae and Chlamydia psittaci. C. trachomatis is the most common 

agent of bacterial genital infections and sexually transmitted disease worldwide 

(Centers for Disease Control and Prevention 2009). In particular, C. trachomatis genital 

infection is prevalent among adolescent and young adults between 18-26 years, with 

more than one million U.S cases reported to the CDC in 2008 alone.  Disturbingly, the 

rate of chlamydial infections among the U.S population has more than quadrupled in 
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the past 20 years, though this is partially due to increased surveillance and improved 

culturing and diagnostic techniques (Centers for Disease Control and Prevention 2009). 

Chlamydial disease is commonly asymptomatic, and untreated infections can lead to 

severe complications, especially in women.  Sequelae include pelvic inflammatory 

disease (PID), ectopic pregnancy and eventually infertility (Stamm 2008).  

Chlamydial infections transmitted to infants during delivery may results in neonatal 

ocular infections and pneumonia, increasing the disease burden of untreated, 

asymptomatic infections in women (Stamm 2008).  Repeated infections are also 

considered a contributing factor to the annual increase in diagnosed chlamydial 

infections (Niccolai, et al. 2007), while the increased risk of sequelae associated with 

repeated infections remains controversial.  

 C. trachomatis is also the most common cause of infectious blindness 

worldwide, with more than 1.3 million cases of trachoma reported to the WHO in 

2002 (Resnikoff, et al. 2004).   Trachoma is considered endemic in 55 countries, and 

is most prevalent in East and Central Africa (Polack, et al. 2005).   Trachoma is 

initiated by the inflammatory response to C. trachomatis infection of the ocular 

follicles, leading to scarring of upper eyelids and the globe from turned-in eyelashes – 

referred to as trichiasis – which causes corneal opacity and eventually blindness 

(Thylefors, et al. 1987). Though trachoma is readily treated with antibiotics, limited 

access to healthcare, lack of infrastructure and unknown disease prevalence among 

countries in Africa, Asia, the Pacific and Central-America continue to prevent 

trachoma eradication efforts (Resnikoff, et al. 2004; Thylefors, et al. 1987).  
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The second species to infect humans – C. pneumoniae – is a respiratory 

pathogen that causes bronchitis, sinusitis and pneumonia (Kuo, et al. 1995).  It is 

estimated that C. pneumoniae is responsible for over 10% of community-acquired 

cases of pneumonia and is spread via respiratory secretions. Persistent C. pneumoniae 

infections have been proposed to trigger reactive airway disease, such as asthma 

(Emre, et al. 1995; Hahn, et al. 1996). Additionally, C. pneumoniae has been 

identified in atherosclerotic plaques and lesions, though its association with 

atherosclerosis remains controversial (Hahn, et al. 1996; Kuo, et al. 1993; Mlot 1996).  

Comparative genomics have revealed surprising conservation of synteny among the 

Chlamydiae, in particular between C. trachomatis and the mouse strain C. muridarum, 

which is also overall most closely related to C. trachomatis (Read, et al. 2000).  The 

more distantly related Chlamydiae are listed in Table 1. 

Humans may also develop psittacosis in response to infection with 

Chlamydophila psittaci, which primarily infects birds (Gregory and Schaffner 1997). 

Psittacosis presents as atypical pneumonia, and is thought to be under-diagnosed due 

to the unusual etiology. 

 

 

 

 

 

 



 4 

Table 1.  The nine members of the genus Chlamydiae 

Specie Host 
Chlamydia caviae Guinea pig 
Chlamydia abortus Sheep, goat 
Chlamydia psittaci Bird, poultry 
Chlamydia felis Cat 
Chlamydia pneumoniae Human 
Chlamydia pecorum Cattle, sheep, goat 
Chlamydia suis Swine 
Chlamydia muridarum Mouse 
Chlamydia trachomatis Human 

 

1.2 The C. trachomatis life cycle 

 There are 15 serovars of the Gram-negative intracellular pathogen C. 

trachomatis: serovars A, B, Ba and C cause ocular infections, D-K cause genital 

infections, while LGV 1-3 are associated with lymphogranuloma venerum (Fredlund, 

et al. 2004).  The bacteria exist in two forms:  the metabolically active, infectious 

elementary body (EB) that attaches to the plasma membrane of the host epithelial 

cells (figure 1), and the replicative, metabolically active reticulate body (RB).   

 

Attachment and entry 

Bacterial adhesins, such as the outer membrane proteins MOMP (Su, et al. 

1996; Wehrl, et al. 2004), PmpD (Wehrl, et al. 2004) and OmcB (Fadel and Eley 

2007) have been implicated in mediating attachment to host receptors.  Various 

approaches have identified multiple host receptors that may collectively mediate EB 

attachment: an RNAi screen demonstrated that the growth factor receptor PDGFR and 

an Abelson kinase are required for EB entry (Elwell, et al. 2008), while a cell line 
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deficient in protein disulfide isomerase (PDI) established this enzyme as essential in 

both EB attachment and internalization (Abromaitis and Stephens 2009; Conant and 

Stephens 2007). Other groups have also implicated heparan sulfate-like 

glycosaminoglycans in mediating electrostatic interactions between EBs and the host 

plasma membrane (Su, et al. 1996; Zhang and Stephens 1992).  The multitude of 

potential host receptors and bacterial adhesins implicated in Chlamydia attachment 

likely reflects species and serotype-specific receptor requirements. Chlamydia likely 

employs redundant pathways by which mediates attachment to the host plasma 

membrane to ensure efficient uptake.  

 Attachment of C. trachomatis to the plasma membrane of epithelial cells 

induces remodeling of actin at the site of entry (Carabeo, et al. 2002), which requires 

the Rho GTPase Rac1 (Carabeo, et al. 2004).  In addition, the chlamydial T3S effector 

Tarp is secreted into the host cytoplasm upon EB attachment. Tarp is immediately 

tyrosine-phosphorylated by Src kinases, and is proposed to mediate actin-remodeling 

and bacterial uptake (Clifton, et al. 2004; Mehlitz, et al. 2008).  Tarp secretion, which 

precedes actin recruitment, induces actin-nucleation by directly binding actin via a C-

terminal domain that has homology to the helical-actin binding domain of WH2-

domain family proteins (Jewett, et al. 2006). A second chlamydial effector – Ct694 – 

is secreted into the host cytoplasm upon attachment (Hower, et al. 2009), but its role 

in bacterial entry remains unknown.  
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Figure 1.  The Chlamydia trachomatis life cycle   
 
Following attachment to the plasma membrane and internalization of infectious EB 
(1), EBs rapidly transition into the metabolically active RB (2), which establishes the 
parasitophorous vacuole (“inclusion”) (3, 4).  As the inclusion rapidly expands, RBs 
transition back into EBs (5), which are released at the end stage of infection and can 
re-infect neighboring cells (6).  While the general stages of the developmental cycle 
remains the same for all Chlamydiae, the exact duration is species and serovar 
dependent. 

 

Replication and modification of the inclusion and the host environment 

Once in the cytoplasm, the EB transitions into RB (figure 1). This transition is 

marked by the reduction of disulfide bonds in the outer membrane and nuclear 

decondensation (Hackstadt, et al. 1985), resulting in RBs that divide by binary fission.  

Between one and three hours post-infection, RBs establish the nascent inclusion, 
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which travels to the perinuclear region at the microtubule-organizing-center (MTOC) 

by co-option of the microtubule motor protein dynein (Grieshaber, et al. 2003). While 

the composition of the endosomal membranes initially resemble the host plasma 

membrane, EBs transition into RBs and the inclusion membrane is rapidly modified 

(Scidmore, et al. 2003):  several membrane trafficking regulatory proteins and 

receptors, such as Golgi-related Rab GTPases (Rzomp, et al. 2003) and soluble NSF-

sensitive attachment receptors (SNARES) (Delevoye, et al. 2008), are recruited to the 

inclusion membrane.  Chlamydia intercepts several lipid trafficking pathways, 

incorporating sphingolipids (Hackstadt, et al. 1996), glycerophospholipids (Wylie, et 

al. 1997) and cholesterol (Carabeo, et al. 2003) into the inclusion membrane.   

Two alternative routes of lipid acquisition by the inclusion have been 

proposed:  first, markers of the multi-vesicular bodies (MVB) pathway localize to the 

inclusion lumen and inhibition of MVB biogenesis inhibits chlamydial growth (Beatty 

2006).  Second, Chlamydia recruits lipid droplets (LD), which are neutral-lipid-rich 

organelles, to the inclusion membrane (Kumar, et al. 2006).  LDs are further 

translocated into the inclusion lumen, possibly at IncA-enriched domains in the 

inclusion membrane, in a process that may require the chlamydial effector protein 

Lda3 (Cocchiaro, et al. 2008).   

 

Host cell exit 

Towards the late stages of infection, around 20 hours post infection (hpi), the 

infection becomes asynchronous and RBs transition back to EBs (Figure 1).  Spatial 
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constraint within the expanding inclusion has been proposed as the signal that initiates 

RB to EB transition.  In this model, direct contact between the RBs and the inclusion 

membrane via the T3S apparatus is required for RB replication.  As the inclusion 

expands, RB association with the inclusion membrane is disrupted, eventually leading 

to the dissociation of the T3S apparatus with the inclusion membrane.  Consequently, 

RBs detach from the inclusion membrane as well, which is proposed to serve as the 

signal that initiates RB to EB transition (Hoare, et al. 2008).  

At the end stages of the chlamydial life cycle (>40hpi), EBs exit the host cell 

via two distinct mechanisms (figure 1).  The first pathway involves an ordered 

sequence of events initiated by plasma membrane permeabilization, followed by 

rupture of all membrane compartments, including the nucleus and the inclusion 

(Hybiske and Stephens 2007b; Rockey, et al. 1996).   Interestingly, this lysis pathway 

is dependent on cysteine proteases in a Ca2+-dependent manner, indicting that 

Chlamydia usurps host proteolytic activity to facilitate exit from the host cell.  The 

second pathway by which Chlamydia exits the host cell is protease-independent and 

does not result in rupture of the plasma membrane. Instead, in a process termed 

extrusion, the inclusion pinches off and is ejected out of the host cell in an actin 

polymerization-dependent manner, which is much slower (~2-3hrs) than bacterial exit 

by lysis (~20min) (Hybiske and Stephens 2007a). However, as it has not been 

demonstrated that the extruded EB can go on to infect neighboring cells, the fate of 

the extruded EBs remains unclear. 
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1.3 Immunobiology of Chlamydia infections 

1.3.1 Innate immune response to infection 

Much of the pathology and scarring observed in Chlamydia-infected tissue is 

due to a chronic inflammatory response. Initial infection of host epithelial cells 

induces production and secretion of proinflammatory cytokines and chemokines. The 

pathogen-associated molecular patterns (PAMPS) receptors TLR2 and TLR4 detect 

the bacterial protein Mip (Bas, et al. 2008) and Hsp60 (Bulut, et al. 2002), 

respectively.   Nod1 and Nod2 – members of another class of innate intracellular 

receptors called pattern recognition receptors (PRR) – are also activated in response to 

infection, though the bacterial ligand remains unknown (Buchholz and Stephens 2008; 

Derbigny, et al. 2005).   

Infected epithelial cells subsequently secrete cytokines, among them IL-1α, 

IL-1β, TNF-α, IL-6 and IL-8. PRRs also activate the MAP kinase ERK1/2, which 

contributes to inflammation by upregulating cytokine production, in particular that of 

type I interferon (Buchholz and Stephens 2007; Vignola, et al. 2010).  These pro-

inflammatory cytokines recruit neutrophils, macrophages and natural killer (NK) cells 

to the site of infection, where they enhance additional cytokine production.  Secretion 

of INF-γ (type II interferon) by NK cells recruits B and T cells, which differentiate 

and infiltrate the infected tissue and mediate clearance of infection.  
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1.3.2 Chlamydial inhibition of apoptosis 

Programmed cell death by apoptosis remains a major innate host response to 

and a mechanism of clearing infection (Fink and Cookson 2005). Both intrinsic and 

extrinsic stimuli initiate the activation of cytosolic pro-apoptotic factors, which leads 

to mitochondrial permeabilization and release of cytochrome c (reviewed in Labbe 

and Saleh 2008). This signaling pathway activates a cascade of initiator and effector 

caspases, which mediates DNA fragmentation, nuclear condensation and plasma 

membrane permeabilization.  Apoptotic cell death is inherently non-inflammatory as 

cellular contents are released in apoptotic bodies and phagocytosed, in the absence of 

cytokine secretion (Savill and Fadok 2000).  

Like many other intracellular pathogens, such as Shigella, Salmonella and 

Legionella (Abu-Zant, et al. 2007; Clark and Maurelli 2007; Knodler, et al. 2005), 

Chlamydia has evolved to resist host-induced cell death by apoptosis.  Epithelial cells 

infected with C. trachomatis, C. pneumoniae and C. psittaci are resistant to treatment 

with multiple apoptotic stimuli, such as Staurosporine, dsDNA and etoposide 

(Bohme, et al. 2010; Fan, et al. 1998; Rajalingam, et al. 2001). More interestingly, 

infected cells are resistant to immunological inducers of cell death, such as TNF-α, 

Fas ligand and NK cell secreted granzyme B induced apoptosis (Fan, et al. 1998).  

Resistance is mediated at least in part by the degradation of the pro-apoptotic 

proteins Bim, Puma, Bad, Noxa and Bik, which are required for mitochondrial release 

of cytochrome c (Dong, et al. 2005a; Ying, et al. 2005).  Chlamydia-infection also 

induces expression of several anti-apoptotic genes as indicated by microarray 
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analysis, among them the cellular inhibitor of Apoptosis Proteins (cIAPs) (Xia, et al. 

2003). In fact, siRNA knockdown of cIAPs rendered infected cells partially sensitive 

to apoptotic stimuli by preventing cIAP binding to caspase-3 and blocking caspase 

function (Rajalingam, et al. 2006). Besides inhibiting the activation of pro-apoptotic 

pathways, infection activates the Raf/MEK/ERK pathway and the PI3K/AKT survival 

pathway (Rajalingam, et al. 2008).  Collectively, these pathways upregulate and 

stabilize the anti-apoptotic protein Mcl-1, mediating resistance to granzyme B and 

stress induced apoptosis (Rajalingam, et al. 2008). It is interesting to note, however, 

that siRNA knockdown of Mcl-1 only confers sensitivity to apoptotic stimuli during 

early stages of infection.  In contrast, protease-mediated degradation of Bim, Puma, 

Bad, Noxa and Bik does not occur until middle to late stages of infection, indicating 

that Chlamydia employs separate mechanisms of apoptotic resistance in a life cycle 

stage-dependent manner.     

Moreover, the pro-apoptotic protein Bad is sequestered away from the 

mitochondria by binding to 14-3-3β, which in turn co-localizes to the inclusion 

membrane via interaction with the bacterial protein IncG (Verbeke, et al. 2006).  

Given that successful completion of the chlamydial life cycle is entirely dependent on 

host viability, it is not surprising that Chlamydia employs redundant tactics to 

suppress apoptosis.  

Nevertheless, resistance to apoptosis remains controversial as some groups 

have presented evidence that C. psittaci and C. trachomatis-infected epithelial cells, 

McCoy cells and macrophages appear to undergo apoptosis at the end-stages of the 
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chlamydial life cycle (Jendro, et al. 2004; Jungas, et al. 2004; Ojcius, et al. 1998; 

Schoier, et al. 2001).  However, as propidium iodide staining measured by flow 

cytometry was the primary indicator of apoptosis in these studies, it is possible that 

these cells were necrotic.  Additionally, conflicting evidence may also be explained 

by the use of different cell lines, as Chlamydia-infected fibroblasts and HeLa cells 

display varying degrees of resistance to apoptosis (Jungas, et al. 2004).  Interestingly, 

the chlamydial genome encodes a Chlamydia-associated death domain (CADD) 

protein that is expressed during late stages of the chlamydial life cycle 

(Schwarzenbacher, et al. 2004; Stenner-Liewen, et al. 2002).  This iron-containing 

redox enzyme interacts with mammalian death receptors, and induces cell death in a 

Caspase-3-dependent manner, indicating that Chlamydia encodes effector proteins 

that could potentially induce apoptosis. 

Miyairi and Byrne (2006) proposed that apoptosis accompanies acute 

chlamydial disease, while anti-apoptotic activity facilitates chronic inflammation: 

generally, a significant increase in apoptotic cells is observed in the upper genital tract 

in a mouse model of acute genital infection, and that apoptosis can be partially 

blocked by depletion of TNF-α (Perfettini, et al. 2000). Even though apoptosis does 

not appear to be the major mechanism of cell death at the at the end stage of infection, 

it may still play a role in mediating bacterial exit.  A model has been proposed for 

chlamydial regulation of apoptosis that reconciles opposing activities (Miyairi and 

Byrne 2006): Chlamydia actively suppresses apoptosis during early and middle stages 
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of infection, but induces apoptosis, among other forms of cell death, at the end stages 

of infection to facilitate dissemination.   

 

1.4 Type 3 secretion 

 Secretion of bacterial proteins into the host environment remains the major 

mechanism by which pathogens manipulate the host, enabling the successful 

completion of all stages of the pathogenic life cycle. While Gram-negative bacteria 

employ multiple secretion pathways, Type 3 secretion (T3S) remains perhaps the 

most effective tool for the delivery of bacterial effector proteins directly into the host 

cytoplasm, which permits pathogens to survive in their respective niche.  The T3S 

machinery, which consists of a number of core structural components and associated 

proteins, spans the inner membrane, the periplasm, the peptidoglycan layer and finally 

the outer membrane (Galan and Collmer 1999).  

The ~ 20-25 T3S components can be divided into three main groups: (1) 

predicted outer membrane proteins that share a protein transport-associated domain, 

(2) integral membrane proteins that have high similarity to the flagellar export 

apparatus and that together comprise the basal body (Galan and Collmer 1999), and 

(3) a needle-like complex that spans both the inner and outer bacterial membrane and 

was first described in Salmonella typhimurium (Kubori, et al. 1998). The needle 

complex is a hollow structure that connects the basal body to the inner and outer 

membranes, but also protrudes out from the outer membrane.  The needle serves as a 
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conduit for the delivery of effector proteins into the host cytoplasm (Mueller, et al. 

2008).  

 

1.4.1 The Chlamydia type 3 secretion machinery 

 All species of Chlamydia encode the core components of a T3S apparatus 

(Kalman, et al. 1999; Read, et al. 2000; Stephens, et al. 1998).  Even though 

transcriptional analysis indicates that a complete T3S apparatus is not synthesized 

until mid-cycle (Belland, et al. 2003), there is a fully functional pre-formed T3S 

system present in elementary bodies that delivers effector proteins during invasion 

and the early stages of inclusion biogenesis (Fields, et al. 2003).  

Whereas the T3S apparatus in other Gram-negative pathogens, such as 

Salmonella (Shea, et al. 1996) and Yersinia (Haller, et al. 2000), is encoded in distinct 

pathogenicity islands or plasmids,  Chlamydia T3S genes are encoded in multiple 

unlinked genomic clusters (Peters, et al. 2007).  Chlamydia species encode 

homologues of most major T3S apparatus components, and the structure is thought to 

be similar to the apparatus in other Gram-negative pathogens (figure 2).    
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Figure 2.  Model structure of the T3S apparatus of Chlamydia 

 

CdsQ is a basal body protein that forms the C-ring, which mediates the 

recognition and potentially binding of chaperone-effector complexes prior to secretion 

(Spaeth, et al. 2009).  CdsQ associates with multiple integral inner membrane proteins 

and the ATPase CdsN, which has been proposed to act as a recognition platform for 

the effector/chaperone complexes. CdsJ and CdsD form the inner, and CdsC forms the 

outer membrane ring (Peters, et al. 2007).  The two translocator proteins CopB and 
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CopD facilitate the translocation of effector proteins into the host cytoplasm by 

forming a translocation pore in the inclusion membrane or host plasma membrane 

(Fields, et al. 2005; Subtil, et al. 2000).   

Recent work has also identified two chlamydial proteins that localize to the 

needle itself.  In Y. enterocolitica, YscF polymerizes upon secretion and forms the 

base of the needle (Hoiczyk and Blobel 2001).  Bioinformatic analysis identified the 

homologue CdsF in C. trachomatis, whereas both immunoelectron microscopy and 

fluorescent microscopy analysis showed that CdsF localizes to distinct puncta in the 

inclusion membrane, and in close proximity to the outer membrane of RBs (Betts, et 

al. 2008). In accordance with its proposed localization to the needle, CdsF is capable 

of polymerizing into multi-subunit complexes in a manner similar to YscF.  Scanning 

electron microscopy of purified Yersinia needles has revealed that the this complex 

also contains a needle tip protein (Mueller, et al. 2005).  Structure prediction and 

biophysical properties indicate that the predicted chlamydial effector Ct584 is similar 

to other known needle tip proteins, though this remains to be confirmed (Markham, et 

al. 2009).   

Chaperones are essential components of the T3S system as they form 

chaperone-effector complexes and deliver the effector to the C-ring of the basal body. 

They further stabilize the cargo and allow temporal and hierarchical secretion of 

effectors (Feldman and Cornelis 2003).  A few chlamydial chaperones and their cargo 

have been identified:  Scc2 and Scc3 interact with the translocator proteins CopB and 

CopB2 respectively (Fields, et al. 2005), whereas both CdsE and CdsG deliver the 
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needle protein SctF to the T3S apparatus (Betts, et al. 2008).  Recently, yeast two-

hybrid analysis identified the chaperone Ct260 – renamed Mcsc – that complexes with 

two known effector Cap1 and Ct618 – and ultimately binds the C-ring protein CdsQ 

(Spaeth, et al. 2009).  Additional putative chaperones, such as Ct043, Ct663, Ct274 

and Ct670, have been identified by bioinformatic analysis, though their cargo remains 

unknown (Fields 2006).  

 

1.4.2 Chlamydial type 3 secreted effectors  

 The best characterized subgroup of secreted effector proteins is comprised of 

approximately 50 inclusion membrane proteins (Inc) (Li, et al. 2008), though only a 

subset have so far been characterized as secreted proteins that localize to the inclusion 

membrane. The first Inc protein was identified in C. psittaci as an immunogenic 

protein detected by patient antisera, and designated IncA (Rockey, et al. 1995).  As 

subsequent Inc proteins were identified in both C. psittaci and C. trachomatis 

(Bannantine, et al. 1998; Scidmore-Carlson, et al. 1999), hydropathy plot analysis 

revealed that IncA-C shared a distinct bilobed hydrophobic domain.  This 

hydrophobic secondary structure was later shown to predict the localization of 

proteins to the inclusion membrane, enabling the identification of multiple Inc 

proteins (Bannantine, et al. 2000).  In spite of the similar size and location of the 

hydrophobic domains, there is remarkably little sequence similarity between Incs, yet 

IncD, IncE, IncF and IncG are encoded by a single operon (Scidmore-Carlson, et al. 

1999).  As prokaryotic operons commonly regulate the expression of proteins that are 
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functionally related (Osbourn and Field 2009), the chlamydial proteins encoded 

within the Inc operon likely represent a distinct subgroup of effectors.   

The localization of Inc proteins to the inclusion membrane has been visualized 

by immunofluorescence microscopy (Bannantine, et al. 2000; Scidmore-Carlson, et al. 

1999) where they are proposed to be essential to inclusion development and to 

directly interact with different host signaling and trafficking pathways. In fact, 

microinjection of anti-IncA antibodies into infected cells led to fragmentation of 

inclusions, indicating that IncA is essential for fusion of homotypic inclusions and the 

development of the chlamydial inclusion (Hackstadt, et al. 1999).  In support of IncA 

functioning in fusion of inclusions, clinical non-fusogenic strains of multiple serovars 

do not stain with anti-IncA antibodies or encode IncA mutants (Suchland, et al. 2000).  

Chlamydia appears to encode Incs with multiple functions. IncA contains SNARE-

like motifs and binds SNARE-like host proteins at the inclusion membrane, 

supporting the role of Incs in subverting cellular trafficking and in selective 

recruitment of cellular compartments (Delevoye, et al. 2008).  Two additional 

chlamydial proteins – Ct813 and Ct223 – contain SNARE-like motifs, but their 

importance in recruiting SNAREs to the inclusion membrane remains unknown. 

Other Incs mediate bacterial intracellular survival and growth by interacting 

with selective host signaling and trafficking pathways: IncG binds the phosphoserine 

protein 14-3-3β at the inclusion membrane (Scidmore and Hackstadt 2001). 14-3-3β 

binds, among many other substrates, the pro-apoptotic protein Bad, preventing Bad 

translocation to the mitochondria.  Even though recruitment of the 14-3-3β/Bad 
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complex to the inclusion membrane may reinforce the inhibition of Bad translocation 

to the mitochondria, Chlamydia may usurp the function of additional 14-3-3 ligands.  

Finally, Rab GTPases comprise a large family of GTP-binding proteins that regulate 

multiple aspects of vesicle trafficking (Pereira-Leal and Seabra 2000), and several of 

these Rab GTPases are recruited to the inclusion membrane (Rzomp, et al. 2003). 

This interaction is proposed to be partially mediated by the Inc Ct229, which binds 

Rab4A at the inclusion membrane (Rzomp, et al. 2006).  Though the Inc binding 

partner of many Rab GTPases have not been identified, Rab GTPase recruitment to 

the inclusion membrane appears to be independent of the Golgi apparatus and the host 

cytoskeleton (Rzomp, et al. 2006), indicating direct association between RabGTPases 

and Inc proteins or structural components of the inclusion membrane.  

 Additional identification of effectors that do not contain a characteristic Inc 

hydrophobic motif has been based on screening putative chlamydial effectors in 

heterologous T3S systems, especially in Shigella (Subtil, et al. 2001) and Yersinia 

(Wolf, et al. 2006). One such group of secreted effectors includes proteins that are 

secreted during the initial stages of infection.  Tarp and Ct694 are secreted upon EB 

attachment to the plasma membrane and internalized into the host cell (Clifton, et al. 

2004; Hower, et al. 2009). EB transcriptional profiles and proteomic analysis further 

suggest that the early EB-associated T3S apparatus secretes the additional candidate 

effectors Ct214, Ct288, Ct584, Ct695, Ct712, Ct806, Ct814 and Ct863 during the 

initial stages of infection (Belland, et al. 2003; Skipp, et al. 2005). However, their 

secretion during invasion and early stages of infection prior to EB to RB transition has 
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not been demonstrated. Given that N-terminal secretion signals, homology to known 

T3S substrates and heterologous screens indicate that ~5% of the chlamydial genome 

encodes T3S effectors (Arnold, et al. 2009), T3S delivery of bacterial proteins into the 

host environment remains a central feature of chlamydial pathogenesis.  

 

1.4.3 Regulation of type 3 secretion 

 Tight temporal control of T3S expression is essential to ensure successful 

completion of all stages of the bacterial life cycle.  Effectors that are important to 

successful attachment to and invasion of a host cell may no longer be required as the 

infection progresses, or even detrimental at later stages of infection; the activity of 

effectors secreted during invasion may be antagonistic to effector functions important 

during lysis and dissemination. Hence, temporal regulation is required to ensure 

staggered delivery of an immense number of effectors into the host cytosol.  In 

Yersinia, temporal regulation of T3S effectors may occur by two separate mechanisms 

– by gene expression and hierarchical delivery of effector/chaperone complexes to the 

base of the T3S apparatus (Boyd, et al. 2000; Francis, et al. 2001; Wulff-Strobel, et al. 

2002).  This type of regulation does not address, however, effectors that appear to be 

expressed and secreted at the same time.   

Even though a vast number of effector proteins of a multitude of pathogens are 

secreted into the host cytosol, even less is known about how the fate of these secreted 

effectors is regulated once in the cytoplasm.  Post-secretion modification may include 

phosphorylation, glycosylation, ubiquitination, change in cellular localization and 
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outright degradation.  Several effectors are known to be modified by the host cellular 

machinery, in particular by ubiquitination. The S. enterica inositol phosphatase 

effector SopB was the first effector identified as ubiquitinated following translocation 

into the host cytosol (Marcus, et al. 2002), where it functions both as a GEF during 

invasion (Patel and Galan 2006) and as Akt kinase activator (Steele-Mortimer, et al. 

2000) during late stages of infection. Interestingly, even though ubiquitination often 

targets substrates to the proteasome where they are degraded, SopB ubiquitination 

does not alter its SopB stability or localization (Knodler, et al. 2009).  Instead, 

ubiquitination of SopB at the plasma membrane permits SopB activation of the pro-

survival kinase Akt/PKB by Akt phosphorylation.  SopB ubiquitination is therefore an 

elegant example of how post-translational of a secreted effector regulates its activity.  

Subsequently, effectors of many pathogens, such as ExoU of P. aeruginosa (Stirling, 

et al. 2006) and YopE of Y. pestis (Haase, et al. 2005) have been shown to be 

ubiquitinated and degraded, where ubiquitination is often required for their functional 

activity.   

 Notably, ubiquitination of effectors also serves to temporally regulate the fate 

and function of effectors with antagonistic activities: the two Salmonella effectors 

SopE and SptP have opposing functions.  SopE is a bacterial encoded GEF that 

modulates Rho-GTPase activity, causing membrane ruffling and actin re-arrangement 

during invasion (Hardt, et al. 1998; Stender, et al. 2000).  SptP, on the other hand, 

counteracts these host responses by acting as a GTPase GAP, restoring the cellular 

architecture following invasion (Fu and Galan 1999).  To coordinate the antagonizing 
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activities of these two effectors, SopE is rapidly ubiquitinated and degraded by the 

proteasome following translocation, while ubiquitinated SptP remains stable in the 

cytoplasm before eventually being degraded (Kubori and Galan 2003).  

 An alternative mechanism of regulating the function of a secreted effector is 

by another effector with modification activities and the same expression profile.  Only 

a single example exists, however, of how a pathogen directly regulates the fate of an 

effector in the host cytosol.  The Legionella LubX protein acts as an E3 ubiquitin 

ligase of the other secreted effector SidH, and which targets SidH for degradation by 

the host proteasome (Kubori, et al. 2010).  Even though there are multiple examples 

of bacterial effectors that have act as E3 ubiquitin ligases, they have only been shown 

to target host proteins (Hicks and Galan 2010). In fact, LubX is known to mediate the 

ubiquitination of the host kinase Clk1, though the functional significance of this is 

unknown (Kubori, et al. 2008).  Remarkably, the metaeffector LubX provides a 

mechanism by which the bacteria can directly regulate the fate of secreted effectors, 

instead of only relying on host-mediated regulation.   

Transcriptional analysis (Belland, et al. 2003) and proteomic studies (Saka et 

al. 2011, in review) of the different stages of the Chlamydia life cycle has revealed a 

distinct temporal expression and secretion of effector proteins, yet little is known 

about how Chlamydia achieves this structured pattern.  To date, multiple chlamydial 

chaperones and their substrates have been identified (Fields 2006; Spaeth, et al. 2009), 

and their interaction with the C-ring component (CdsQ) of the T3S apparatus is 

proposed to serve as a secretion regulation platform (Spaeth, et al. 2009). 
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Phosphorylation of the two Inc proteins IncG and IncA has been described (Rockey, 

et al. 1997; Scidmore and Hackstadt 2001), but there is no evidence to date indicating 

that the chlamydial genome encodes metaeffectors.  Notably, Chlamydia encodes two 

deubiquitinating enzymes – ChlaDub1 and ChlaDub2 – that are capable of 

deubiquitinating host substrates (Misaghi, et al. 2006). Moreover, ChlaDub1 

suppressed NF-κΒ activation by potentially preventing the degradation of the NF-κΒ 

inhibitory subunit IκΒα (Le Negrate, et al. 2008).  Whether Chlamydia 

deubiquitinates secreted chlamydial proteins to regulate their localization or stability 

remains unknown, but comprises an interesting potential mechanism for regulating the 

fate of secreted effectors.  

Yet considering the vast number of secreted chlamydial effectors and the 

pathogen’s extensive and ordered modification of the host environment, we predict 

that Chlamydia possess a mechanism of regulating secreted effectors outside of the 

confines of the inclusion.  

 

1.5 Proteases in bacterial pathogenesis  

 Many pathogens employ proteases that contribute significantly to virulence 

and the ability to survive within the host environment (Huston 2010). Periplasmic and 

cytoplasmic proteases are emerging as essential to T3S by regulating the expression 

and stability of both effectors and T3S apparatus components.  What is more, 

proteases can mount stress responses to various host defenses, increasing the fitness 
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and virulence of pathogenic bacteria (Butler, et al. 2006; Ingmer and Brondsted 2009; 

Urban 2009).  

  

1.5.1 Lon proteases 

Proteases confined to the bacterial cytoplasm or periplasm have been well 

characterized in regulating the expression and secretion of virulence factors, both in a 

positive and a negative manner. As Lon proteases are traditionally considered 

essential components of protein quality control systems, their role in virulence is 

generally under-appreciated. The cytoplasmic ATP-dependent serine Lon protease of 

Pseudomonas aeruginosa is essential for biofilm formation, though the exact 

regulatory mechanism has not been identified (Boddicker and Jones 2004; Marr, et al. 

2007).  In contrast, the Lon protease of Salmonella enterica has been shown to a be a 

negative regulator of the T3S associated Salmonella pathogenicity island 1 (SPI1), by 

degrading the transcription factors HilC and HilD that are required for SPI1 

expression (Takaya, et al. 2005). Notably, although Lon mutants show increased 

expression of SPI1 related genes, this enhanced expression of virulence genes did not 

correlate with increased virulence in mice.  In fact, Lon mutants are unable to survive 

in murine macrophages and are highly sensitive to oxidative stress, indicating that a 

major role of Lon in S. enterica infections is in resisting respiratory bursts and 

oxidative stress (Takaya, et al. 2003).  

However, Lon may also act as a positive regulator of T3S genes.  The Lon 

homologue of Yersinia pestis induces the expression of plasmid encoded T3S genes 
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by degrading the transcriptional repressor YmoA (Jackson, et al. 2004).  It has been 

postulated that since YmoA is least stable at 37°C – the temperature of the Yersinia 

host – Lon degradation of YmoA and subsequent T3S expression is enhanced during 

invasion.  Finally, Lon has also been implicated in regulating quorum sensing in P. 

aeruginosa by mediating the degradation of proteins involved in synthesis of 

homoserine lactones, which are required for a functional quorum sensing response 

(Takaya, et al. 2008; Zhu and Winans 2001).  Thus, mutations in the Lon protease are 

usually detrimental considering their broad involvement in both regulation of T3S and 

intracellular survival 

 

1.5.2 HtrA proteases 

Proteases involved in the stress response are also important to virulence:  HtrA 

is a serine protease that can function both as a chaperone and as protease of misfolded 

proteins.  In contrast to Lon proteases, HtrA is a periplasmic protease that associates 

with the inner membrane of Gram-negative bacteria (Meltzer, et al. 2009).  HtrA 

activity contributes to two important aspects of virulence – dissemination and 

intracellular survival:  htrA mutants of S. typhimurium show a defect in dissemination 

from Peyer’s patches, indicating that HtrA is involved in crossing intestinal barriers 

(Humphreys, et al. 1999).  In support of this scenario, htrA mutants of S. typhimurium, 

Listeria monocytogenes and Y. enterocolitica cannot replicate in macrophages and are 

significantly sensitive to oxidative stress (Baumler, et al. 1994; Wilson, et al. 2006; 

Yamamoto, et al. 1996).  As survival within macrophages is essential to crossing the 
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intestinal barrier and successful dissemination, HtrA may be required to remove 

damaged proteins from oxidative stress.  HtrA chaperone activity also appears to be 

important to secretion through the outer membrane of intracellular pathogens.  The 

outer membrane protein IcsA of Shigella flexneri induces actin polymerization and is 

required for cell to cell spread of Shigella in colonic epithelial cells (Purdy, et al. 

2002). Cell-to-cell spread of htrA mutants of S. flexneri is severely impaired, as they 

secrete reduced amounts of IcsA to the outer membrane.  HtrA is therefore proposed 

to function as a chaperone, by binding IcsA and facilitating its folding and secretion 

(Sklar, et al. 2007).   

In Gram-positive organisms, HtrA localizes to microdomains on the single 

cellular membrane (Rosch and Caparon 2004), and is required for the secretion of the 

Streptococcus pyogenes virulence factor SpeB (Rosch and Caparon 2005).  It is 

unknown, however, which of the HtrA-associated functions – chaperone or protease – 

is important to secretion of Gram-positive virulence factors.  Hence, HtrA proteases 

play a central role regulating the secretion of specific effector proteins in both Gram-

negative and positive pathogens.   

  

1.5.3 Bacterial proteasomes 

Recent work has unveiled sophisticated bacterial degradation machinery for 

regulating protein expression previously only thought to exist in eukaryotic cells, and 

which appears to play an essential role in intracellular survival. Even though the 

Actinomycetes (Darwin, et al. 2003; Nagy, et al. 1998; Pouch, et al. 2000) and all 
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archea (Maupin-Furlow, et al. 2005) have been shown to encode a simple proteasome, 

bacteria were not thought to have a mechanism of targeting proteins for degradation 

by labeling with a specific modifier.  Notably, recent evidence supports the presence 

of a functional bacterial proteasome in Mycobacterium.  Similar in structure to the 

host proteasome (Wang, et al. 2009),  the ubiquitin-like protein Pup labels targeted 

substrates in a process termed pupylation, which destines the Pup-labeled substrate for 

degradation by the mycobacterial proteasome (Pearce, et al. 2008).  Even though 

additional roles for pupylation of targets are likely to be revealed, the Mycobacterial 

proteasome has been shown to be required for resisting NO stress and survival in mice 

(Darwin, et al. 2003; Gandotra, et al. 2007). So far, several pupylation substrates 

targeted for degradation, such as biosynthetic enzymes (Pearce, et al. 2006) and SodA 

(Burns, et al. 2009), have been identified, though the biological significance of this 

degradation remains unknown. 

Proteasomes have not yet been identified in other intracellular pathogens 

besides Mycobacterium, though several pathogens encode ubiquitin like proteins.  

Both Bacteroides fragilis (Cerdeno-Tarraga, et al. 2005) and Helicobacter pylori 

(Giannakis, et al. 2008) encode proteins with high sequence and structural homology 

to eukaryotic ubiquitin, though both genomes lack clear  proteasome homologues.  

Both cytoplasmic and periplasmic protease activity thus contribute to 

pathogenesis by multiple regulatory mechanisms – by controlling transcriptional 

regulation and protein stability and secretion of T3S effectors, and by orchestrating a 

stress response that enables survival within the host. Their ubiquitous presence in 
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pathogenic and non-pathogenic genomes emphasizes their fundamental function, not 

only in protein quality control, but more interestingly, in virulence and survival.  

 

1.6 Proteases of Chlamydia 

Chlamydia encodes many proteases, only a few of which have been 

characterized (table 1). Like that of Salmonella, the chlamydial genome encodes an 

HrtA homologue – CT823 – that is activated in response to temperature stress, and 

functions both as a chaperone of misfolded proteins and as a serine protease (Huston, 

et al. 2007). Moreover, HtrA appears to be upregulated both during RB to EB 

transition in C. pneumoniae (Mukhopadhyay, et al. 2006) and during IFN-γ induced 

persistent infection with C. trachomatis (Huston, et al. 2008). Yet in the absence of an 

HtrA mutant, the role of this protease in chlamydial virulence remains unknown.   

CT441 is a periplasmic Tsp protease that modifies the C-terminal of 

substrates.  Even though pathogens such as Borrelia, Legionella, Coxiella and 

Salmonella contain a Tsp homologue, this protease has not been implicated in 

virulence (Huston 2010).  But while over-expression of chlamydial Ct441-GFP has 

been shown to induce processing of p65 – a regulator of NF-κB signaling (Lad, et al. 

2007a; Lad, et al. 2007b) – the role of this proteolytic event in downregulating the 

immune response remains unclear as another chlamydial protease is reported to cleave 

p65 during infection (Christian, et al. 2010). C441 has further been shown to bind 

SRAP1 – a co-activator of the estrogen receptor – in a yeast two-hybrid system and by 

GST-pull down (Borth, et al. 2010), and retains SRAP1 in the cytoplasm.  The 
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biological relevance of this interaction remains unknown as secretion of Ct441 into 

the host cytoplasm has yet to be demonstrated. Indeed, IF analysis with an anti-Ct441 

antibody showed that Ct441 staining co-localized with an anti-bacterial marker, and 

did not stain material in the cytoplasm (Shaw, et al. 2002). 

The chlamydial genome also encodes homologues of the cytoplasmic ATP-

dependent Lon protease (CT344) and ClpXP (CT113, CT286, CT431, CT706). The 

ClpXP complex acts both as a chaperone and a protease during a stress response, and 

has been shown to regulate Salmonella virulence proteins encoded by the SPI1 T3S 

system (Kage, et al. 2008).  Bioinformatic analysis has also identified several 

predicted metalloproteases (CT072, CT422, CT824, CT859), which are enzymes that 

use bound zinc ion to facilitate cleavage and hydrolysis of peptide bonds (Urban 

2009).  An interesting role for two thiol proteases (CT867 and CT868) in down-

regulating the immune response was recently described: both proteins hydrolyze 

ubiquitinated and neddylated host substrates and were renamed ChlaDub1 (CT867) 

and Chladub2 (CT868) (Misaghi, et al. 2006). ChlaDub1 expressed in epithelial cells 

prevented activation of the pro-inflammatory protein NF-κB by deubiquitinating the 

NF-κB-inhibitory subunit IκBα, thereby preventing its degradation (Le Negrate, et al. 

2008).  

A surprising role for proteolysis in facilitating uptake of Golgi-derived lipids 

by Chlamydia has recently emerged.  The chlamydial inclusion acquires sphingolipids 

(Hackstadt, et al. 1995) and cholesterol (Carabeo, et al. 2003) from the Golgi exocytic 

pathway.  An unknown protease of either host or chlamydial origin cleaves Golgin-
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84, which results in Golgi fragmentation into small stacks that are recruited to the 

inclusion (Heuer, et al. 2009).  

 

Table 2. Putative and confirmed proteases in the genome of C. trachomatis 

C. trachomatis 
ORF Name Protease 
CT072  Metalloprotease, Yae-Like 
CT113 ClpB Clp protease ATPase 
CT286 ClpC ClpC protease ATPase 
CT344 Lon Lon ATP-dependent protease 
CT422  Metalloprotease 
CT431 ClpP CLP protease 
CT441 Tsp PDZ-domain tail-specific protease 
CT494 SohB SohB protease family 
CT706 ClpP CLP protease 
CT806 Ptr Insulinase family protease III 
CT823 HtrA Serine endoprotease 
CT824   Metalloprotease 
CT841 FtsH ATP-dependent zinc protease 

CT858 CPAF 
Chlamydia protease-like activity factor, serine 
protease 

CT859 LytB Metalloprotease 

CT867 
ChlaDub1/ 
MtpA 

Adeno-virus like type thiol protease, 
deubiquitinating enzyme 

CT868 
ChlaDub2/ 
MtpB 

Adeno-virus like type thiol protease, 
deubiquitinating enzyme 

 

 

1.7. Chlamydia protease like activity factor (CPAF) 

1.7.1 Expression and activation of CPAF during infection 

CPAF is perhaps the most extensively characterized effector protein of 

Chlamydia and is emerging as a major regulator of immune evasion. CT858 encodes a 



 31 

68.2kDa predicted serine protease, and there is a CPAF homologue in every 

Chlamydiae genome sequenced to date.  CPAF expression and secretion into the host 

cytosol has also been confirmed in C. trachomatis serovars A, D, and L2, C. 

pneumoniae (Shaw, et al. 2002), C. caviae, C. psittaci and C. muridarum (Dong, et al. 

2005b) by immunofluorescence microscopy and RT-PCR. Synthesis and activation of 

the CPAF zymogen has primarily been elucidated by studying CPAF mutants in in 

vitro cleavage reactions with recombinant enzyme:  following synthesis, the zymogen 

is rapidly processed into a 29kDa N- and a 35kDa C-terminal subunit via three 

separate cleavage events (Figure 3A) (Dong, et al. 2004a; Dong, et al. 2004b). This 

processing takes place through an auto-activation mechanism, which is required to 

render the enzyme active (Chen, et al. 2010a).   

The formation of a transient dimer between two zymogen monomers permits 

auto-processing, and a conformational change in the active site following removal of 

the inhibitory peptide renders the enzyme active (Figure 3B).  Mutations in the 

predicted interacting residues between the two monomers prevent dimerization and 

processing, indicating that transient dimerization is essential to the initial cleavage 

events (Huang, et al. 2008).  Notably, resolution of the CPAF crystal structure 

demonstrated that this enzyme is a serine protease with a water-mediated catalytic 

triad comprised of Serine, Histidine and Glutamic Acid, (Huang, et al. 2008).  

Paschen et al. (2008) recently proposed a mechanism by which auto-activation is 

achieved.  CPAF was fused to a triple repeat fragment of the bacterial gyrase B 

(gyrB), which induces dimerization upon binding to the ligand coumermycin 
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(Paschen, et al. 2008). Induced proximity of CPAF molecules was sufficient to 

achieve CPAF maturation and proteolytic activity in uninfected cells, which is 

analogous to activation of initiator caspases, by clustering of an adaptor molecule 

(Bao and Shi 2007). Paschen et al. (2008) further speculate that a chaperone may aid 

transient enrichment and dimerization during secretion, or that enrichment of CPAF at 

the inclusion membrane is sufficient to provide the spatial requirement for activation. 
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Figure 3. Autocatalytic activation of the CPAF zymogen 

(A) CPAF activation involves three zymogen intermediates.  The 70kDa CPAF pro-
enzyme is processed into a 29kDa N-terminal and a 35kDa C-terminal subunit via 
three autocatalytic events. (B) Transient dimerization accompanied by three distinct 
processing events leads to a conformational change in the CPAF zymogen, 
homodimerization and activation of enzyme.  N- and C-terminal subunit is in green 
and purple respectively, and inhibitory sequence is represented by black line. 
 

 

The secretion mechanism by which CPAF traverses two membrane-barriers is 

poorly defined.  CPAF does not contain a T3S signal, is not secreted by heterologous 

T3S systems, and its secretion into the host cytosol is not prevented by a T3S inhibitor 
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(Chen, et al. 2010b).  Instead, the zymogenic form of CPAF contains a sec-dependent 

secretion signal.  Recent evidence suggests that this 31 amino acid peptide sequence is 

removed from CPAF during secretion into the host cytosol (Chen, et al. 2010b), as 

this sequence is sufficient for translocation of a heterologous substrate out of the 

Escherichia coli cytoplasm. Moreover, chlamydial secretion of CPAF into the host 

cytoplasm is inhibited by the sec-secretion inhibitor C16, suggesting CPAF secretion 

into the bacterial periplasm by the type II secretion machinery is required for CPAF 

translocation into the host cytoplasm.  C. trachomatis encodes many components of 

the general secretory pathway (Stephens, et al. 1998) 

(http://stdgen.northwestern.edu/), which plays a significant role in the secretion of 

effector proteins in various pathogenic bacteria (Lee and Schneewind 2001). 

However, no evidence has so far been presented to explain how CPAF is secreted (1) 

out of the periplasm into the inclusion lumen or (2) out of the inclusion lumen and 

into the host cytoplasm.  Moreover, whether the activation of the CPAF zymogen 

occurs prior to secretion out of the bacteria, in the inclusion lumen or in the host 

cytoplasm remains unknown. However, neither the zymogen nor active CPAF is 

detected in RBs or EBs, suggesting that CPAF is immediately secreted following 

synthesis (Zhong, et al. 2001).  

 

1.7.2 CPAF substrates and the role of CPAF proteolysis in down-regulation of 
the host immune response 

 
CPAF is emerging as playing a role in down-regulating the immune response 

by degrading host proteins involved in antigen presentation.  The enzyme was initially 
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identified as a protease responsible for degrading the two host transcription factors 

RFX5 and USF1 (Zhong, et al. 2001).  Both RFX5 and USF1 are completely 

degraded in infected cells by 24 hpi, which prevents constitutive and IFN-γ inducible 

MHCI (Zhong, et al. 2000) and IFN-γ inducible MHCII antigen presentation by 

(Zhong, et al. 1999) molecules on the surface of infected cells.  CPAF degradation of 

RFX5 and USF1 is conserved among the Chlamydiae, underlining the importance of 

down-regulating the immune response during Chlamydia infection (Fan, et al. 2002).  

Notably, recent evidence suggests that CPAF may co-opt the host proteasome 

degradation machinery:  CPAF degrades both glycosylated and non-glycosylated 

Cd1d – an MHC-like molecule in NK cells (Kawana, et al. 2007).  Interestingly, 

CPAF processing of glycosylated Cd1d heavy chain is only the initial step in the 

complete degradation of this molecule, as Cd1d is subsequently ubiquitinated and 

targeted by the host proteasome.  Degradation of non-glycosylated Cd1d, however, is 

directly mediated by CPAF. Collectively, this evidence opens the possibility that 

CPAF substrates may be ubiquitinated prior to CPAF cleavage, and that 

ubiquitination provides a CPAF substrate recognition motif.  

In recent years, a number of CPAF host substrates have been identified, 

further emphasizing the role of this protease in the down-regulation of the host innate 

immune response (Figure 3). Notably, CPAF appears to play a role in mediating 

resistance to apoptosis.  The activation of pro-apoptotic BH3 proteins, such as Bid, 

Bik, Puma, Bim and Bmf, is required for cytochrome c release and initiation of 

apoptosis (Labbe and Saleh 2008), and this activation is blocked in Chlamydia-
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infected cells as Bim, Puma and Bid are degraded (Fischer, et al. 2004; Ying, et al. 

2005). Both endogenous and recombinant CPAF are capable of cleaving endogenous 

and recombinant Bim, Bik and Puma, and this processing is inhibited by the only 

known CPAF inhibitor to date – Lactacystin (Pirbhai, et al. 2006).  Recent data 

provides evidence that contradicts the pro-survival function of CPAF proteolysis. 

Over-expression of CPAF in uninfected epithelial cells induces non-apoptotic host 

cell death (Paschen, et al. 2008), reminiscent of the morphological changes and cell 

death observed at the end stages of infection.  The authors propose that CPAF activity 

may maintain cell viability during the early stages of infection, but aid in cell lysis at 

the end stages of infection.  This approach also identified the cell cycle regulator 

cyclin B as a target of CPAF, suggesting a role for CPAF in regulating host cell 

proliferation (Balsara, et al. 2006).   

CPAF downregulation of the host immune response may also involve 

decreasing host cell sensitivity to a proinflammatory stimulus: the member of the NF-

κB family of inflammation-associated transcription factors p65/RelA is degraded 

during infection, and recent evidence indicates that transiently expressed CPAF in 

epithelial cells is capable of cleaving p65/RelA (Christian, et al. 2010).  The authors 

further demonstrate that an NF-κΒ reporter is less susceptible to stimulation by IL-1β 

in cells transiently expressing CPAF and in infected cells compared to mock-infected 

cells, indicating that p65/RelA cleavage weakens the potency of NF-κΒ signaling in 

infected cells.  
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Besides its immunomodulatory role, CPAF contributes to the depletion of the 

adherence junction protein nectin-1 during infection (Sun, et al. 2008).  Recombinant 

CPAF is sufficient to cleave endogenous nectin-1 from uninfected cells, and treatment 

of infected cells with Lactacystin prevents nectin-1 cleavage.  While nectin-1 is a cell 

adhesion molecule that aids in stabilizing epithelial tissue by its participation in 

adherence junction, the significance of CPAF processing of nectin-1 remains 

unknown. 

Finally, CPAF mediates re-arrangement of the host cytoskeleton by cleaving 

the intermediate filaments keratin 8 (Dong, et al. 2004c), keratin 18 and vimentin 

(Kumar and Valdivia 2008).  In combination with microtubules and actin filaments, 

intermediate filaments provide cellular structural support, but also serve to regulate 

vesicular trafficking and signaling (Herrmann, et al. 2007; Kim and Coulombe 2007).  

In Chlamydia-infected cells, actin and vimentin are re-arranged to form a cage around 

the inclusion (Kumar and Valdivia 2008).  Formation of the actin cage is RhoA-

dependent, and this small GTPase is recruited to the inclusion membrane, potentially 

by a secreted bacterial effector. Intermediate filament proteins like vimentin, consists 

of an N-terminal head domain, a Rod-domain and a C-terminal tail (Herrmann, et al. 

2007).  CPAF cleaves serine72 of the vimentin head domain (Kumar and Valdivia 

2008), which is analogous to the keratin 8 cleavage site (Dong, et al. 2004c), but 

cleavage sites of other known substrates have not been identified.  CPAF modification 

of intermediate filaments has been proposed to provide a mechanism by which the 

structural cage surrounding the inclusion is allowed to expand as the life cycle 
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progresses.  This is supported by evidence showing that when the actin cage and 

subsequently vimentin cage is pharmacologically inhibited, bacterial components spill 

into the host cytoplasm (Kumar and Valdivia 2008). 

Even though 14 CPAF host substrates have been identified to date, the 

functional significance of CPAF proteolysis remains unknown (Figure 4).  The only 

known CPAF inhibitor, Lactacystin is a cyclic amide metabolite discovered in 

Streptomyces (Omura, et al. 1991), and irreversibly alkylates the X subunit of the 20S 

proteasome (Fenteany and Schreiber 1998).  Lactacystin is therefore an inappropriate 

tool to study the significance of CPAF proteolysis during infection, as use of this 

inhibitor generally stalls epithelial cell growth and significantly alters cell 

morphology (Valdivia lab, data not shown).  It is therefore impossible to distinguish 

the effects of inhibiting CPAF from the effects of inhibiting the proteasome.  A 

CPAF-specific inhibitor would significantly further our understanding of its role in 

down-regulating the immune response and bacterial pathogenesis. 
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Figure 4. Comprehensive overview of CPAF substrates. 

CPAF down-regulates the host immune response by degrading host proteins involved 
in mediating apoptosis (Bik, Puma, Bim, PARP), inflammation (HMGB1), antigen 
presentation (Cd1d, RFX5, USF1), and NF-κΒ activation (p65). CPAF also modifies 
the host cytoskeleton by cleaving intermediate filaments (keratin-8, keratin-18, 
vimentin) and a protein that localize to adherence junctions (nectin).  CPAF may also 
play a role in regulating the host cell cycle by cleaving Cyclin B1.  

 

1.8 Brief introduction to the thesis 

 The work presented in this thesis broadly addresses the role of proteolysis in 

several aspects of C. trachomatis pathogenesis.  Chapter 3 is based on the published 

manuscript “Pmp-like proteins Pls1 and Pls2 are secreted into the lumen of the Chlamydia 

trachomatis inclusion” (2008), published in Infection and Immunity, 76(9): 3940-50.  The 
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experiments presented in this work were initiated by the observation that two chlamydial 

ORFs of unknown function were secreted into the inclusion lumen, and that they shared 

significant homology to the passenger domain of auto-transporter proteins in the 

Chlamydia gehome, though their specific function remains unknown. Our work detailing 

significant processing of Pls1 and Pls2 by a still-unknown protease led to the hypothesis 

that additional secreted effector proteins may also be regulated by proteolysis.  

Considering Chlamydia secretes a vast number of T3S effector proteins into the host 

cytoplasm, we hypothesized that proteolytic processing would provide a mechanism by 

which Chlamydia could regulate the fate and function of secreted effectors once they had 

left the confines of the inclusion.  We further speculated that the chlamydial protease 

CPAF may be involved, as it is secreted into the host cytoplasm where it targets a number 

of host substrates.  

Chapter 4 details the identification of a specific subset of chlamydial secreted 

effectors that are cleaved by CPAF.  To confirm their processing during infection and to 

understand the functional significance of CPAF proteolysis, we designed a cell-permeable 

CPAF-specific inhibitory peptide.  The use of this peptide revealed that CPAF proteolysis 

of bacterial and host proteins is essential to maintain inclusion membrane integrity and the 

surrounding vimentin structural scaffold (Chapter 5).  This inhibitory peptide further 

established an unappreciated role for CPAF activity in suppressing caspase-1 mediated 

cell death during infection (Chapter 6).  A manuscript describing these findings was 

submitted to Cell Host and Microbe in January 2011 and is under review at the time when 

this document was submitted.   
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Overall, this thesis seeks to establish the central role of CPAF proteolysis in the 

regulation of both host and chlamydial proteins, maintaining the structural integrity of the 

inclusion, and suppressing host-programmed cell death.  The data herein provide evidence 

that CPAF is an essential virulence protein of Chlamydia with multiple regulatory 

functions, which increases its attractiveness as a therapeutic target.  The development of a 

novel CPAF-specific peptide inhibitor is the first example of an inhibitor that enables 

specific knockdown of a single protein, which is an indispensable tool in the absence of a 

genetic system.  
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2. Materials and Methods 

Expression constructs and proteolysis screen 

C. trachomatis ORFs cloned into the yeast expression vector pSDY8 (C-terminal GFP 

tag) (Sisko, et al. 2006) or the E. coli expression vector pGEX-4T-1 vector (GE 

Healthcare) are listed in Table S1. Hexahistidine-tagged CPAF  (pET30b) was purified as 

previously described (Huang, et al. 2008).  For in vitro cleavage assays, Chlamydia 

proteins fused to EGFP or GST were expressed in yeast and E. coli respectively.  Yeast 

lysates proteins or GST-tagged proteins purified on glutathione sepharose beads (GE 

Healthcare) were incubated with cytosols from uninfected or LGV-L2 infected (40h) 

HeLa cells for 30min at 37°C, and processed forms of chlamydial proteins were resolved 

by SDS PAGE and detected by immunoblot analysis with anti-GFP antibodies or 

Coomassie Blue staining, respectively.  

 

Cell culture and Chlamydia infections 

Mouse lung fibroblasts (MLF) from ASC-/-, ICE-/- and wild type mice were 

isolated as previously described (van Deventer, et al. 2008).  Ex vivo lungs were minced, 

incubated with 1mg/ml collagenase A and 20µg/ml DNAse I in RPMI supplemented with 

2% fetal calf serum (FBS) for 45 minutes at 37°C.  Digested lungs were filtered and 

washed with 1X PBS and red blood cells were lysed in NH4CaK buffer for 2 minutes.  

Single cell suspensions were seeded in DMEM supplemented with 10% FBS, L-

glutamine, non-essential amino acids and antibiotics.  MLFs were immortalized by 

lentiviral mediated transduction of T-antigen and human telomerase as previously 
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described (O'Hayer and Counter 2006).   HeLa cells, Hek293, (ATCC) and MLFs were 

maintained in DMEM supplemented with 10% FBS (CellGro Mediatech Inc).  C. 

trachomatis LGV-L2 434/Bu was propagated in HeLa cells as previously described 

(Caldwell, et al. 1981), and stored at -80°C in SPG buffer (0.25M sucrose, 10mM sodium 

phosphate, 5mM L-glutamic acid).  EBs were added to HeLa cells at the indicated MOIs 

and infections were synchronized by centrifugation at 300xg for 30 minutes at 4ºC. C. 

muridarum Nigg and Chlamydophila caviae stocks were kind gifts from Roger Rank 

(University of Arkansas).  

 
Sequence Analysis 
 

PSI Blast searches (www.ncbi.nlm.nih.gov/blast/Blast.cgi) of the C. 

trachomatis genome (serovar D) (Stephens, et al. 1998) were performed with the 

predicted amino acid sequences of ORFs CT049, CT050 and CT051.   Alignments 

were assembled based on homology and similarities of the query sequences to the 

closest chlamydial homologue, PmpC.  Searches for secretion signals and features of 

secreted proteins were performed with the web-based prediction programs SignalP 3.0 

and Secretome 2.0 at the Technical University of Denmark (www.cbs.dtu.dk). 

Membrane fractionation of Pls1 and Pls2-associated membranes  

Five T-175 flasks (Sarstedt) of HeLa cells at 80% confluence were infected 

with L2 at an MOI of ~1 for 40 hours and cells lysed with 60 strokes in a Dounce 

homogenizer in the presence of protease inhibitor cocktail (Complete Mini, EDTA-

free, Roche) and 10µM lactacystin and spun at 500xg to remove nuclei.  Cytoplasmic 
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components in the post nuclear supernatants (PNS) were separated from membrane 

and bacteria by ultracentrifugation at 100,000xg for 1 hour in a TLA-55 rotor in a 

Beckman Coulter Optima MAX-E ultracentrifuge.  The membrane fraction was 

resuspended in 30% (v/v) Iodixanol (OptiprepTM Axis-Shield, Norway) in PBS and 

overlaid with 2ml 25%, 1.5ml 20%, and 1ml 5% Optiprep/PBS.  Membranes were 

separated by flotation after ultracentrifugation at 100,000xg for 2 hours.  Membrane 

fractions were collected at the 5-20% and 20-25% interphases.  The bacterial pellet 

was collected from the bottom of the tube, resuspended in PBS and treated with 

10µg/ml DNase (Roche) at 37ºC for 1 hour.  Proteins were denatured in sample buffer 

and subjected to immunoblot analysis as described above. 

Microinjection of anti-Pls1 and Pls2 antibodies  

HeLa cells were grown in 35mm Poly-D lysine coated glass bottom culture 

Dishes (MatTek) and infected with LGV-L2 at an MOI of ~1.  At 4 hpi, ~300 cells were 

microinjected with a combination of anti-Pls1 and Pls2 antisera or pre-immune-serum 

using an Eppendorf capillary femtotip needle (Fischer Scientific).  Crude antiserum was 

diluted 1:10 in microinjection buffer (48mM K2HPO4, 14mM NaHsHPO4, KH2PO4, pH 

7.2) prior to injection.  The injections were performed with an Eppendorf 

FemtoJet/TransferMan NK2 microinjection system equipped with a Nikon TE2000 

fluorescence microscope. Infected cells were incubated for another 26 hours (30 hours 

total), fixed with 3% formaldehyde, permeabilized with 0.1% Tx100, and stained with 

Alexa555 anti-rabbit antibodies (Molecular Probes).   Bacterial and nuclear DNA was 

identified by staining with Hoechst 33258 (Molecular Probes) and the inclusion size was 
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determined by analysis of images acquired in a Zeiss Axioskop 2 Mot Plus 

epifluorescence microscope equipped with an ORCA ER Hamamatsu CCD camera. 

Images of ~170 infected cells microinjected with either a combination of anti-Pls1 and 

anti-Pls2 or pre-immune sera were acquired. The inclusion size of each individual 

microinjected cell was then measured in pixels, using Axiovision software (Zeiss).  The 

distribution of inclusion size, the median, standard deviation, two-tailed t-test statistical 

analysis, and P-values were calculated with SAS System Local XP Pro software (SAS 

institute). 

 

Generation of antibodies and purification  

Rabbits were immunized with recombinant GST fusions to Ct005, Ct049, 

Ct050, IncC, IncD, Tarp (Ted Hackstadt, RML/NIH) and hexa-histidine-tagged CPAF 

(J. Chai, Institute of Biological Sciences, Beijing) produced in E. coli BL-21 

(Stratagene) and purified by affinity chromatography.  IgG antibodies were purified 

with Protein A-coated Sepharose beads (GE Healthcare). Serum was used for 

immunoblots, while protein A-purified and GST-depleted antisera were used for 

immunofluorescence microscopy.  The specificity of all antibodies was confirmed by 

determining by immunoblot and immunofluorescence microscopy that the antibody 

only recognized the antigen against which the antibody had been raised (Sisko, et al. 

2006) or by pre-incubation with recombinant GST-protein.  Antibodies and their 

sources are listed in table 3. 
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Table 3.  List of antibodies and their sources 

Host Protein Source 
mouse monoclonal Phosphotyrosine Cell Signaling 
rabbit polycloncal Bim Cell Signaling 
rabbit polycloncal Caspase-3 Cell Signaling 
mouse monoclonal GFP StressGen 
rabbit monoclonal GAPDH Abcam 
rabbit polycloncal Puma Abcam 
mouse monoclonal Tubulin Sigma 
mouse monoclonal IncA D. Rockey (Oregon State University) 
rabbit polycloncal RpoD M. Tan (University of California, Irvine) 
rabbit polycloncal LGV-L2 P. Bavoil (University of Maryland) 
mouse monoclonal Chlamydia LPS H. Caldwell (RML/NIH) 
mouse monoclonal MOMP H. Caldwell (RML/NIH) 
rabbit polycloncal MOMP K. Fields (U. Miami) 
rabbit polycloncal Hsp60 K. Fields (U. Miami) 
rabbit polycloncal CdsJ K. Fields (U. Miami) 
rabbit polycloncal Ct005 R. Valdivia 
rabbit polycloncal IncD R. Valdivia 
rabbit polycloncal IncC R. Valdivia 
rabbit polycloncal CPAF R. Valdivia 
rabbit polycloncal TARP R. Valdivia 
rabbit polycloncal Pls1 (Ct049) R. Valdivia 
rabbit polycloncal Pls2 (Ct050) R. Valdivia 
rabbit polycloncal IncG T. Hackstadt (NIAID) 
rabbit polycloncal Na/K ATPase Hybridoma Bank, U. Iowa 
rabbit polycloncal Cap1 A. Subtil (Institut Pasteur) 
mouse monoclonal omp2 RDI 

 

Analysis of chlamydial and host protein expression in whole cell lysates 

HeLa cell monolayers were infected with L2 at an MOI ~1 and total proteins 

collected at 0, 12, 24, 36, and 48hpi by lysis in 1% Triton X-100 (Tx-100) in the 

presence of protease inhibitor cocktail (Complete Mini, EDTA-free, Roche), 2mM 

PMSF (Sigma) and 10µM clasto-Lactacystin β-lactone (Calbiochem) followed by 

sonication and treatment with 4mM DTT. Membrane-associated chlamydial proteins 

were harvested from infected HeLa by ultracentrifugation of whole cell lysates on an 

Optiprep (Sigma) discontinuous density gradient (25, 20, 17.5, 15, 12.5, 10%) and 

assessing the fractionation of IncA and IncG positive membranes by immunoblot 
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analysis.  To assess CPAF cleavage of membrane proteins and EB proteins, purified 

membranes and soluble EB protein lysate were incubated with 6xhis-CPAF at 37ºC 

for 20min, and resulting product analyzed by immunoblots with specific antibodies. 

Protein samples were separated by SDS-PAGE and transferred to nitrocellulose 

membranes (BioRad), blocked in 5% non-fat milk diluted in Tris-buffered saline 

(0.5M Tris, 1.5M NaCl, Ph 7.4) with 0.1% Tween-20 (TBST) and incubated with 

primary antibodies diluted in 5% milk/TBST for 3 hours. The blots were washed 

extensively in 0.1% Tween-20 TBST and incubated with horseradish peroxidase-

linked secondary antibodies (GE Healthcare). Bound antibodies were detected with a 

Supersignal Pico HRP detection kit (Pierce). 

Generation of CPAF Inhibitory peptide and CPAF cleavage assays  

The anti-CPAF peptide (SLFYSPMVPHFWAELRNHYATSGLKRRRRRRRRR) 

and scrambled control (NFALSHFRLPLSTYKEMPYVSHWAGRRRRRRRRR) peptide 

were synthesized by solid-phase peptide synthesis by the FMOC t-Boc method. Peptides 

were purified to homogeneity by reverse-phase HPLC, and confirmed by mass 

spectrometry.  Scaled up production of peptides were performed by Eton Biosciences 

(Durham, NC) and purified by HPLC.  IC50 values were determined by assessing 

inhibition of cleavage of an Abz-tagged  peptide derived from the minimal CPAF 

recognition site of the substrate vimentin.  VRLRSSVPGV-NH2. His-CPAF was pre-

incubated with 10µM Lactacystin (EMD), solvent control (DMSO), ACP or CP at 37ºC 

for 30min.  Cleavage products were assessed by HPL analysis.  To assess CPAF-

dependent cleavage during infection, 1.2x106 HeLa cells were grown in 6-well plates and 
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infected with LGV-L2 at an MOI of 1, treated with anti-CPAF or control peptides at 

12hpi and harvested at 30hpi. 

Immunofluorescence microscopy (IF) and transmission electron microscopy 
(TEM) 

 
For routine indirect immunofluorescence, 0.2x102 HeLa cells were grown on 

glass coverslips and infected at the indicated MOI.  Cells were fixed with cold 3% 

formaldehyde or 100% ice-cold methanol in phosphate-buffered saline (PBS), 

permeabilized with 0.1% Tx-100, blocked in 2% bovine serum albumin (BSA) and 

incubated with the specified primary antibodies in 2%BSA in PBS followed by 

secondary fluorophore-conjugated anti-rabbit or anti-mouse goat IgG (Molecular 

Probes). Host and bacterial DNA were stained with 1µM Hoechst in PBS 

(Invitrogen).  Infected cells were imaged with a Zeiss Axioscope epifluorescence 

microscope and Axiovision v3.0 software or a Leica TCS SL confocal microscope 

and processed with Leica software. For transmission electron microscopy (TEM), 

HeLa cells grown on thermanox (Electron Microscopy Services) coverslips were 

infected with LGV-L2 and treated with anti-CPAF peptides as described above, fixed 

with 0.05% malachite green/2.5% gluteraldehyde, post-fixed with 0.8% osmium 

tetroxide and 1% tannic acid and 1% uranyl acetate.  Following dehydration of 

samples, sections were post-stained and imaged with a Tecnai G12 Twin electron 

microscope (FEI). To inhibit cell wall function, infected cells were treated with 

10µg/ml ampicillin (Sigma). To inhibit the T3S of C. trachomatis, infected cells were 
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treated with 70µM C1 N-(3,5 dibromo-2-hydroxybenzylidene)-4-nitrobenzohydrazide 

(ChemBridge).  

Radiolabeling and secondary infections 

HeLa cells were infected with C. trachomatis for 18hrs and labeled with 

300µCi S35 Cysteine/Methionine (Perkin Elmer) in the presence of 40µg/ml 

cyclohexamide (Sigma) for an additional 22hrs.  EB seed was harvested following 

gentle sonication and stored at -80°C in SPG buffer (0.25M sucrose, 10mM sodium 

phosphate, 5mM L-glutamic acid).  Uninfected or HeLa cells that had been pre-

infected for 30hrs were infected with unlabeled or S35-labeled LGV-L2 seed at an 

MOI of 50.  Cells were washed extensively with trypsin, and harvested at 10min post 

the secondary infection in lysis buffer (20mM Tris, 150mM NaCl, 1% Tx100, 2mM 

PMSF, 2mM MG132, 10mM ALLN, protease inhibitor cocktail (Roche)).  Tarp and 

MOMP were immunoprecipitated using anti-TARP and anti-MOMP polyclonal 

antisera and Protein A-coated Sepharose beads (GE Healthcare) and detected in a 

Typhoon9410 Variable Image Phosphor Imager (Amersham Biosciences), and 

quantified using ImageQuant 5.1TL (GE Healthcare).  To test the effect of inhibitory 

peptides, cells were treated with 15µM peptides for the duration of the secondary 

infections. 

Cytokine, apoptosis and caspase-1 activation assays 

HeLa cells were infected with C. trachomatis LGV-L2 at an MOI of 1.  At 

3hpi, cells were treated with 40µM Z-VAD-FMK (Promega) or 400µM Ac-YVAD-
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CMK (Enzo Life Sciences).  At 12 hpi, cells were treated with 12.5µM of anti-CPAF 

or control peptides.  IL-8 secretion into the media was determined with a Human IL-8 

ELISA kit (BioLegend) as recommended by the manufacturer.  Apoptotic cells were 

identified with an AnnexinV-FLOUS Staining Kit (Roche) and activation of caspase-

1 was determined by labeling active caspase-1 with a Carboxyfluorescein FLICA 

Detection Kit (Immunochemistry) and analyzed in a FACScanner (BD).  
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3. The Pmp-like proteins Pls1 and Pls2 are processed and 
secreted into the lumen of the Chlamydia trachomatis 
inclusion 
 
3.1 Introduction 

At all stages of infection, C. trachomatis communicates with its host by 

secreting proteins (“effectors”) across the inclusion membrane that modulate host 

cellular pathways.  Because C. trachomatis encodes for a functional T3S system, it is 

commonly accepted that Chlamydia, like other Gram-negative bacterial pathogens, 

uses this secretion apparatus to translocate most effector proteins into host cells 

(Peters, et al. 2007).   

Although T3S plays a prominent role in delivering effector proteins, there is 

mounting evidence that this is not the only mechanism by which chlamydial proteins 

can access the host cell cytoplasm.  For example, the protease CPAF, which degrades 

host proteins important for innate and adaptive immune responses (Pirbhai, et al. 

2006; Zhong, et al. 2001), is first secreted into the lumen of the inclusion before 

accessing the cytoplasm of the infected cell (Shaw, et al. 2002).  Similarly, the 

protease Tsp/CT441 accesses the cytoplasm of infected cells and can cleave the host 

protein p65, which is required for NF-κΒ activation (Lad, et al. 2007a). CPAF and 

Tsp have classical signal peptides, suggesting that these proteins engage the general 

secretory (sec-dependent) pathway to exit the bacterial cell.  Consistent with this 

model, the secretion of CPAF is insensitive to T3S inhibitors (Wolf, et al. 2006).   A 

similar route may be used by the passenger domain of some chlamydial 



 52 

autotransporters.  For instance, the passenger domain of the C. pneumoniae protein 

Cpn0796 is proteolytically processed during infection and the resulting fragments 

access the cytoplasm of the infected cell (Vandahl, et al. 2005).   How Tsp, CPAF, 

and cleaved autotransporters are translocated across the inclusion membrane or the 

extent to which chlamydial proteins exported via the general secretory pathway access 

the host cytoplasm is unknown.   

One potential mechanism for the delivery of sec-dependent proteins to the 

inclusion membrane and the host cytoplasm could involve outer membrane vesicles, 

which many Gram-negative pathogens use to deliver membrane-bound toxins and 

periplasmic contents to host cells (Kuehn and Kesty 2005).  This mechanism of 

protein delivery may occur in C. trachomatis where extensive vesiculation of RB 

outer membranes has been observed in response to antibiotic treatment (Giles, et al. 

2006).  Indeed, these outer membrane vesicles have been proposed to act as conduits 

for the delivery of bacterial antigens beyond the confines of the inclusion (Giles, et al. 

2006).  

In this study, we characterized two novel chlamydial proteins with homology 

to the passenger domain of PmpC.  Even though these proteins do not contain 

classical signal peptides, they are secreted into the inclusion lumen where they 

localize to globular structures that closely associate with the inclusion membrane and 

perform functions important for efficient inclusion expansion.  Interestingly, Pls1 and 

Pls2 appear to follow a secretion route that parallels that of autotransporter proteins.   
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Overall, these results highlight the varied and unusual strategies used by Chlamydiae 

to deliver proteins to the host cell. 

 

3.2 Results 

3.2.1 Identification of the Pmp-like secreted (Pls) proteins CT049 and CT050 

 In a screen based on the reactivity of recombinant chlamydial proteins to antisera 

generated against density gradient purified inclusion membranes, we identified the 

proteins encoded by the C. trachomatis serovar D ORFs CT049 and CT050 as putative 

inclusion membrane associated proteins (Sisko, et al. 2006).  CT049 and CT050 encode 

non-globular, acidic proteins of a predicted molecular weight of 50.7kDa and 56.7kDa, 

respectively, that lack the bi-lobed hydrophobic motif of classical Inc proteins or any 

putative trans-membrane domains.  These proteins are weakly homologous to each other 

with 22.5% overall sequence identity. Similarity searches against chlamydial proteins 

indicated that the ORF CT051 is also paralogously related to CT049 and CT050 (Figure 

5A).  Based on genome-wide transcriptional profiles, CT049, CT050 and CT051 are first 

transcribed at 8h post-infection (Belland, et al. 2003).   

PSI-BLAST searches of chlamydial sequences for related proteins revealed that 

CT049, CT050 and CT051 are related to the passenger domain of the autotransporter 

protein PmpC, a member of the highly polymorphic Pmp family of outer membrane 

proteins (Figure 5B).  Like the genes encoding Pmps, CT049 and CT050 display an 

unusually high degree of single nucleotide polymorphisms among C. trachomatis 

reference strains (Gomes, et al. 2007), suggesting that their encoded proteins may be 
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under selective pressure to undergo antigenic variation.  Furthermore, because 

homologues of CT049, CT050 and CT051 are found in C. muridarum and 

Chlamydophila sp, we postulate that the function of these genes is conserved among the 

Chlamydiae.  Given their relatedness to Pmp proteins and their identification as putative 

secreted proteins, we will refer to CT049-051 as Pmp-like secreted (Pls) proteins 1-3. 

 

 

Figure 5. Genomic arrangement of Pls (Pmp-like secreted) genes.   
 
(A) Organization of the genes encoding Pls1 (CT049), Pls2 (CT050) and Pls3 (CT051). 
Pls2 is paralogously related to Pls1 and Pls3.  The percent (%) identity (Id) and Similarity 
(Sm) based on BLAST searches is shown.  (B) Pls proteins are paralogously related to the 
passenger domain of the predicted autotransporter polymorphic outer membrane protein, 
PmpC.  Regions of similarity between Pls protein and PmpC were identified by PSI-
BLAST.  Pls proteins share limited homology to two distinct regions within the passenger 
domain and the putative Chlamydia polymorphic middle protein signature domain 
(ChlamPMP). 
 

To characterize Pls proteins, we raised antisera against these proteins by 

immunizing rabbits with recombinant GST-tagged Pls1 and Pls2.  We could not express 

recombinant Pls3 in E. coli, and therefore this protein was not characterized further.  The 

specificity of the polyclonal anti-Pls1 and -Pls2 antisera was confirmed by immunoblot 
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analysis of GFP-tagged CT049 and -CT050 expressed in yeast.  By SDS-PAGE, both 

GFP-tagged CT049 and CT050 migrated as significantly higher molecular weight (MW) 

species than their predicted sizes (78.7kDa and 84.7kDa respectively) possibly as result 

of the highly acidic nature of these proteins (pI of 4.62 and 4.7, respectively) (Figure 6A). 
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Figure 6. Pls protein expression in C. trachomatis infected cells   
 
(A) Rabbits were immunized with purified GST-CT049 (Pls1) or GST-CT050 (Pls2) and 
specificity of the resulting antisera was determined by screening GFP-tagged CT049 and 
CT050 expressed in yeast. Expression of recombinant proteins was monitored with anti-
GFP antibodies.  (B) Pls1 and Pls2 expression during infection was assessed by 
immunoblot analysis with anti-Pls1 and -Pls2 antisera against lysates from HeLa cells 
infected with C. trachomatis L2-infected for 12 to 48 hrs.  The level of RpoD was 
monitored to assess the expression of chlamydial proteins and the host marker GAPDH 
was used as a loading control. (C) Pls1 and Pls2 antisera (red in merged images) 
specifically label punctate structures within the inclusion.  HeLa cells were infected with 
L2 and immunostained with Pls antisera in the presence of excess GST-Pls1 or -Pls2. 
Note that intra-inclusion punctate structures are no longer detected by the antisera in the 
presence of the corresponding blocking antigen.  Bacterial and host DNA were detected 
with TOPRO-3 (blue). 
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 We assessed the expression profile of Pls1 and Pls2 by infecting HeLa cells with 

C. trachomatis L2 and detecting Pls proteins at different stages during infection by 

immunoblot analysis.  Pls1 and Pls2 antisera detected multiple immunoreactive bands by 

36h and 24h post-infection, respectively, and these bands increased in intensity 

throughout the infectious cycle (Figure 6B).  Anti-Pls1 antibodies detected 

immunoreactive bands of 80 and 60kDa, and a HMW species of >150kDa, which 

accumulated throughout infection.  The anti-Pls2 antibodies specifically recognized a 

>250kDa high MW species, and three specific 75kDa, 50kDa and 35kDa bands.  The 

abundance of the 75kDa band decreased after 24h post-infection concomitant with an 

increase in the 50kDa and 35kDa forms. Based on the abnormal migration of GFP-tagged 

Pls1 and Pls2 in SDS PAGE, we speculate that the lower MW bands constitute processed 

forms of full length Pls1 and Pls2 that migrate as 80kDa and 75kDa bands, respectively.  

Pre-immune antisera did not recognize any immunoreactive material in infected cells by 

either western blots of immunofluorescence microscopy (not shown).   

The abundance of the high MW Pls1 and Pls2 protein complexes (>150kDa) was 

sensitive to the levels of reducing agents in the SDS PAGE sample buffer and to heat 

denaturation, suggesting that these proteins may form stable, disulfide cross-linked 

oligomeric aggregates.  Both Pls1 and Pls2 were also very sensitive to post-lysis 

proteolysis and the relative abundance of each proteins fragment was variable among 

samples unless excess lactacystin was included in the lysis buffers.  These proteins were 

also unstable when expressed in E. coli, with multiple proteolytic fragments 

accumulating upon over-expression of the GST-tagged proteins (not shown). 
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3.2.2 Pls1 and Pls2 localize to non-bacteria associated structures in the lumen of the 
inclusion. 

 
 To determine the subcellular localization of Pls1 and Pls2 during infection we 

infected HeLa cells with C. trachomatis L2 for 24h and immunostained cells with anti-

Pls1 and anti-Pls2 antibodies.  Bacteria and host DNA was detected with the dye 

TOPRO-3.   Both Pls1 and Pls2 recognized scattered punctate structures within the 

inclusion lumen that did not overlap with bacterial DNA (Figure 6C).  These antibodies 

were specific for their target antigens since anti-Pls antibodies failed to detect any such 

structures in uninfected cells and the recognition of immunoreactive material in infected 

cells was blocked by pre-incubation of antibodies with excess GST-Pls1 and -Pls2 

(Figure 6C).  

We assessed the expression pattern and subcellular localization of Pls1 and Pls2 

in greater detail by performing a time course of infection.  HeLa cells were infected with 

L2 for 6-30 hours and processed for indirect immunofluorescence microscopy with anti-

Pls1 and -Pls2 antibodies.  In addition, anti-MOMP and -IncA antibodies were used to 

detect bacterial and inclusion membranes, respectively.  Consistent with our immunoblot 

results, immunoreactive material was not detectable prior to 12 hpi.  At 18h the Pls1 and 

Pls2 staining was weak and mostly associated with RBs (Figure 7).  By 24 hours, 

however, anti-Pls1 and -Pls2 antibodies prominently labeled intra-inclusion globular 

structures in the inclusion lumen.  These Pls-positive globular structures showed limited 

association with MOMP (Figure 7) or Omp-2 (Figure 8).  Similarly, the Pls-positive 

intra-inclusion globular structures did not co-localize with IncA-positive vesicles within 
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inclusions (Cocchiaro 2008), suggesting that these structures are distinct.  In addition, we 

observed intimate association of a subset of these globular structures with the inclusion 

membrane, including instances where these structures may be extruded across the 

inclusion membrane (Figure 7 arrowheads).  Because methanol and paraformaldehyde 

fixation did not affect the morphology of these structures it is unlikely this 

immunostaining patterns are artifacts of fixation (not shown).  Overall, since Pls1 and 

Pls2 in the inclusion lumen did not co-localize with bacterial markers (Omp2, MOMP), 

we postulate that the punctate and globular Pls-positive structures constitute secreted 

forms of these proteins.  
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Figure 7. Subcellular localization of Pls1 and Pls2 in C. trachomatis infected cells   
 
HeLa cells were left untreated or infected with L2 at an MOI of ~1 for 18 or 24 hrs.  
Cells were processed for indirect immunofluorescence microscopy with either anti-Pls1 
(A) or -Pls2 (B) antibodies (red), and imaged by laser scanning confocal microscopy.  
Bacterial outer membranes and inclusion membranes were detected with monoclonal 
antibodies against MOMP and IncA, respectively (green).  Note the presence of Pls1 and 
Pls2 as extra-bacterial globular aggregates in the inclusion lumen and in close association 
with the inclusion membrane.  Potential extrusion sites of Pls-positive material are shown 
by arrowheads. 



 61 

 

3.2.3 Pls1 and Pls2 localization to the inclusion lumen requires a functional cell wall. 
 

 Bioinformatic searches for secretion signal peptides in Pls1 and Pls2 with Signal 

P 3.0 (Bendtsen, et al. 2004) revealed that these proteins lack classical sec-dependent  

secretion signals, and therefore may be targets of non-classical secretion.   We considered 

the possibility that Pls1 and Pls2 could be targeted to the inclusion lumen and possibly 

the inclusion membrane by the chlamydial T3S.  To test the role of T3S in the secretion 

of these proteins, we used C1, a small molecule inhibitor of T3S (Nordfelth, et al. 2005).  

C1 disrupts the developmental cycle of C. trachomatis, arrests inclusion expansion and 

inhibits the translocation of Inc proteins to the inclusion membrane (Muschiol, et al. 

2006).  We infected HeLa cells with L2 for 16 hours, followed by treatment with DMSO 

(solvent-only control) or 70µM C1 for 8 hours.  Infected cells were processed for indirect 

immunofluorescence with anti-Pls antibodies and anti-Omp2 or anti-IncA antibodies.  As 

previously reported, C1 treatment arrested inclusion growth and partially inhibited IncA 

transport to the inclusion membrane (Wolf, et al. 2006).  However, C1 did not 

significantly inhibit the accumulation of Pls1 globular structures in the inclusion (Figure 

8A).  Pls2 secretion appeared to be more sensitive to C1 treatment since there was greater 

overlap between Pls2 and IncA/Omp2.  Nonetheless, a significant amount of Pls2 

remained at globular structures within the inclusion lumen. 

 Recent published data, indicate that the secretion of Pls1 and Pls2 is complex.  

Samudrala et al. (2009) developed a novel prediction algorithm for T3S substrates based 

on the N-terminal sequence, amino acid composition and G+C content (Samudrala, et al. 
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2009).  This computational approach identified Pls1 and Pls2 as T3S substrates with 40 

and 65% confidence respectively.  
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Figure 8. The accumulation of Pls proteins in the inclusion lumen is sensitive to 
ampicillin  
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Continued. (A) HeLa cells were infected with L2 for 16 hours and either left untreated or 
treated with 10µg/ml Ampicillin (Amp) or 70µM of the T3S inhibitor C1 for an 
additional 8 hours. At 24 hpi, cells were processed for immunofluorescence microscopy, 
and Pls1 or Pls2 were detected with specific antisera.  In addition, bacteria were detected 
with anti-Omp2 and anti-LPS antibodies.  Inclusion membranes were detected with anti-
IncA antibodies.  Note accumulation of Pls1 and Pls2 in the cytoplasm of enlarged RBs 
and the lack of Pls-positive intra-inclusion globular structures in Amp-treated cells. (B) 
Pls1 and Pls2 transiently localize to the surface of enlarged RBs outer membranes after 
recovery from ampicillin-treatment. HeLa cells were infected in duplicate with L2 for 16 
hours and treated with 10µg/ml Amp for 8 hours.  One set of cells was fixed and the other 
was allowed to recover from Amp for an additional 24 hours (Amp + Rec).  Pls1-2 and 
MOMP were detected by indirect immunofluorescence as described.  Note reduced levels 
of Pls1 and Pls2 expression in Amp-treated cells (middle panels) and the association of 
Pls1 and Pls2 at the surface of enlarged RBs (arrows) in cells recovering from Amp 
treatment. Host and bacterial DNA were stained with TOPRO-3 (blue) 
 

Given the homology of Pls proteins to the passenger domain of PmpC, we 

hypothesized that Pmps and Pls may have similar secretion requirements. It has been 

reported that the translocation of PmpD to the bacterial cell surface is inhibited by β-

lactam antibiotics (Kiselev, et al. 2007), presumably a result of inhibiting signal peptidase 

I activity at the cytoplasmic membrane (Kuo, et al. 1994).  In Chlamydia-infected cells, 

low-level β-lactam antibiotic treatment prevents bacterial division, leading to the 

formation of enlarged RBs that morphologically resemble persistent forms (Matsumoto 

and Manire 1970).  However, these enlarged RBs are unlikely to represent “true” 

persistent forms because they display transcriptional profiles identical to those of 

unperturbed RBs (Ouellette, et al. 2006). We infected HeLa cells with L2 for 16 hours, 

added Amp (10µg/mL) for 8 hours, and assessed the subcellular localization of Pls 

proteins.   Interestingly, Amp treatment shifted the localization of Pls1 and Pls2 from the 

inclusion lumen to the cytoplasm of enlarged RBs (Figure 8A).  In contrast, IncA 
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remained at the inclusion membrane and intra-inclusion vesicles.  Next, we tested the 

effect of removing Amp on the recovery of Pls1 and Pls2 secretion.  Within 6 hours after 

Amp removal, Pls1 and Pls2 no longer localized to the cytoplasm of RBs, but instead 

were seen in association with the outer surface of enlarged RBs where it extensively co-

localized with MOMP (Figure 8B insets).  We postulate that the Pls proteins at the 

bacterial surfaces following removal of ampicillin represent secretion intermediates.  

We observed that the intensity of Pls1 and Pls2 staining was significantly lower in 

Amp-treated cells.  To assess the levels of Pls proteins in cells treated with various 

inhibitors of protein secretion, we infected HeLa cells with L2 for 30 hours and either left 

them untreated or pre-treated them with Amp (10µg/mL) or C1 (70µM) for 2, 6 and 10 

hours prior to harvesting.  Total protein was collected and the steady state levels of 

bacterial proteins assessed by immunoblot analysis.  While levels of the chlamydial 

protein RpoD remained fairly constant throughout inhibitor treatment, we observed 

distinct changes in the levels of Pls proteins in Amp-treated cells (Figure 9).  For 

example, there was a decrease in the levels of the 60kDa species of Pls1 (the 80kDa band 

was very faint in these samples).  The effect of Amp treatment in Pls2-levels was more 

pronounced, with a step-wise loss of the 75kDa, 50kDa and 35kDa forms throughout 

antibiotic treatment.  By 10 hours of Amp treatment, only trace amounts of the 35kDa 

form of Pls2 remained.  In contrast, the steady-state levels of other chlamydial proteins, 

including Inc proteins and Omp2 steadily increased.   Interestingly, C1 treatment did not 

appreciably change the steady state levels of Inc proteins, Omp2 or Pls proteins.  Overall, 

we interpret these results as evidence that, despite the non-classical secretion of Pls 



 66 

proteins, the general secretory pathway and/or cell wall function is required for their 

secretion into the inclusion lumen and that inhibition of transport from the bacterial cell 

leads to the degradation of Pls proteins.  

 

                           

Figure 9. Pls1 and Pls2 are differentially processed in ampicillin treated cells   
 
HeLa cells were infected with L2 at an MOI ~1 and harvested at 30 hpi.   Prior to cell 
harvesting, parallel samples were treated with either 10µg/ml Amp or 70µM C1 for 0, 2, 
6 or 10 hours. Total protein lysates were generated and subjected to immunoblot analysis 
with anti-Pls1, Pls2, Omp2, IncA and RpoD antibodies.   Tubulin levels are shown as a 
loading control.  Note the specific loss of Pls1 and PLs2 fragments during prolonged 
Amp-treatment despite the accumulation of other bacterial markers. 
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3.2.4 Pls1 and Pls2 associate with membranes. 

 Because Pls1 and Pls2 were identified as putative inclusion membrane-associated 

proteins, we wanted to determine if the Pls1 and Pls2-positive globular structures that are 

present in the inclusion lumen associated with membranes.  HeLa cells were infected 

with L2 for either 24 (not shown) or 48 hours, lysed by Dounce homogenization and 

intact bacteria and total membranes were separated from host cytoplasmic components 

(high speed supernatants-HSS) by differential centrifugation.  Under the conditions used, 

the bacterial membrane proteins MOMP, Omp2, the periplasmic lipoprotein CdsJ and the 

cytoplasmic proteins Hsp60 and RpoD sedimented after ultra-centrifugation (high speed 

pellet-HSP), indicating that no significant bacterial lysis had occurred (Figure 10).  In 

contrast, the lower MW fragments of Pls2 partitioned with the host cytoplasmic protein 

GAPDH in the soluble HSS fraction, suggesting that this processed form of Pls2 is 

soluble.  However, the majority of Pls1, Pls2 and their processed forms fractionated with 

the bacterial/membrane pellets (HSP) (Figure 6). Next, we resuspended the 

bacterial/membrane pellets in 30% Optiprep and total membranes (HSP) were separated 

by flotation on isopycnic density gradients.  A significant proportion of Pls1 and Pls2 and 

its processed forms floated up with membranes of intermediate buoyancy that partially 

overlapped with IncA-positive inclusion membranes.  In contrast, bacterial membrane-

associated markers like MOMP, Omp2 and CdsJ were largely restricted to the bottom of 

the gradient suggesting that Pls-positive membranes have distinct buoyancy properties 

from that of bulk bacterial membranes (Figure 10). 
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Figure 10. Pls1 and Pls2 co-fractionate with membranes   
 
HeLa cells infected with L2 at an MOI ~1 were harvested at 48 hpi. The Post Nuclear 
Supernatant (PNS) were ultracentrifuged to generate cytosol enriched high-speed 
supernatants (HSS) and high-speed pellets (HSP).  Total membranes and intact bacteria 
partitioned with the HSP.   Membranes in the HSP were further separated by density 
gradient and sample was collected from the top (T), middle (M) and bottom (B) fractions.  
The B fraction consisted mostly of intact bacteria.  PNS and membrane fractions were 
solubilized in SDS sample buffer, boiled under reducing conditions, and subjected to 
immunoblot analysis.  Note partitioning of lower MW processed forms of Pls1 and Pls2 
with cytosolic fractions and association of larger processed Pls forms with M membrane 
fractions.  Other bacterial membrane proteins (MOMP/Omp2) remained at the bottom of 
the gradient. 
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Overall, these findings lead us to conclude that a significant proportion of Pls1 

and Pls2 are secreted into the inclusion lumen and that Pls1 and Pls2 are processed into 

various MW species that display differential association with membranes.  

 

3.2.5 Pls1 and Pls2 functions are required for efficient inclusion expansion  

We observed Pls-positive globular structures in close apposition to the inclusion 

membranes including areas were these globular structures appear to be extruded from the 

inclusion lumen (Figure 7 arrowheads).  We hypothesized that Pls protein may perform 

functions at the inclusion membrane or in the host cytoplasm that are important to the 

pathogenesis of C. trachomatis.   To address this possibility, we neutralized the function 

of Pls1 and Pls2 by microinjecting infected HeLa cells (4 hpi) with Pls1 and Pls2 

antisera.  In addition, to address the possibility that these proteins perform overlapping 

and redundant functions, we also microinjected infected cells with a mix of both antisera.   

L2-infected HeLa cells were fixed, stained with anti-rabbit IgG to detect microinjected 

cells, and the size and morphology of inclusions was determined at 30 hpi.  Neither the 

pre-immune sera nor anti-Pls1 or -Pls2 alone had any effect on inclusion size or 

morphology.  In contrast, microinjections of anti-Pls1 and -Pls2 combined lead to a 

significant and reproducible reduction in the inclusion size (Figure 11).  These results 

suggest that Pls1 and Pls2 contribute to the expansion of the inclusion.  
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Figure 11. Microinjection of Pls1 and Pls2 antisera inhibits inclusion expansion   
 
HeLa cells were infected with L2 at an MOI ~1. Infected cells were then microinjected 
with Pls1 and Pls2 pre-immune sera or Pls1 and Pls2 sera at 4 hrs post infection.  At 30 
hrs cells were fixed and microinjected cells were detected with fluorophore-conjugated 
anti-rabbit IgG and Hoechst 33258.  The size of ~170 inclusions in microinjected cells 
from each experiment were measured in pixels, and the largest axis of each inclusion was 
measured at the focal plane at which each inclusion was in focus. The distributions of 
inclusion size were then analyzed. The rectangular box corresponds to data points within 
the 25th and 75th percentile of the total distribution. The horizontal line denotes the 
median. The individual dots correspond to data points above the 95th and below the 5th 
percentile of the total distribution.  A two-tailed t-test was performed for each data set.  
The average size of inclusions from size in cells microinjected with a combination of Pls1 
and Pls2 antisera were 35.2% smaller compared to cells injected with pre-immune sera.  
A and B represent results from two independent experiments. 
 

3.3 Discussion 

In this study, we characterized Pls1 and Pls2, two chlamydial proteins that 

localize to structures within the inclusion lumen and adjacent to the inclusion membrane.  

Pls1 and Pls2 show limited homology to two distinct regions in the passenger domain of 
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PmpC (CT414), a member of the polymorphic outer membrane protein (Pmp) family 

(Stephens, et al. 1998; Tanzer, et al. 2001). Pmps are autotransporter membrane proteins 

containing a signal peptide, a cleavable passenger domain, and a β-barrel pore that 

facilitates presentation of the passenger domain on the bacterial surface (Henderson and 

Lam 2001).  Because the Pmp family of proteins are significantly expanded in C. 

muridarum and Chlamydophila species and display an unusually high degree of 

polymorphism, these proteins are thought to be under selective pressure from the 

immune system (Gomes, et al. 2006; Longbottom, et al. 1998; Pedersen, et al. 2001; 

Read, et al. 2000).  This is supported by the finding that PmpD is a target for 

neutralizing antibodies (Crane, et al. 2006) and by recent evidence that Pmps are 

efficient substrates for MHC-I  presentation (Grotenbreg, et al. 2008).  Interestingly, like 

the Pmps, Pls1 and Pls2 are among the most polymorphic proteins in the sequenced C. 

trachomatis reference strains (Carlson, et al. 2005; Gomes, et al. 2007).  Because our 

findings indicate that a significant proportion of Pls1 and Pls2 are secreted into the 

inclusion lumen where they can associate with inclusion membranes and potentially the 

cytoplasm, we speculate that these proteins are under selective pressure to remain 

polymorphic, possibly to evade cytoplasmic innate immune surveillance mechanisms or 

antigen presentation pathways.  While the molecular function of these proteins remains 

unknown, it is likely that they are important for chlamydial pathogenesis, since 

microinjection of anti-Pls antibodies hindered the ability of the inclusion to expand. 

 Based on membrane fractionations, Pls1 and Pls2 can be found as both soluble 

and membrane-bound forms.  The lower MW processed forms of Pls2 preferentially 
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partitioned with the soluble fraction of infected cells.  This soluble form of Pls2 is 

unlikely to be derived from lysed Chlamydia because the release of bacterial cytoplasmic 

or membrane components was minimal under the isolation conditions used.  In addition, 

a significant proportion of Pls1, Pls2 and their processed forms associated with 

membranes that had buoyancy properties membranes distinct from Omp2- and MOMP-

positive outer membranes (Fig. 6).  Similarly, IncA-positive inclusion membranes only 

showed a partial overlap with Pls-positive membranes.  Overall these findings suggest 

that Pls-containing membranes, bacterial membranes and inclusion membranes are 

distinct.  

Given the lack of secretion signal, it is not clear how Pls protein are exported 

from the bacterial cytoplasm.  We used the prediction program Secretome 2.0, which 

compares the amino acid composition, secondary structure and disordered regions 

between secreted proteins, to determine if Pls proteins share structural similarities with 

non-classical secreted proteins (Bendtsen, et al. 2004).  These prediction programs gave 

SecP scores for Pls1 (NN=0.89), Pls2 (NN=0.73), and Pls3 (NN=0.89) that were 

significantly higher than the normal threshold (NN=0.5).  For comparison, the known 

autotransporter PmpC had a SecP score of 0.91.  These results suggest that the structures 

of Pls proteins are consistent with that of proteins that reside outside the bacterial cell. 

By immunofluorescence microscopy, we first detected Pls1 and Pls2 in 

association with RBs (<18h), followed by prominent localization to punctate and globular 

structures in the inclusion lumen.  Consistent with our membrane fractionation 

experiments, these globular structures displayed limited co-localization with MOMP or 
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Omp2 (Fig. 3-4), suggesting that these represent extra-bacterial material.   It should be 

noted that ~50% Pls1 and Pls2 was found at the bottom of the density gradient (Fig. 6).  

This material likely represents Pls proteins that remained associated with bacteria.  

Although the lack of classical signal peptides in Pls1 and Pls2 indicated that these 

proteins may be potential targets of T3S, the localization of Pls1, and to a lesser extent 

Pls2, to globular structures was insensitive to the T3S inhibitor C1.  In contrast, treatment 

with low levels of β-lactam antibiotics led to the retention of Pls proteins in the bacterial 

cytoplasm (Fig. 4).  Concomitant with this redistribution of Pls proteins, we observed a 

marked decrease in the intensity of antibody staining, presumably as a result of increased 

protein degradation under ampicillin treatment (Fig. 5).  In addition to their role in 

blocking transpeptidases responsible for cross-linking peptidoglycan, β-lactam antibiotics 

also inhibit signal peptidase I (Kuo, et al. 1994).  As a result, β-lactams inhibit the 

proteolytic processing of autotransporters like PmpD, presumably by preventing their 

release from the cytoplasmic membrane and transport to the outer membrane (Kiselev, et 

al. 2007).  Upon removal of ampicillin, Pls proteins transiently co-localized with MOMP 

at the surface of enlarged RBs (Fig. 4), suggesting that the pathway for Pls secretion 

involves association with the bacterial surface.  In addition, Pls1 and Pls2 display 

characteristics of proteins that are translocated to the chlamydial outer membrane, 

including extensive proteolytic processing into discrete fragments and incorporation into 

SDS-resistant and DTT-sensitive high MW complexes (>200kDa) (Fig. 2B).    

Potential pathways for secretion include atypical signal peptides or a novel 

mechanism of sec-dependent secretion.  Although we cannot exclude a role for T3S in 
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the export of these proteins, the specific effect of ampicillin treatment on the localization 

and stability of Pls proteins lead us to favor a secretion pathway involving a periplasmic 

intermediate.  How periplasmic Pls1 and Pls2 are then transported across the outer 

membrane is also unclear.  Given the homology of Pls proteins to the passenger domain 

of PmpC, we speculate that Pls1 and Pls2 may gain access the cell surface in a manner 

analogous to autotransporters.  We envision a scenario wherein Pls proteins are 

recognized by the translocation domain of Pmps and are co-exported to the outer 

membrane, perhaps aided by co-factors like Omp85 (Dautin and Bernstein 2007).   As a 

result, Pls1 and Pls2 secretion would be analogous to that observed in two-partner 

secretion systems (Mazar and Cotter 2007).  A similar transport pathway may be used by 

the C. pneumoniae protein Cpn0797, which also shares homology to autotransporters but 

which is considerably shorter than typical autotransporters (Dong, et al. 2006).  Whether 

the cognate outer membrane translocator is provided by recycling a cleaved Pmp 

transporter or by a gene-product encoded elsewhere in the chromosome remains to be 

determined.   

Alternatively, both soluble and membrane bound Pls protein may follow a more 

exotic secretion route.  Recently, outer membrane vesicles have been postulated to 

represent a significant route for the secretion of proteins to the extracellular milieu 

(Kuehn and Kesty 2005; Mashburn-Warren and Whiteley 2006).  These membrane 

vesicles bud off from outer membranes and can deliver LPS, outer membrane proteins 

and periplasmic proteins to target cells (Kuehn and Kesty 2005).  Indeed, ultrastructural 

studies by the Wyrick and Matsumoto groups have revealed that such vesicles exist in 
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Chlamydia-infected cells, especially under conditions of cellular stress (Giles, et al. 2006; 

Matsumoto and Manire 1970).  In addition, immunofluorescence and electron 

microscopy studies indicate that PmpD associates with extra-bacterial vesicles in the 

inclusion lumen, further supporting a potential role for these vesicles in protein secretion 

(Wehrl, et al. 2004).  Given the parallels between PmpD and Pls secretion and the 

localization of Pls proteins to extra-bacterial membranes, we propose that Pls1 and Pls2 

may utilize outer membrane vesicles to access the inclusion lumen, inclusion membrane, 

and possibly the host cytoplasm.  However, unlike PmpD, where the bulk of protein 

remains associated with bacterial surfaces (Kiselev, et al. 2007), Pls proteins are mostly 

associated with intra-lumenal vesicles.  

Recent data published by Samudrala et al. (2009) indicate that the secretion of 

Pls1 and Pls2 is complex and provide an alternative mechanism of secretion:  using a 

novel computational prediction algorithm considering N-terminal sequence and amino 

acid composition, Pls1 and Pls2 are potential T3S substrates (Samudrala, et al. 2009).  

This prediction program accurately identified other confirmed and putative T3S 

substrates with high confidence, and excluded effectors that are secreted by the sec-

dependent general secretion system, such as CPAF (Chen, et al. 2010b). Further work 

with the C1 inhibitor has since indicated that this reagent has other, significant, non-

specific inhibitory effects on Chlamydial growth, and even limited cell toxicity (Valdivia 

lab, unpublished).  Our use of the C1 inhibitor to exclude Pls1 and Pls2 are T3S substrate 

in combination with computational prediction by Samudrala et al (2009) opens the 

possibility that these effectors may access the lumen of the inclusion and potentially the 
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inclusion membrane by the T3S apparatus.  In fact, Pls1 is secreted by a heterologous 

T3S system in Yersinia, indicating that at least Pls1 is a T3S substrate (Scott Hefty, 

personal communication).  

The extent to which Pls proteins secreted into the inclusion lumen access the 

cytoplasm of the host cell is unclear.   We have observed Pls-positive globular structures 

in close association with the cytoplasmic and lumenal sides of the inclusion membrane 

(Fig. 3) and occasionally in the cytoplasm of infected cells (not shown).  The inhibitory 

effects on inclusion expansion by microinjection of anti-Pls antibodies, further suggests 

that these proteins are accessible to antibodies at the inclusion membrane or in the 

cytoplasm of the infected cell.   The mechanism underlying the inhibition of inclusion 

growth is unclear, but given that both Pls1 and Pls2 needed to be neutralized is consistent 

with potential redundancy in the function of these proteins.  

Chlamydiae are highly adapted to living within host cells.  As such, they have 

evolved a variety of efficient mechanisms to deliver proteins into the host cellular 

environment to promote bacterial replication and dissemination.  In this study, we 

characterized Pls1 and Pls2, two proteins that are secreted into the inclusion lumen and 

associate with inclusion membranes. In general, how these obligate pathogens deliver 

proteins to the inclusion lumen and the range of biological activities occurring within 

lumenal space of the inclusion is unknown. 1 

                                                 
1 The data presented in chapter 3 was published in Jorgensen, I. and RH Valdivia (2008). 
Pmp-like proteins Pls1 and Pls2 are secreted into the lumen of the Chlamydia trachomatis 
inclusion. Infection and Immunity, 76(9):3940-50.  
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4. The C. trachomatis serine protease CPAF regulates the fate 
of secreted bacterial effector proteins by proteolysis 
 
4.1 Introduction 

Like many Gram-negative bacterial pathogens, C. trachomatis employs a T3S 

system to translocate virulence proteins directly into the cytoplasm of the host cell.  

These effector proteins mediate cell invasion, re-routing of membrane trafficking, and 

manipulation of signaling pathways important in innate immunity (Valdivia 2008).  More 

than 5% of the C. trachomatis genome is predicted to encode T3S effector proteins 

(Arnold, et al. 2009).  Prominent among these is a family of inclusion membrane proteins 

(Incs) that reside at the interface of the host cytoplasm and inclusion membrane 

(Scidmore-Carlson, et al. 1999).  These proteins are implicated in the modulation of 

various host cellular functions including membrane transport, apoptosis and microtubule 

dynamics (Betts, et al. 2009).   

Very little is known, however, about how intracellular pathogens, including 

Chlamydia ssp. regulate the fate of these secreted effectors once they are outside the 

confines of the bacteria and the membrane bound inclusion.  This regulation may be 

direct, via meta-effectors (Kubori, et al. 2010), or indirect by hijacking the host cellular 

functions (Kubori and Galan 2003).  The host modifies several chlamydial effectors 

during infection: Tarp is secreted during EB invasion and internalization and is 

immediately tyrosine-phosphorylated by engaging host src tyrosine kinases. (Clifton, et 

al. 2004; Jewett, et al. 2008).  While Tarp phosphorylation is not essential to invasion, it 

is postulated to be important for interaction with host proteins that have cell-modulatory 
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functions. The Inc proteins IncA and IncG are also phosphorylated during infection, 

although the functional significance of this observation remains unclear (Rockey, et al. 

1997; Scidmore and Hackstadt 2001).  

Chlamydia is known to modify the expression and properties of host proteins by 

proteolysis.  The serine protease CPAF cleaves several host proteins important to 

antigen-presentation and apoptosis (Pirbhai, et al. 2006; Zhong, et al. 2001), and modifies 

the properties of cytokeratins (Dong, et al. 2004c) and the intermediate filament vimentin 

(Kumar and Valdivia 2008).  Considering the important role of proteolysis in the 

significant reorganization of the host environment during infection, we postulated that 

secreted chlamydial effectors may also be regulated by proteolysis. We designed a screen 

to identify chlamydial effector proteins sensitive to proteolysis, and identified a subset of 

chlamydial ORFs that are cleaved by a host or bacterial protease. We further present the 

novel observation that, in addition to targeting host proteins, the chlamydial protease 

CPAF cleaves a specific subset of nine early chlamydial effector proteins. These 

chlamydial CPAF substrates include effectors secreted during internalization, and Inc 

proteins initially expressed at the early stages of inclusion biogenesis. The design and 

development of a CPAF-specific inhibitory peptide further allowed us to demonstrate that 

CPAF targets these secreted chlamydial effectors during infection.  
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4.2 Results  

4.2.1 Identification of chlamydial proteins sensitive to proteolysis 

Bioinformatic analyses predict that ~10% of the Chlamydia genome encodes 

proteins that are secreted into the cytoplasm of infected host cells and act as effectors 

(Arnold, et al. 2009) (Saka and Valdivia, unpublished).  Since effectors are often secreted 

at distinct stages during infection, we hypothesized that a mechanism must be in place to 

control their activity after they have performed their function in the host cytoplasm; 

inappropriate activity of effectors might negatively impact bacterial growth. As 

proteolysis is the most common mechanism for protein turnover, we tested a library of 

309 recombinant Chlamydia-specific proteins expressed in the yeast Saccharomyces 

cerevisiae (Sisko, et al. 2006) or in E. coli as GFP- or GST-fusion proteins respectively 

for sensitivity to proteolysis.  This subset of chlamydial ORFs, comprising ~35% of the 

chlamydial genome, is enriched in Incs, predicted or confirmed effector proteins, outer 

membrane proteins, ORFs of unknown function and Chlamydia-specific ORFs (Sisko, et 

al. 2006). A flow chart describing our approach to identify chlamydial protein sensitive to 

proteolysis is depicted in Figure 12.   
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Figure 12. Flow chart of experimental approach to identify chlamydial proteins 
sensitive to proteolysis  
 

Although the library is enriched for both predicted and confirmed Inc proteins and 

proteins with predicted transmembrane domains, we expressed only their cytoplasmic 

domains, as integral membrane proteins are difficult to express. Cleavage of these 

proteins was assessed by incubating soluble yeast protein lysate or purified GST-protein 

with cytosol from uninfected or infected HeLa cells (Figure 12), followed by immunoblot 

analysis with an anti-GFP antibody. Thirty chlamydial proteins (~10%) were sensitive to 

degradation after incubation with cytosol derived from infected cells, 238 ORFs were 

insensitive to proteolysis, and 41 ORFs did not express in either system (Table 3 and 

Figure 13A).  
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Table 4. Chlamydial proteins sensitive to proteolysis 

ORF Proteolytic activity Predicted/confirmed function 
CT005 CPAF Inclusion membrane protein 
CT058 host or bacterial Inclusion membrane protein 
CT082 host or bacterial ORF of unknown function 
CT105 host or bacterial Inclusion membrane protein 
CT113 host or bacterial ClpB-like ATP-dependent protease 
CT115 CPAF Inclusion membrane protein 
CT116 CPAF Inclusion membrane protein 
CT134 host or bacterial Inclusion membrane protein 
CT142 host or bacterial ORF of unknown function 
CT159 host or bacterial ORF of unknown function 
CT222 host or bacterial Inclusion membrane protein 
CT225 host or bacterial Inclusion membrane protein 
CT233 CPAF Inclusion membrane protein 
CT242 host or bacterial Outer membrane protein 
CT283 host or bacterial ORF of unknown function 
CT288 CPAF Inclusion membrane protein/early effector 
CT301 host or bacterial Serine/threonine kinase 
CT371 host or bacterial ORF of unknown function 
CT384 host or bacterial ORF of unknown function 
CT423 host or bacterial ORF of unknown function 
CT456 CPAF Invasin, early effector 
CT559 host or bacterial Flagellar M-ring protein 
CT568 host or bacterial ORF of unknown function 
CT632 host or bacterial ORF of unknown function 
CT694 CPAF Early effector, ORF of unknown function 
CT695 CPAF Early effector, ORF of unknown function 
CT813 CPAF Inclusion membrane protein/early effector 
CT849 host or bacterial ORF of unknown function 
CT852 host or bacterial Outer membrane protein 
CT863 host or bacterial ORF of unknown function 

 

Protein processing ranged from the generation of distinct cleavage fragments 

(Ct222) to complete protein degradation (Ct115) (Figure 13B).  Protease-sensitive 

chlamydial GST- and GFP- tagged proteins comprised inclusion membrane proteins 

(n=11), outer membrane proteins (n=3), proteases (n=2) and ORFs of unknown function 

(n=14) (Figure 13C).  Thirteen of these thirty identified proteins were also sensitive to 

proteolysis when treated with lysates from uninfected cells, indicating that these proteins 
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are likely targets of unknown host proteases (Table 4). These proteins were excluded 

from further analysis. 
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Figure 13.  Identification of thirty chlamydial proteins sensitive to bacterial and host 
proteolysis by an in vitro screen 
 
(A) C. trachomatis ORFs (n=309) recombinant proteins were tested for proteolytic 
processing after incubation with cytosols derived from either infected or uninfected HeLa 
cells.  Thirty chlamydial proteins (10%) were sensitive to proteolysis (Table 3). (B) 
Representative immunoblot analysis of GFP-tagged chlamydial proteins expressed in 
yeast.  Recombinant proteins were identified with an anti-GFP antibody (StressGen).  
Note processing of Ct115, Ct116, Ct222, Ct233 and Ct283, while GFP alone and Ct144 
were included as negative controls. (C) Protease-sensitive chlamydial proteins (n=30) 
consisted of Chlamydia-specific proteins of unknown function (n=14), inclusion 
membrane proteins (n=11), outer membrane proteins (n=3), and proteases (n=2).  
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4.2.2 CPAF cleaves a specific subset of secreted chlamydial effector proteins 

Cleavage of nine chlamydial proteins by cytosol derived from Chlamydia-infected 

epithelial cells was inhibited by pre-treatment of infected HeLa cytosols with the 

proteasomal inhibitor Lactacystin, but not by the unrelated proteosomal inhibitors 

MG132 and ALLN and a cysteine protease inhibitory cocktail (PIC) (data not shown).  

Because this inhibitor sensitivity profile is shared by CPAF (Pirbhai, et al. 2006; Zhong, 

et al. 2000), we tested if CPAF played a role in the cleavage of chlamydial proteins by 

treating cytosols from infected HeLa cells with anti-CPAF antisera. Cytosols from 

Chlamydia-infected HeLa cells (40hrs) or recombinant CPAF (his-CPAF) (Huang, et al. 

2008) were pre-treated with rabbit polyclonal anti-CPAF or control anti-IncA antisera 

(Bannantine, et al. 2000), and incubated with GST-tagged Chlamydia proteins.  

Polyclonal anti-CPAF antisera, but not control antisera against the Inc protein IncA, 

blocked the degradation of recombinant bacterial proteins (Figure 14A).  In this manner 

we determined that all nine of the proteolysis-sensitive chlamydial proteins were likely 

substrates of CPAF.   

We then tested if CPAF was sufficient for these cleavage events.  In an in vitro 

proteolysis reaction, purified GST-substrates were incubated with purified CPAF (that 

had been pre-treated with increasing concentrations of Lactacystin) at 37°C, and cleavage 

was assessed by SDS-PAGE and staining with coomassie blue.  Recombinant CPAF 

readily cleaved vimentin, a well-characterized CPAF substrate (Kumar and Valdivia 

2008; Paschen, et al. 2008) and GST-tagged chlamydial proteins Ct005, IncD (Ct115), 
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IncE (Ct116), IncC (Ct233), Ct288, CT694, CT695, Ct813 and TARP (Ct456) (Figure 

14B). CPAF cleavage was inhibited in a dose-dependent manner.  In contrast, GST-

tagged proteins that were identified as (1) not sensitive to proteolysis, (2) sensitive to a 

non-CPAF chlamydial protease or (3) sensitive to a host protease were not cleaved by 

recombinant CPAF. The three example proteins shown include a T3S core component 

(CdsQ) (Johnson, et al. 2008), the T3S chaperone Mcsc (Spaeth, et al. 2009), and a 

putative T3S needle component (Ct584) (Betts, et al. 2008) (Figure 14D, and data not 

shown).  Like endogenous CPAF, proteolysis of GST-IncC by recombinant CPAF was 

inhibited by lactacystin but not by the proteasome inhibitors MG132 and ALLN, the 

serine protease inhibitor PMSF or cysteine and serine protease inhibitor cocktail (PIC) 

(Figure 14E).   
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Figure 14. CPAF cleaves chlamydial GST-substrates in a cell-free degradation assay  
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Continued. (A) Polyclonal anti-CPAF antisera blocks proteolysis of chlamydial substrates 
by recombinant and endogenous CPAF. Inhibition of cleavage was assessed by 
immunoblot with substrate specific antibodies (B) Recombinant CPAF cleaves 
chlamydial substrates in a cell-free proteolysis assay.  Purified his-tagged CPAF was 
incubated with GST-tagged chlamydial substrates and cleavage products were run on an 
SDS PAGE gel and visualized with Coomassie. (C) Chlamydial proteins sensitive to 
proteolysis are cleaved by a host protease, CPAF or an unknown bacterial protease. (D) 
Recombinant CPAF does not cleave chlamydial proteins that are resistant to processing 
by cytosols form infected HeLa cells. (E) Protease inhibitor profile of recombinant 
CPAF.  Example of cleavage shown for the chlamydial substrate GST-IncC.  Degradation 
products were visualized by SDS PAGE followed by staining with Coomassie blue.  
MG132, ALLN and lactacystin are all proteosomal inhibitors. PMSF (Sigma) is a broad 
range serine protease inhibitor (Dignam 1990).  Roche Protease Inhibitor Cocktail (PIC) 
contains the following inhibitors: pancreas extract, Thermolysin, Chymotrypsin, Trypsin, 
Papain.  
 

 

Since CPAF cleaves chlamydial and host proteins that do not share significant 

sequence or known functional homology, we wanted to know if CPAF cleaves substrates 

at different rates, indicating that CPAF may bind and process substrates differently.  To 

this end, we expressed chlamydial CPAF substrates as GST-fusion proteins and incubated 

equal amounts of these proteins (50mg) with purified CPAF (40ng) as a time course 

(Figure 15A).  We quantified the decrease in the amount full length protein that remained 

at each time point after incubation with CPAF. We found that CPAF cleaves chlamydial 

substrates at different rates where Ct233 and Ct694 are most efficiently cleaved, followed 

by Ct116, Ct115 and Ct005 (Figure 15B).  Also note the multiple intermediate fragments 

of GST-Ct115, Ct116, and Ct233, indicating that CPAF cleaves these substrates at 

multiple residues.  

Considering that CPAF cleavage of substrates generates intermediate fragments 

(Figure 14E), we wanted to further characterize the minimal CPAF recognition sequence 
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and potential cleavage sites. Given the wide variety of CPAF host substrates known to 

date, determining a global CPAF recognition motif or cleavage site would enable 

bioinformatic identification of additional substrates and further our understanding of how 

CPAF interacts with its substrates.  To determine the minimal sequence required for 

Ct005 CPAF cleavage, we generated three truncation mutants of the cytoplasmic tail of 

Ct005 fused to GST (Figure 15C bottom panel).  Inc proteins are anchored to the 

inclusion membrane via multiple transmembrane domains, and the cytoplasmic tail is 

presumably available to bind secreted CPAF.  All three truncation mutants were cleaved, 

indicating that the 53 C-terminal residues (310-363) are sufficient for CPAF cleavage 

(Figure 15C).   

Even though there are twelve host CPAF substrates identified to date (Figure 4), 

the protease cleavage sites are largely unknown.  Only for the two of its substrates – the 

intermediate filaments vimentin and keratin 8 – has the CPAF cleavage site been mapped 

to serine residue 72 in the intermediate filament head domain (Dong, et al. 2004c; Kumar 

and Valdivia 2008). To determine if serine residues are important in CPAF cleavage of 

chlamydial substrates, we substituted single, double and triple serines with alanines 

residing in the minimal cytoplasmic sequence of Ct115 required for CPAF cleavage 

(Figure 15D), which were the C-terminal residues 117-1411. Remarkably, even the triple 

serine mutant (S8, 11, 16A) was still efficiently cleaved, indicating that CPAF does not 

require a serine to initiate a cleavage event (Figure 15D).  In a similar observation, 

Kumar et al. (200) reported that even though the site of cleavage of endogenous vimentin 
                                                 
1 Marcela Ciotti, B.S, in the Valdivia laboratory at Duke University, cloned and 
expressed the Ct115 serine point mutants. 



 89 

during infection was mapped to serine72 in the serine-rich vimentin Head domain, 

mutation of serine72 simply unmasked additional CPAF cleavage sites (Kumar and 

Valdivia 2008).  Our data, however, indicate that CPAF is capable of cleaving at non-

serine residues, though the relevance of this observation to CPAF proteolysis during 

infection remains unknown due the impossibility of generating site-directed Chlamydia 

mutants.  

Even though these small peptide versions of the CPAF substrates Ct005 and 

Ct115 are sufficient for CPAF cleavage, it may not reflect CPAF recognition of 

chlamydial proteins during infection.  CPAF is capable of cleaving substrates at multiple 

residues, yet these residues may not be exposed on the folded, endogenous proteins 

during infection.  Given that (1) CPAF substrates display limited sequence identity, and 

(2) CPAF cleavage does not require a specific sequence, it is possible that CPAF instead 

recognizes a conserved structure among its substrates.  Moreover, this conserved 

structure may require labeling, for example by ubiquitination or phosphorylation, to be 

recognized by the active CPAF enzyme. 
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Figure 15. CPAF cleaves chlamydial substrates at multiple residues 
 
Purified GST-substrates were incubated with 40ng recombinant CPAF at 37°C for 
indicated time. Cleavage was visualized by coomassi. (A, B) Ct233 and Ct694 are 
processed at a faster rate than Ct115, Ct116 and Ct005.  Relative rates of cleavage were 
determined by digesting equal amounts of substrate (50mg) and measuring loss of full-
length protein by Syprostaining and phosphoimaging.  (B) % decrease in full length 
protein was quantified in ImageQuant. (C) The C-terminal residues 310-363 of Ct005 are 
sufficient for CPAF cleavage.  Truncation mutants of the cytoplasmic tail of Ct005 were 
expressed and tested for proteolytic sensitivity. (D) CPAF cleaves the cytoplasmic tail of 
Ct115 at multiple residues.  Single, double and triple serine point mutations were 
generated by site-directed mutagenesis, and mutants were expressed and tested for 
sensitivity to proteolysis. TM = transmembrane domain 
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The proteins identified as potential CPAF substrates all contain putative T3S 

signals, are secreted by heterologous T3S systems (Arnold, et al. 2009), and fall into two 

main categories:  (1) experimentally validated effectors that are pre-packaged into EBs – 

Ct694, Ct695, Ct288 and Tarp – (Clifton, et al. 2004; Hower, et al. 2009) and (2) 

inclusion membrane proteins whose mRNA transcripts are expressed early (1-3h and 8h) 

after EB entry into epithelial cells – Ct005, Ct813, IncC and IncD – (Belland, et al. 2003) 

(Figure 16A). As our initial screen for chlamydial proteins sensitive to proteolysis 

included nearly all putative and confirmed Incs encoded in the chlamydial genome, it is 

notable that CPAF cleaves a very specific subset of Incs.  Hence, CPAF does not appear 

to indiscriminately cleave Incs in spite of their shared structural characteristics. This 

observation provides confidence in the nine identified substrates as bona fide CPAF 

substrates.  
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Figure 16. CPAF substrates are early effectors and can be cleaved during infection 

(A) Schematic summary of CPAF targets. CPAF specifically cleaves chlamydial 
effectors translocated during EB entry and early inclusion biogenesis. (B) HeLa cells 
transiently transfected with EGFP-tagged Ct005 and IncD mammalian expression 
constructs (Clontech) and infected with C. trachomatis (L2) for 36hrs or left uninfected.  
EGFP-tagged proteins were detected by immunoblot analysis of total protein lysates with 
anti-GFP monoclonal antibodies. MOMP and GAPDH levels were assessed to monitor 
chlamydial infection and host protein levels, respectively. 
 

We next addressed whether the chlamydial CPAF substrates we identified in vitro 

are cleaved during infection.  First, we expressed the EGFP-tagged CPAF substrates 

Ct005 and Ct115 in HeLa cells and determined that these proteins were processed only 

upon Chlamydia infection, suggesting that CPAF can target these proteins in the 

cytoplasm of live cells (Figure 16B).  We generated antibodies against three of these 

proteins (Ct005, IncC and IncD) and confirmed by immunofluorescence microscopy (IF) 

that they are all expressed by 6h post infection (Figure 17).  All three Incs co-localize 

with the bacterial outer membrane protein marker MOMP. At 6 hpi, the inclusions have 
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not fused, and visualizing these Inc proteins in the inclusion membrane surrounding the 

bacteria is technically difficult.  Also, at this stage of the infection, a significant quantity 

of Ct005, IncC and IncD is not secreted yet, but remains within the bacteria, explaining 

why we observe co-localization of these Incs with the bacterial marker MOMP. 

          

Figure 17. CPAF Inc substrates are expressed during early stages of infection 
 
HeLa cells were infected with L2 at MOI of 20, fixed at 6hrs and analyzed by 
immunofluorescence microscopy with antisera raised against Ct005 (top panel), Ct115 
(middle panel) and CT233 (bottom panel) (green).  Bacteria were stained with the outer 
membrane marker MOMP (red). 
 

Since CPAF is not expressed until the middle to late stages of infection (16-18h), 

we predicted that if Ct005, IncC and IncD were CPAF substrates, then their abundance 
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would decrease with the onset of CPAF secretion.  We assessed the changes in protein 

abundance semi-quantitatively by immunoblot analysis of membranes isolated from 

Chlamydia-infected HeLa cells.  Membranes were fractionated on a density gradient by 

ultracentrifugation.  The levels of major outer membrane protein (MOMP) and the 

inclusion membrane protein IncG, which are not CPAF substrates, increased throughout 

infection, which reflects the increased bacterial loads in these cells.  In contrast, the levels 

of Ct005, IncC and IncD increased from 24-36hpi but dropped at 48hpi (Figure 18A).   

Overall, these experiments suggest an inverse correlation between the onset of CPAF 

expression and the abundance of these three secreted chlamydial proteins.  Consistent 

with their potential as bona fide CPAF targets, endogenous Ct005, IncC and IncD from 

isolated membrane derived from Chlamydia-infected cells (24hpi) were efficiently 

cleaved by recombinant CPAF in vitro (Figure 18B). 
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Figure 18. CPAF Inc substrates are processed during infection starting at 36hpi 
 
(A, B) Membranes from Chlamydia-infected HeLa cells were harvested at 0, 24, 36 and 
48hpi, purified and the abundance of the chlamydial proteins Ct005, IncC and IncD were 
monitored with specific antibodies.  IncG, and Inc protein, and MOMP, an outer 
membrane protein, are not protease sensitive. Na/K ATPase serves as host membrane 
loading control. (A) The steady state levels of the inclusion membrane targets of CPAF 
decrease at late stages of infection. (B) Recombinant CPAF cleaves Ct005, IncC and 
IncD from membranes isolated from infected cells.  Purified membranes from L2 
infected HeLa cell (24hrs) were incubated with CPAF at 37oC and the levels of Inc 
proteins and a host membrane protein (Na/K ATPase) were assessed by immunoblot 
analysis with specific antibodies. 
 

4.2.3 CPAF cleaves Tarp during Chlamydia entry into pre-infected cells 

We identified the EB proteins Tarp and Ct694 as potential substrates of CPAF-

mediated degradation (Figure 14B, Figure 16A).  Tarp and CT694 are pre-packaged into 

EBs and translocated into the host cell during chlamydial invasion (Clifton, et al. 2004; 

Hower, et al. 2009).  We tested if endogenous Tarp and Ct694 from EBs lysates could be 

cleaved by purified CPAF.  Recombinant CPAF specifically degraded endogenous Tarp 
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and Ct694 in EB lysate, but not the housekeeping proteins RpoD and MOMP (Figure 

19A).  The non-CPAF substrates IncG, CdsJ, Cap1 and Ct584 were not degraded during 

incubation with recombinant CPAF.  In accordance with CPAF-specific proteolysis, its 

incubation with lysates did not result in the non-specific degradation of EB proteins as 

visualized by Sypro staining of total CPAF-treated EB protein lysate (Figure 19B).  

                                                     

           
 
Figure 19. Purified CPAF cleaves endogenous Ct694 and Tarp in EB lysates 
 
(A-B) 108 EBs were lysed in 1% Tx100 in 50mM Tris and in the presence of protease 
inhibitors. Recombinant CPAF was incubated with EB lysates, resolved by SDS-PAGE 
and analyzed by immunoblots with specific antibodies. Note cleavage of Ct694, TARP 
and Ct288, but not other abundant EB proteins (A), and that CPAF treatment did not lead 
to a broad degradation of EB proteins (B).  Total proteins were detected by Sypro-Orange 
staining. 
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One scenario in which Tarp and Ct694 would encounter CPAF would be when an 

EB infects a cell that already contains a mature inclusion. We predicted that under these 

conditions, Tarp translocated by EBs would be rapidly degraded.  To address this 

hypothesis, we first compared the levels of Tarp at EB entry sites upon attachment to 

uninfected or pre-infected HeLa cells.  Tarp is phosphorylated at multiple tyrosine 

residues by host tyrosine kinases (Jewett, et al. 2008; Mehlitz, et al. 2008); IF staining 

with anti-phosphotyrosine antibodies reveals a prominent cup of immunoreactive 

material at EB attachments sites (Clifton, et al. 2004).  Consistent with this data, we 

observed multiple phosphotyrosine-positive foci immediately adjacent to sites of EB 

attached to the plasma membrane of HeLa cells.  These foci, however, are largely absent 

at EB attachment sites in HeLa cells that were pre-infected for 30h (Figure 20A), which 

when quantified, correlated with a significant reduction in the number of 

phosphotyrosine-positive foci (Figure 20B). These results indicate that either Tarp 

translocation or phosphorylation is inhibited, or that translocated Tarp is degraded.   
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Figure 20. CPAF cleaves Tarp during Chlamydia entry into pre-infected cells 
 
(A-C) Tarp translocated by EBs is a target of CPAF-mediated degradation.  HeLa cells 
and HeLa cells pre-infected with L2 for 30hrs were treated with anti-CPAF peptide and 
infected with EBs for 10min.  Tarp translocation was indirectly visualized with an anti-
phosphotyrosine antibody (A) and quantified by counting 50 separate cells in duplicate 
(B).  The stability of newly translocated Tarp was assessed by infecting cells as in (A) but 
with S35-labeled EBs, followed by sequential immunoprecipitation of Tarp and MOMP 
and Phosphoimager analysis of precipitated material (C).  Note Tarp is degraded in pre-
infected HeLa cells in a CPAF-dependent manner. All p-values were calculated using 2-
tailed student t-test. Data represent the mean ±SD of duplicates (B) and triplicates (C). 
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To determine the stability of translocated Tarp under these infection conditions, 

we infected HeLa cells or inclusion-containing HeLa cells (30hpi) with 35S-radiolabelled 

EBs and immunoprecipitated Tarp with Tarp-specific antibodies at 10min post infection.  

We visualized 35S-labled Tarp in a Phosphoimager. Radiolabeled Tarp, but not the outer 

membrane protein MOMP, was efficiently degraded in HeLa cells harboring mature 

inclusions but not in uninfected HeLa cells (Figure 20C). Overall, these experiments 

indicate that a subset of EB-associated effectors, like the early inclusion membrane 

proteins described above, are subject to degradation in a manner that correlates with the 

presence of CPAF. 

 

4.2.4 A cell-permeable CPAF-specific inhibitory peptide prevents CPAF cleavage of 
host and chlamydial substrates 
 

Because the lack of tools for the genetic manipulation of Chlamydiae precludes 

the generation of CPAF-deficient Chlamydia or the mutation of CPAF cleavage sites in 

effectors, it was difficult to directly test the functional consequence of these proteolytic 

events.  However, recent structural data on the zymogen and active forms of CPAF 

(Huang, et al. 2008) provided the basis for the design of a CPAF-specific inhibitory 

peptide (SLFYSPMVPHFWAELRNHYATSGLK) that occludes the active site of the 

mature enzyme (Figure 21A).  This CPAF peptide258-283 is removed during auto-catalytic 

activation of the zymogen, allowing dimerization and formation of the active site (Huang, 

et al. 2008).  As a control, we synthesized a scrambled version of the inhibitory peptide 

(NFALSHFRLPLSTYKEMPYVSHWAG). To facilitate delivery and uptake into 
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mammalian cells we included an N-terminal poly-arginine tail (RRRRRRRRR) (Figure 

21A) (Stewart, et al. 2008).2 Both peptides have a molecular mass of 4358.0576Da. 

 

 

 

 

                 

                                                 
2 Maria Bednar, B.S. in the laboratory of Dr. Dewey McCafferty in the department of 
Chemistry at Duke University contributed to the work presented by performing the 
following experiments:  (1) Design and synthesis of the anti-CPAF peptide and control 
peptide (Figure 21A), and (2) determination of IC50 of the anti-CPAF peptide versus 
Lactacystin (Figure 21B) 
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Figure 21.  Structure and IC50 of the cell-permeable CPAF-specific inhibitory 
peptide 
 
(A) Structural prediction of anti-CPAF peptide with cell-permeable poly-Arg tail. (B) 
Effective inhibition of CPAF activity by inhibitory peptide. IC50 values were determined 
by assessing CPAF cleavage of a fluorophore-tagged vimentin-derived synthetic 
substrate by HPLC.  Assays were performed in the presence of increasing amount of 
inhibitors. (C) Purified CPAF does not degrade the anti-CPAF peptide.  Anti-CPAF 
peptide was incubated with purified CPAF at 37°C as a prolonged time course.  Lack of 
cleavage was visualized by staining samples on a SDS PAGE gel with coomassie. 
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We tested the efficiency of this inhibitory peptide in vitro using an HPLC-based 

enzyme assay that measures the cleavage of an Abz-tagged vimentin derived peptide 

(Abz-VRLRSSVPGV).  The anti-CPAF peptide blocked CPAF proteolysis with ~100 

fold higher efficiency than lactacystin, the only known inhibitor of CPAF (Figure 21B). 

To ensure that the anti-CPAF peptide would remain stable during prolonged incubation in 

the presence of recombinant and endogenous CPAF, we tested if this peptide was 

degraded during extensive in vitro incubation with purified CPAF. There was no visible 

degradation of the anti-CPAF peptide even after 2hrs of incubation (Figure 21C), 

indicating that the peptide is likely to remain stable during prolonged interaction with 

CPAF.  However, running this peptide on an 15% SDS PAGE gel does not permit us to 

distinguish between full length peptide and peptide shortened by 1-3 amino acids. We can 

therefore not exclude the possibility that CPAF in fact cleaves this peptide at one of the 

first 1-3 amino acids at either the N- or C-terminal residue. 

The anti-CPAF peptide, but not a poly-Arg-tagged scrambled control peptide, also 

inhibited cleavage of all GST-tagged chlamydial substrates and GST-vimentin in vitro 

(Figure 22A and data not shown).  Importantly, the anti-CPAF peptide inhibited cleavage 

of the host substrates vimentin (Kumar and Valdivia 2008) and Puma (Fischer, et al. 

2004) within infected epithelial cells (Figure 22B), indicating that mammalian cells 

efficiently internalize the peptide and that CPAF activity can be inhibited within live, 

infected cells.  
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Figure 22.  The CPAF inhibitory peptide, but not a scrambled sequence of equal 
molecular weight, broadly inhibits degradation of CPAF substrates in vitro and in 
infected epithelial cells  
 
(A) Recombinant CPAF was incubated with purified GST-tagged substrates in the 
presence of anti-CPAF or control peptides. Cleavage was assesses by SDS-PAGE and 
staining with coomassie blue. (B) For in vivo inhibition effects on Chlamydia, infected 
HeLa cells were treated with peptides at 12hpi, and harvested at 30hpi.  Note inhibition 
of vimentin and Puma cleavage in infected cells treated with the inhibitory peptide. RpoD 
and Na/K-ATPase serve as bacterial and host loading control respectively.  
              
  

If the anti-CPAF peptide prevents cleavage of CPAF substrates during infection, 

we predicted that staining with Puma-specific antibodies will be restored in infected cells 

treated with the anti-CPAF peptide.  In accordance with CPAF degradation of Puma 

during infection, we do not observe significant levels of Puma at 30hpi by IF (Figure 

23A) or at 36hpi by immunoblot (Figure 24A).  In infected cells treated with the anti-

CPAF peptide, however, we detect Puma in comparable levels to uninfected cells (Figure 

23A), indicating that inhibiting CPAF activity restored cellular levels of Puma.  



 104 

 

 

Figure 23.  Treatment with anti-CPAF peptide in infected cells restores cytosolic 
expression of Puma, but not Bim  
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Continued. HeLa cells were infected with C. trachomatis at an MOI of 1, treated with 
anti-CPAF and control peptide 12hpi, fixed at 30hpi and prepared for IF.  Puma (A) and 
Bim (B) were stained with substrate-specific antibodies, and the inclusion membrane was 
visualized with an anti-IncA antibody. 
 
 

Interestingly, we do not observe Bim staining in infected cells treated with the 

anti-CPAF peptide (Figure 23B).  Bim is degraded in Chlamydia-infected cells starting at 

30hpi (Fischer, et al. 2004) and CPAF-enriched column fractions of infected cells have 

been shown to cleave Bim (Pirbhai, et al. 2006).  However, Paschen et al. demonstrated 

that Bim degradation can be blocked by the proteasome inhibitor MG132 (which does not 

inhibit CPAF activity) (Paschen, et al. 2008), indicating that CPAF activity alone may not 

be sufficient for complete Bim degradation.  In fact, recombinant CPAF does not cleave 

endogenous Bim in soluble protein extracts from uninfected cells, while Puma and 

vimentin are efficiently cleaved (Figure 24B). Notably, during degradation of the MHC-

like protein CD1d, CPAF activity is responsible for the initial cleavage event, while 

subsequent degradation is completed by the host proteasome (Kawana, et al. 2007).  Bim 

may therefore be degraded by a similar mechanism.  
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Figure 24. Purified CPAF cleaves endogenous Puma, but not Bim in a cell-free 
cleavage assay 
 
HeLa cells were infected with L2 at an MOI of 1 and soluble proteins lysates were 
harvested at 0, 24, 36 and 48hpi.  Samples were subjected to immunoblot with substrate-
specific antibodies.  MOMP and GAPDH serve as bacterial and host loading control 
respectively. (A) The CPAF substrates Puma, Bim, Golgin-84 and vimentin are degraded 
during infection.  (B) Recombinant CPAF cleaves endogenous vimentin and Puma, but 
not Bim.  Soluble protein lysate from uninfected cells were incubated with purified CPAF 
at 37°C.  * Denotes a cross-reactive, non-specific band. 
 
 

Finally, we tested if the inhibitory peptide could reverse Tarp degradation upon 

secondary infections.  Indeed, anti-CPAF peptides restored the accumulation of Tyr-

phosphorylated proteins at EB attachment sites on pre-infected cells (Figure 20B) and 

blocked the degradation of CPAF in pulse-chase experiments (Figure 20C).  Overall, 
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these observations strongly suggest that early Chlamydia effectors are in vivo targets of 

CPAF and that a CPAF-specific inhibitory peptide can efficiently inhibit CPAF activity 

both in vitro and in vivo. 

 
 
4.4 Discussion 

Chlamydia effectors, in a life-cycle stage dependent manner, control bacterial 

entry, establishment of a replicative vacuole, modulation of innate immune responses and 

ultimately, exit from the host cell (Valdivia 2008).  The deployment of such a vast 

arsenal of bacterial proteins into the mammalian cytoplasm presents two challenges to 

Chlamydia: 1) how to limit the detection of these microbe-derived proteins by innate 

immune surveillance and antigen-presentation pathways and 2) how to control the 

function of these proteins after they have left the confines of the bacterial cell.  Here we 

present evidence that CPAF, a chlamydial protease that modulates multiple host functions 

required for innate and adaptive immunity (Zhong 2009), also cleaves a subset of effector 

proteins that are translocated early during infection.  The concept of a “meta” effector, 

one that regulates the function of others, was proposed for the Legionella E3 ubiquitin 

ligase LubX, which ubiquitinates the effector SidH and targets it for degradation (Kubori 

2010).  We propose that CPAF serves a similar function by directly cleaving a defined 

subset of secreted effectors and inclusion membrane proteins.   

Because CPAF is expressed and translocated into the cytoplasm starting at 16h 

post-infection (Shaw, et al. 2002), the inclusion membrane proteins we identified as 

CPAF-substrates are unlikely to be subject to proteolysis until mid-cycle.  This 
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observation is consistent with the observation that the levels of Ct005, IncC and IncD do 

not decrease until later in infection (Figure 18A).  Among the 42 putative Inc proteins 

(Li, et al. 2008) tested, only four were identified as CPAF substrates (Figure 14A, Figure 

16A) and three of these are predicted to be expressed within the first 3h of infection 

(Belland, et al. 2003).  Notably, not all early Inc proteins were targets of degradation, 

suggesting that CPAF strategically removes a subset of Inc proteins rather than achieving 

a wholesale remodeling of the inclusion membrane.  Inc proteins are predicted to perform 

multiple functions including protection from apoptosis (Verbeke, et al. 2006), 

sequestration of signaling proteins (Mital, et al. 2010), and re-routing of membrane 

transport (Rzomp, et al. 2006).  We postulate that factors required early in the biogenesis 

of the inclusion may not be necessary for – or may even be detrimental to – optimal 

inclusion expansion later in the infectious cycle.  As such, cleavage of these early Inc 

proteins may be essential to the chlamydial life cycle.  It is also possible that CPAF 

cleavage of Inc-proteins may limit their detection by microbial pattern recognition 

receptors or their processing and display by MHC class I molecules (Roan and Starnbach 

2008). Given that CPAF degrades transcription factors required for MHC-I and MHC-II 

expression (Zhong, et al. 2001), cleavage of Inc proteins could further reduce the 

possibility of these proteins being presented as antigens.  

Two chlamydial CPAF targets (Tarp and Ct694) are translocated during EB 

attachment, but it is unclear whether they can also be translocated at later stages of 

infection.  Presumably if any of these effectors are secreted after establishment of a 

mature inclusion, then they would become rapidly degraded.  One condition where EB 
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effectors would encounter CPAF in the host cytoplasm is infection by an EB of a cell that 

already had an established inclusion.   In such a scenario, CPAF would play a role in 

preventing the establishment of secondary inclusions that may impair development of the 

primary inclusion.  Consistent with this, Tarp translocated by EBs into cells with 

established inclusions is rapidly degraded (Figure 20).  This degradation is partially 

blocked upon delivery of a peptide-based CPAF inhibitor, indicating that Tarp is a true 

target of CPAF-mediated degradation.3 In the absence of genetic tools in Chlamydia 

research, the design and delivery of a CPAF-specific inhibitory peptide to intact infected 

cells is a novel example of a specifically blocking the function of a single chlamydial 

effectors.  The structure-based design and efficient uptake into infected cells further 

allows us to specifically probe the functional significance of CPAF proteolysis during 

infection.  

                                                 
3 Part of the work presented in this chapter was submitted to in Cell Host and Microbe in 
January 2011 under the title “The chlamydial protease CPAF regulates host and bacterial 
proteins essential for virulence”. 
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5. CPAF activity is required for chlamydial replication and to 
maintain the integrity of the inclusion 
 
5.1 Introduction 

Since CPAF cleaves a specific subset of Inc and intermediate filament proteins, 

we speculated that CPAF modification of Incs and the vimentin cage surrounding the 

chlamydial inclusion is required for integrity of the inclusion membrane. As described in 

chapter 1, many chlamydial Inc proteins extend from the inclusion membrane into the 

host cytoplasm.  Inc proteins recruit and bind host proteins, such as Rab GTPases and 

SNARE-proteins that regulate membrane trafficking (Delevoye, et al. 2008; Rzomp, et al. 

2006).  Even though the chlamydial genome encodes ~50 Inc proteins (Li, et al. 2008), 

the extent to which these Inc proteins are involved in maintaining the structural integrity 

of the inclusion membrane is unknown. Some intracellular pathogens reside within a 

membrane-bound vacuole, on which they partly depend to successfully avoid detection 

by the host immune system.  For example, bacteria that escape the Salmonella-containing 

vacuole (SCV) are rapidly ubiquitinated and cleared by the host (Birmingham, et al. 

2006; Perrin, et al. 2004).   

Modification and interception of two cellular pathways have been shown to be 

essential to the integrity of the chlamydial inclusion – (1) incorporation of host lipids into 

the inclusion membrane, and (2) re-arrangement of the host cytoskeleton to form a 

structural scaffold surrounding the inclusion. The Chlamydia-inclusion acquires and 

modifies host-derived membrane lipids such as sphingomyelin, which is required for 

chlamydial growth (van Ooij, et al. 2000).  Recent work by Robertson et al. (2009) 
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demonstrated that sphingomyelin is also required to maintain inclusion stability.  When 

synthesis of host sphingomyelin is inhibited by the pharmacological reagent myriocin, the 

inclusion membrane becomes slightly ruffled and bacteria are spilled into the host 

cytoplasm (Robertson, et al. 2009). Even though the inclusion membrane appears 

compromised, IF images show intact and continuous IncG-staining of the inclusion 

membrane, indicating that lack of sphingomyelin induces general membrane instability 

rather than a complete dismantling of the inclusion membrane. In accordance with 

decreased structural integrity in the absence of sphingomyelin, inclusions were 

significantly fragmented in myriocin-treated cells (Robertson, et al. 2009).    

Re-arrangement of host cytoskeletal components also contributes to inclusion 

integrity of several pathogen-containing vacuoles. For example, the Salmonella SCV is 

surrounded by a network of F-actin (Meresse, et al. 2001), which is mediated by the 

Salmonella Raf-like kinase effector SteC (Poh, et al. 2008). In Chlamydia-infected cells, 

re-organization of the host cytoskeleton includes the formation of both an actin- and an 

intermediate filament cage (Kumar and Valdivia 2008).  The importance of this structural 

support cage was demonstrated by pharmacologically altering the properties of actin.  

When infected cells were treated with the actin-depolymerizing reagent cytochalasin D, 

the integrity of the inclusion membrane was lost.  In the absence of inclusion structural 

support by the host cytoskeleton, IF and TEM analysis revealed that intact bacteria are 

spilled into the host cytoplasm. Formation of the vimentin cage is dependent on F-actin 

assembly, acting in consort to stabilize the inclusion (Kumar and Valdivia 2008).  

Notably, CPAF cleaves all three intermediate filaments that comprise the intermediate 
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filament cage – keratin 8, keratin 18 and vimentin (Dong, et al. 2004c; Kumar and 

Valdivia 2008).   CPAF modification of vimentin is proposed to alter its cytoskeletal 

properties, increasing filament flexibility and allowing for rapid inclusion expansion 

during growth. These observations underline the importance of maintaining the inclusion 

integrity in order to prevent detection of the bacteria by the host immune system. 

Given that CPAF modifies both chlamydial and host proteins that are structural 

components of the inclusion, we predict that CPAF plays an essential role in the 

structural stability of the inclusion.  This chapter will address the role that CPAF 

proteolysis of vimentin and Inc proteins indirectly plays in maintaining the structural 

integrity of the inclusion.  Use of the specific anti-CPAF peptide enables us to probe the 

functional significance of CPAF proteolysis during infection.   

 

5.2 Results 

5.2.1 Inhibiting CPAF activity leads to stunted inclusion development and impaired 
chlamydial growth 

 
Some established CPAF functions include the down-regulation of immune 

responses, processing of cytoskeletal proteins and degradation of pro-apoptotic factors 

(Zhong 2009). So far, CPAF proteolysis has not been implicated in playing a role in 

chlamydial replication and intracellular survival.  To address this, we treated Chlamydia-

infected cells with a CPAF inhibitory peptide and determined that peptide treatment 

significantly lowered the number of recovered infectious EBs from these cells in a dose-

dependent manner, indicating that CPAF is required for optimal chlamydial replication or 
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development (Figure 25A).  In support of this data, inhibition of CPAF impaired 

inclusion expansion and development as measured by the decrease in inclusion diameter 

(Figure 25B) and an increase in the number of fragmented inclusions (Figure 25C).  

 

 

Figure 25. Inhibition of CPAF leads to stunted inclusion development and decreased 
bacterial growth 
 
HeLa cells were infected with L2, treated with anti-CPAF or control peptide at 12hpi, and 
fixed at 24hpi (B, C) or harvested at 30hpi (A). Fixed cells were analyzed by IF using an 
anti-L2 polyclonal antisera and Hoechst nuclear stain. Data represent the mean ±SD of 
triplicates. (A) CPAF inhibitory peptides block the generation of Chlamydia infectious 
particles. EBs were harvested at 30hpi and Inclusion forming units (IFU) quantified on 
fresh cell monolayers. HeLa cells infected with C. trachomatis and treated with anti-
CPAF peptides exhibited decreased inclusion diameter (B) and increased percentage of 
fragmented inclusions (C). Inclusion size and the number of cells with fragmented 
inclusions were determined by measuring the diameter with a Leica laser scanning 
confocal microscope.  Approximately 50 infected cells were analyzed in duplicate in two 
independent experiments.  All p-values were calculated using 2-tailed student t-test. 

   

5.2.2 CPAF is required to maintain inclusion integrity  

Next, we assessed the mechanism underlying the inhibition of chlamydial 

replication by performing detailed analysis of infected cells treated with anti-CPAF 

peptide by microscopy.  Prolonged inhibition of CPAF (>8h) with the anti-CPAF peptide, 
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but not a control peptide, led to the collapse of the inclusion structure and aggregation of 

the inclusion membrane proteins IncA and Cap1 (Figure 26).  IncA still appears to be 

secreted as the IncA-aggregates are outside of the inclusion (Figure 26B).  Cap1, on the 

other hand, is found within the inclusion lumen (Figure 26A). 

 

 

Figure 26. Lack of CPAF proteolytic activity leads to mis-localization of the 
inclusion membrane proteins IncA and Cap1 
 
(A, B) HeLa cells were infected with Chlamydia at MOI of 1, treated with anti-CPAF 
peptides and control peptides at 12hpi, fixed at 24hpi and prepared for IF.  Cap1 (green), 
vimentin (red) (A), IncA (red) and Chlamydia EBs (green) (B) were visualized with 
substrate specific antibodies and an anti-L2 antibody.  
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Ultrastructural analysis of these cells by transmission electron microscopy 

confirmed the loss of inclusion integrity and disruption of the inclusion membrane with 

intact Chlamydia freely residing in the cytoplasm as indicated by arrowheads (Figure 27).  

In normal inclusions without CPAF inhibition, there is a distinct lumen bounded by the 

inclusion membrane, and RBs line the luminal side of the inclusion membrane (left 

panels). In infected cells treated with anti-CPAF peptide, there is no discernible 

boundary, inclusion membrane or lumenal space (right panels) 

 

 

Figure 27. Ultrastructural analysis of the inclusion membrane in infected cells 
treated with anti-CPAF peptide 
 
CPAF activity is required to maintain inclusion integrity.  HeLa cells were infected with 
Chlamydia, left untreated, or treated with anti-CPAF peptide at 12hpi, fixed at 24hpi with 
malachite green and gluteraldehyde, post-fixed with osmium tetroxide and tannic acid.  
The integrity of the inclusion was assessed by transmission electron microscopy of post-
stained, sectioned samples. Note collapse and loss of inclusion integrity and presence of 
bacteria in the cytoplasm (arrows) of infected cells lacking CPAF activity (insert). 
 
 

As described, CPAF cleaves vimentin, which is re-organized to form a structural 

scaffold around the inclusion.  We sought to determine if CPAF modification of vimentin 
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is required for maintenance of the vimentin cage. Indeed, we observed a dose-dependent 

loss of the vimentin cage around the inclusion in cells treated with anti-CPAF peptide 

compared to control peptide by immunofluorescence microscopy (Figure 28).  It is 

possible, however, that the vimentin cage is dependent on an intact inclusion membrane, 

or vice versa.  Assessment of the inclusion membrane in vimentin-/- KO cells would 

address these scenarios. Loss of the vimentin cage has been previously linked to 

decreased inclusion stability (Kumar and Valdivia 2008). In the absence of a cytoskeletal 

cage, the host cytosolic immune surveillance system can presumably detect cytoplasmic 

bacterial components that are leaked into the cytoplasm.  We further observed greatly 

enhanced secretion of IL-8 (Figure 28C). Bucholz et al. (2008) proposed that the 

cytosolic receptor Nod1 is required for IL-8 secretion, which is observed at later stages of 

infection, by demonstrating that RNAi knockdown of Nod1 abrogated IL-8 secretion in 

infected cells (Buchholz and Stephens 2008). Nod1 primarily recognizes peptidoglycan 

(Girardin, et al. 2003), but it remains unknown if Chlamydia even makes peptidoglycan.  

Peptidoglycan cannot be isolated from purified EBs (Chopra, et al. 1998), even though 

the genes required for synthesis are present in the genome (Stephens, et al. 1998) strongly 

indicating that Chlamydia synthesizes some peptidoglycan. Yet, it is unclear if Nod1 can 

detect cytoplasmic bacteria in anti-CPAF peptide treated cells.  In response to detection 

of bacterial components freely residing in the cytoplasm, it is possible that, peptide-

treated infected cells secrete an unknown signaling molecule that induces IL-8 secretion 

in neighboring cells.  Hence, we conclude that one function of CPAF is to maintain 

inclusion integrity during infection and by extension to confine the bacteria to the 
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inclusion, preventing inadvertent recognition by the cytosolic innate immune system of 

the host cell. 
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Figure 28. Lack of CPAF activity in infected cells disrupts the vimentin cage 
surrounding the inclusion 
 
HeLa cells were infected with Chlamydia at an MOI of 1, treated with peptides at 12hpi 
and fixed or harvested at 24hpi. Cells were stained with an anti-vimentin antibody (red) 
and an anti-L2 antibody (green) (A, B). (B) The percentage of vimentin-positive 
inclusions was determined by counting 50 separate cells in duplicate experiments. (C) 
Activation of inflammatory cytokines upon inhibition of CPAF activity.  Levels of IL-8 
in supernatants from Chlamydia-infected cells treated with inhibitory peptides were 
determined by ELISA. Data is representative of three individual experiments. All p-
values were calculated using 2-tailed student t-test. Data represent mean ±SD of 
duplicates (B) and mean ±SE of triplicates (C). 
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5.2.3 The anti-CPAF peptide specifically inhibits C. trachomatis and C. muridarum 
CPAF  

 
Treatment of infected cells with anti-CPAF peptides led to a dramatic, complete 

dismantling of the inclusion structure.  It was therefore imperative to address the 

specificity of this reagent and to exclude non-specific effects of peptide treatment.  To 

determine the specificity of the peptide, we tested the effect of anti-CPAF peptides on 

HeLa cells infected with C. muridarum and C. caviae, two chlamydial species that 

display varying degrees of CPAF amino acid sequence conservation (Figure 29).  The 

CPAF sequences of C. trachomatis and C. muridarum have an 82.2% overall sequence 

identity, whereas the CPAF inhibitory peptides of the two species only differ in two aa.  

In contrast, C. trachomatis and C. caviae CPAF only share 54.7% sequence identity, 

whereas a blast search of the C. trachomatis inhibitory peptide sequence against C. 

caviae CPAF does not identify a defined region of homology (Figure 29). 
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Figure 29.  Alignment of C. muridarum, C. caviae and C. trachomatis CPAF and 
inhibitory peptide 
 
Sequence alignment and percent sequence identity of full length CPAF and predicted 
inhibitory peptide sequence between C. trachomatis serovar LGV-L2, and Chlamydia 
muridarum or Chlamydophila caviae was determined using Geneious Pro software 
(Biomatters).  FL: Full length ORF; PI: Inhibitory peptide region. 
 

Consistent with high conservation between C. trachomatis and C. muridarum 

CPAFs, the anti-CPAF peptide prevented cleavage of the C. trachomatis substrate IncC 

by C. muridarum CPAF in an in vitro cleavage assay (Figure 30A) and blocked C. 

muridarum replication (Figure 30B).  In contrast, C. caviae and C. trachomatis CPAF are 

much more divergent, and C. caviae CPAF was not sensitive to the anti-CPAF peptide in 

vitro or in vivo (Figure 30A, C).  Interestingly, C. caviae CPAF is capable of cleaving 

GST-tagged IncC from C. trachomatis, indicating that CPAF function is conserved, while 

the primary CPAF sequence is not conserved.  
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Figure 30. Anti-CPAF peptides inhibit C. muridarum CPAF, but not C. caviae CPAF 
 
(A) Cytosols from GPIC or C. muridarum infected HeLa cells were pre-incubated with 
anti-CPAF peptides or control peptides, mixed with GST-IncC at 37°C, resolved by SDS-
PAGE and stained with Coomassie blue.  (B, C) Treatment with anti-CPAF peptides 
impairs growth in C. muridarum, but not in C. caviae. Inclusions were detected by IF 
with anti-LGV-L2 antisera or anti-chlamydial LPS monoclonal antibodies, and host 
nuclei were detected by staining with Hoechst. Inhibition of C. muridarum (B) and C. 
caviae (C) growth was determined by counting the number of recovered IFU.  The 
caspase-1 inhibitor Ac-YVAD-CMK at 2hpi does not rescue the growth defect of C. 
muridarum in infected cells treated with anti-CPAF peptides (B).  B and C are 
representative of two individual experiments. P-values were calculated using 2-tailed 
student t-test. Data represent the mean ±SE of triplicates. 
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5.3 Discussion 

CPAF-specific inhibitors revealed that this protease plays an essential role in 

chlamydial development and replication (Figure 25).  Inclusion growth was stunted 

concomitantly with a drop in the generation of infectious progeny, and inclusions had a 

tendency to fragment in the absence of CPAF activity (Figure 25).  This may indicate that 

CPAF modification of either host and/or bacterial proteins is essential to ensure adequate 

acquisition of nutrients and structural components required for optimal growth and 

inclusion expansion. As described earlier, CPAF cleaves a specific subset of chlamydial 

Incs (chapter 4). Potentially, CPAF modification of Incs may be required for optimal 

inclusion expansion, and loss of CPAF activity therefore results in restricted inclusion 

growth and thus a decrease in infectious progeny.  Optimal growth was also dependent on 

CPAF in C. muridarum (Figure 30B), indicating that the function of this enzyme is 

conserved among the Chlamydiae.   

Moreover, failure of the anti-CPAF peptide to prevent cleavage of IncC by C. 

caviae CPAF (Figure 30A, C) strengthens the notion that inhibition of CPAF by the 

inhibitory peptide in C. trachomatis and C. muridarum is specific; the peptide does not 

induce non-specific inhibition of bacterial growth.  Since the CPAF sequence of C. 

trachomatis and C. caviae are highly divergent, it is expected that the anti-CPAF peptide 

would not inhibit C. caviae CPAF. 

The most striking effect of anti-CPAF peptide was the loss of inclusion integrity 

in treated cells. Even though individual chlamydial secreted effector proteins may 

directly interfere with components of the host immune system, the inclusion membrane 



 123 

remains an important protective barrier between intact bacteria and the host. Whether 

dismantling of the inclusion membrane is the consequence of a lack of Inc protein 

turnover or processing of intermediate filaments at the inclusion membrane, or loss of 

CPAF modification of an unknown component, remains to be determined.  Regardless of 

the sequence of events leading to inclusion membrane dismantling, it is apparent that this 

protease plays an essential role in maintaining the integrity of the pathogenic vacuole.1   

 

 

                                                 
1 Part of the work presented in this chapter was submitted to Cell Host and Microbe in 
January 2011 for review under the title “The chlamydial protease CPAF regulates host 
and bacterial proteins essential for virulence”. 
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6. Inhibition of CPAF induces caspase-1/ASC mediated death 
of infected host cells 
 
6.1 Introduction 

Many intracellular pathogens promote survival of the infected host cell since a 

viable host is required for bacterial replication and growth.   In response, the host cell 

initiates programmed cell death or necrosis in an effort to prevent spread of the infection 

to other cells.  The balance of these processes is often tilted in favor of the pathogen 

through use of secreted effector proteins, which can actively down-regulate host innate 

immune responses.  Yet the pathogen must exit the cell at the end of its intracellular life 

cycle to disseminate to neighboring cells, which often involves lysis of the host cell.  

Mechanisms of cell death that are either induced or suppressed depending on the 

pathogen and stage of infection, include necrosis, apoptosis and pyroptosis, where 

necrosis and pyroptosis are inherently inflammatory (Bergsbaken, et al. 2009; Fink and 

Cookson 2005).   

Chlamydia-infected epithelial cells are resistant to apoptotic stimuli as described 

in chapter 1 (Fan, et al. 1998).  Currently, there is insufficient evidence to distinguish 

which cell death pathways are induced by Chlamydia during infection during early and 

middle life cycle stages.  Yu et al. (2010) recently described a potential role for CPAF in 

preventing necrosis of infected cells: the nucleosome-associated protein HMGB1, which 

is released from necrotic cells and stimulates cytokine production, is potentially degraded 

by CPAF in Chlamydia-infected cells (Yu, et al. 2010).  This observation indicates that 
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Chlamydia prevents necrosis, but resistance of infected cells to necrotic stimuli has yet to 

be demonstrated.   

The mechanism by which Chlamydia initiates lytic host cell death at the end 

stages of infection is also unclear. Chlamydia can exit the host cell via two separate 

pathways – by lysis, which is dependent on intracellular calcium levels and host protease 

activity, and extrusion, which does not necessarily result in lysis of the host cell (Hybiske 

and Stephens 2007b).  Moreover, cell death observed at the end stages of infection does 

not resemble apoptosis.  Although dying cells display nuclear condensation and atypical 

DNA fragmentation, this is not accompanied by caspase-3 activation, which is a hallmark 

of apoptosis (Ying, et al. 2006).  

Interestingly, Chlamydia activates a signaling pathway associated with 

programmed cell death but without resulting lysis. In myeloid cells, caspase-1-dependent 

cell death – also termed pyroptosis – results in rapid plasma membrane rupture and 

release of pro-inflammatory cytokines such as IL-1β and IL-18 (Bergsbaken, et al. 2009).  

Caspases comprise a group of twelve cysteine proteases that, among other functions, 

mediate inflammatory cell death (caspase-1) and apoptosis (caspase-3) (Pop and Salvesen 

2009). Caspase-1 is activated in both Chlamydia-infected epithelial and dendritic cells at 

the late stages of infection, but lysis of the host cell is not induced (Gervassi, et al. 2004; 

Lu, et al. 2000). Moreover, caspase-1 activation was reported to enhance replication of C. 

trachomatis in epithelial cells in an NLRP3-dependent manner (Abdul-Sater, et al. 2009). 

The mechanism by which Chlamydia suppresses caspase-1-associated cell death despite 

caspase-1 activation remains unknown.  
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Since cleavage of pro-apoptotic factors by CPAF is thought to contribute to 

apoptosis suppression in Chlamydia-infected cells (Pirbhai, et al. 2006), we hypothesized 

that inhibition of CPAF would lead to apoptosis of infected cells. To test this prediction, 

we characterized the cellular responses to treatment with the cell-permeable anti-CPAF 

peptide. The data presented in this chapter suggests that CPAF directly or indirectly 

suppresses caspase-1- and ASC-dependent cell death, but that CPAFs role in maintaining 

the structural integrity of the inclusion is independent of its role in suppressing host-

programmed cell death. 

 

6.2 Results 

6.2.1 Inhibition of CPAF activity leads to host cell death of infected cells 

In addition to limiting inclusion growth, treatment with anti-CPAF peptide, but 

not the control peptide, led to a dose-dependent increase in the number of C. trachomatis-

infected epithelial cells with condensed nuclei (Figure 31A-B).  Condensed nuclei were 

not observed in uninfected cells when treated with anti-CPAF peptide. Since the anti-

CPAF peptide does not inhibit C. caviae CPAF (which only shares ~54% sequence 

identity with C. trachomatis CPAF) (Figure 30), we predicted that treatment should not 

induce cell death in C. caviae infected cells.  Accordingly, CPAF inhibition led to host 

cell death in C. muridarum-, but not in C. caviae-infected cells (Figure 31D-E).   

To further strengthen the correlation between loss of CPAF activity and host cell 

death, we determined the time post infection at which significant cell death is observed 

when infected cells are treated with CPAF inhibitory peptide. We expected that this time 
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point would correlate with the expression and secretion of CPAF during normal infection.  

The onset of death in infected cells occurred at around 20hpi, and coincided with the 

previously published time of CPAF expression and translocation into the host cytoplasm 

(Figure 31C) (Belland, et al. 2003; Shaw, et al. 2002). Infected cells did not die prior to 

16-18 hpi, strengthening the link between induced cell death and lack of CPAF activity. 
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Figure 31. Inhibition of CPAF activity induces cell death of C. trachomatis and C. 
muridarum infected cells 
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Continued. HeLa cells were infected with C. trachomatis, C. muridarum, or C. caviae at 
an MOI of 1, treated with Ac-YVAD-CMK at 2hpi, anti-CPAF and control peptides at 
12hpi, fixed and prepared for IF at 24hpi. Host nuclei were stained with Hoechst (blue) 
and bacteria were stained with an anti-L2 antibody (red). Condensed nuclei of 500 cells 
were counted in duplicate in two individual experiments.  (A) Low magnification view of 
C. trachomatis LGV-L2 infected HeLa monolayers treated with anti-Chlamydia CPAF or 
control peptides.  (B) The percentage of condensed nuclei in anti-CPAF treated cells is 
dependent on peptide concentration and Chlamydia infection. (C) Induction of host cell 
death is initiated at 20hpi.  Host programmed cell death is induced in C. muridarum (D), 
but not C. caviae-infected (E) HeLa cells in response to the lack of CPAF. 
Approximately 500 infected cells were analyzed in duplicate in two independent 
experiments.  P-values were calculated using 2-tailed student t-test. 

 

Programmed cell death is not limited to HeLa epithelial cells but is also induced 

in non-myeloid human embryonic kidney cells (HEK293) (Figure 32A) and mouse lung 

fibroblasts (MEFs) (Figure 32B). This indicates that efficient uptake of the inhibitory 

peptide and CPAF inhibition is not cell-line- or species-dependent.  Nonetheless, MEFs 

appear to be more resistant to cell death in response to treatment with the anti-CPAF 

peptide compared to both HeLa and HEK293 cells. Whereas 12µM anti-CPAF peptide 

was sufficient to induce a significant increase in the number of condensed nuclei in L2-

infected HeLa and HEK293 cells (Figure 31B and Figure 32A), MEFs required a higher 

concentration of anti-CPAF peptide to induce a similar response (Figure 32B and data not 

shown). This difference in the minimum amount of anti-CPAF peptide required to induce 

cell death may reflect differences in human and mouse plasma membrane structures that 

affect uptake efficiency of peptides.   
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Figure 32.  Induction of cell death in C. trachomatis infected cells lacking CPAF 
activity is cell line independent 
 
HEK293 (A) or MEFs (B) were infected with C. trachomatis at an MOI of 1, treated with 
Ac-YVAD-CMK at 2hpi, anti-CPAF and control peptides at 12hpi and fixed for IF at 
24hpi.  The host nuclei and bacteria were visualized with Hoechst and an anti-L2 
antibody respectively. Approximately 600 infected cells were analyzed in duplicate in 
two independent experiments.  P-values were calculated using 2-tailed student t-test. Data 
represent the mean ± SD of triplicates. 
 
 

6.2.2 Loss of CPAF activity induces non-apoptotic death of infected cells 

Given that Chlamydia-infected cells are highly resistant to intrinsic and extrinsic 

apoptotic stimuli (Greene, et al. 2004) and that pro-apoptotic BH3-only proteins are 

CPAF targets (Paschen, et al. 2008; Pirbhai, et al. 2006), we hypothesized that CPAF 

inhibition leads to the onset of apoptosis in infected cells.  To test this, we labeled 

infected cells with propidium iodide and Annexin V to monitor the translocation of 
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phosphatidylserine from the inner to the outer leaflet of the plasma membrane in intact 

cells – a process indicative of loss of plasma membrane symmetry and a hallmark of 

apoptosis (Vermes, et al. 1995).  Chlamydia-infected cells treated with anti-CPAF 

peptides did not stain with Annexin V indicating that the cell death is unlikely to be the 

result of classical apoptosis (Figure 33A).  Activation of caspase-3 is another 

characteristic of apoptotic cell death. Caspase-3 is a cysteine-aspartic protease that is 

cleaved into two subunits, which dimerize to form an active enzyme that functions as an 

initiator-caspase of apoptosis (Galluzzi, et al. 2009). Consistent with the observation that 

infected cells treated with anti-CPAF peptide did not stain with Annexin V, we did not 

observe caspase-3 cleavage in these cells (Figure 33B). Instead, caspase-3 was cleaved in 

uninfected cells treated with the apoptosis-inducing pharmacological reagent 

Staurosporine (Figure 33B), which is a cell-permeable kinase C inhibitor that activates 

caspase-3 (Ruegg and Burgess 1989).  In accordance with caspase-3 activity in 

Staurosporine-treated cells, vimentin – a substrate of caspase-3 – is also cleaved (Figure 

33B) (Fischer, et al. 2003).  Unexpectedly, the pan-caspase inhibitor ZVAD-FMK 

efficiently blocked the death of infected cells treated with anti-CPAF peptides (Figure 

33C). In view of the lack of caspase-3 processing by immunoblot, this indicates that cell 

death is initiated by a caspase other than caspase-3.   
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Figure 33. Inhibition of CPAF activity leads to non-apoptotic cell death of the 
infected host cell 
 
HeLa cells were infected with Chlamydia, treated with ZVAD-FMK at 2hpi, anti-CPAF 
and control peptides at 12hpi, Staurosporine at 24hpi, and harvested at 28hpi. (A) The 
percentage of AnnexinV-FITC positive cells, among propidium iodide (PI) negative cells, 
was determined by flow cytometry and is representative of three individual experiments 
(B).  In parallel samples, cleavage of caspase-3, a hallmark of apoptosome activation, 
was monitored by immunoblot analysis.  Actin and MOMP are host and bacterial loading 
controls respectively.  Treatment with staurosporine (2µM) and the pan-caspase inhibitor 
ZVAD-FMK were used as controls for the induction of apoptosis and the role of caspases 
in apoptotic cell death, respectively.  (C) A pan-caspase inhibitor blocks death of 
Chlamydia-infected cells.  Cell toxicity was determined by flow cytometry of PI-stained 
cells.  Note lack of PI staining of cells pre-treated with ZVAD-FMK and the control 
peptide. 
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6.2.3 Host cell death in response to treatment with anti-CPAF peptide in infected 
cells is dependent on capase-1 

 
In myeloid cells, activation of caspase-1 by infectious agents can lead to 

pyroptosis, a cell death pathway accompanied by pore formation and the release of pro-

inflammatory cytokines (Brennan and Cookson 2000; Cervantes, et al. 2008; Jesenberger, 

et al. 2000).  Upon recognition of bacterial danger signals, the cytosolic innate immune 

Nod-like receptors NLRP1b, NLRP3, and NLRC4 individually oligomerize to form an 

inflammasome. The inflammasome binds to and activates pro-caspase-1, whereas NLRP3 

association with caspase-1 requires the adaptor molecule ASC (Bergsbaken, et al. 2009). 

However, it is unclear whether pyroptosis occurs in epithelial cells.  We determined that 

the caspase-1 inhibitor Ac-YVAD-CMK efficiently blocked the death of infected 

epithelial cells treated with anti-CPAF peptides (Figure 34A).  In addition, we observed 

that caspase-1 activity, as assessed with a fluorescently labeled caspase-1 substrate 

(Darzynkiewicz, et al. 2011), was significantly increased during treatment with anti-

CPAF peptides (Figure 34B).  This increase is not observed in cells treated with the 

control peptide, and is blocked by pre-treatment of the caspase-1 specific inhibitor Ac-

YVAD-CMK. 
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Figure 34. Caspase-1 is activated in infected cells lacking CPAF activity 
 
(A) Caspase-1 inhibitors block Chlamydia-mediated cell death. Infected HeLa cells were 
treated with increasing concentrations of inhibitory peptide at12hpi.  Cells were fixed at 
24hpi, and the percentage of cells with condensed nuclei was determined by counting 500 
cells in duplicate.  Ac-YVAD-CMK was added at 2hpi.  (B) Enhanced caspase-1 
activation in infected cells lacking CPAF activity.  Infected cells were labeled with a cell-
permeable fluorescent substrate of caspase-1 and treated with inhibitory peptides, and 
caspase-1 activity was monitored by flow cytometry. Results in A and B are 
representative of two and three independent experiments respectively. P-values were 
calculated using 2-tailed student t-test. The data represent the mean ±SD of triplicates (A) 
and duplicates (B). 

 

Next, we confirmed the role played by caspase-1 and its upstream activator, the 

inflammasome adaptor protein ASC (Martinon, et al. 2002), in mediating cell death by 

infecting mouse lung fibroblasts derived from caspase-1 (ICE-/-) and ASC (ASC-/-) 

knockout mice with C. trachomatis and C. muridarum.  NLRP3-associated ASC recruits 

pro-caspase-1 to the inflammasome, where pro-caspase-1 undergoes autocatalytic 
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activation (Bergsbaken, et al. 2009).  ICE-/- and ASC-/- fibroblasts, unlike their wild-type 

counterparts, were resistant to host cell death in response to treatment with anti-CPAF 

peptides (Figure 35A-B). These results suggest that ASC/inflammasome-dependent 

activation of caspase-1 is required for host-induced cell death in infected cells lacking 

CPAF activity.  Interestingly, pharmacological or genetic inhibition of caspase-1 did not 

rescue bacterial replication, (Figure 35).  These findings indicate that CPAF plays at least 

two distinct roles in promoting chlamydial replication – promoting bacterial growth and 

independently suppressing caspase-1-dependent cell death. 

 

 

 



 136 

 

Figure 35. Caspase-1 and ASC are required for host-induced cell death in 
Chlamydia-infected cells lacking CPAF activity. 
 
Chlamydia-infected cells were treated with anti-CPAF or control peptides at 12hpi and 
fixed for IF at 24hpi. The host nuclei and bacteria were visualized with Hoechst and an 
anti-L2 antibody respectively. Condensed nuclei of 500 cells were counted in duplicate in 
two separate experiments. C. trachomatis (A) and C. muridarum (B)-infected lung 
fibroblasts derived from caspase-1 (ICE-/-) and ASC adaptor (ASC-/-) knockout mice were 
resistant to cell-death induced by CPAF inhibitory peptides. (C) CPAF is required for 
chlamydial replication independently of its role in suppressing caspase-1 mediated cell 
death.  Chlamydia replication in MLFs was assessed by harvesting EB seed at 30hpi, and 
quantifying IFUs of collected seed on HeLa monolayers.  Note dose-dependent loss of 
IFUs in all MLF cell lines. The experimental results in A, B, C are representative of two 
independent experiments. P-values were calculated using 2-tailed student t-test. Error 
bars represent SE. 
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 It is possible that the loss of inclusion integrity in infected cells treated with anti-

CPAF peptide is an indirect consequence of caspase-1 activation. Downstream cellular 

responses of caspase-1 activation may target the inclusion structure, leading to the 

dismantling of the inclusion membrane and release of bacteria into the host cytoplasm.  

To determine whether lack of Inc protein and the vimentin cage modification by CPAF is 

sufficient for dismantling of the inclusion structure in the absence of caspase-1 activation, 

we characterized the inclusion membrane in caspase-1 (ICE-/-) and ASC (ASC-/-) 

knockout MLFs.  Staining with the Inc protein Cap1 demonstrated that the inclusion 

membrane remained intact and that inclusion sizes were normal in caspase-1 (middle 

panel) and ASC (bottom panel) KO cells (Figure 36). Similar to infected wild type cells, 

Cap1 localizes to the inclusion lumen and the bacteria in caspase-1 and ASC KO cells 

when treated with anti-CPAF peptide (Figure 34). These results indicate that CPAF 

activity is required to maintain inclusion integrity independent of its role in suppressing 

caspase-1-mediated cell death.  
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Figure 36. Dismantling of the inclusion membrane due to the lack of CPAF activity 
is independent of CPAF suppression of caspase-1 mediated cell death 
 
WT (top panel), ICE-/- (middle panel) and ASC-/- (bottom panel) MLF were infected with 
L2 at an MOI of 1, treated with anti-CPAF and control peptide at 12hpi, fixed at 24hpi 
and prepared for IF. The inclusion membrane was visualized by staining with an anti-
Cap1 antibody. Note presence of Cap1-positive inclusion membrane in cells treated with 
control peptide (left), and aggregation of Cap1 in all cell lines treated with anti-CPAF 
peptide (right). 
 
 

The adaptor molecule ASC is required for caspase-1 activation by the NLRP3 

inflammasome (Bergsbaken, et al. 2009), but may also activate caspase-1 independently 

via formation of a pyroptosome consisting of ASC dimmers (Fernandes-Alnemri, et al. 

2007).  Since host cell death in response to loss of CPAF is dependent on ASC, it is likely 

that caspase-1 is activated by either the NLRP3 inflammasome or the ASC pyroptosome.  

Reactive oxygen species (ROS) can induce NLRP3 inflammasome formation (Cruz, et al. 

2007), and ROS are primarily generated by mitochondria in response to mitochondrial 
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membrane damage (Brookes, et al. 2004).  ROS induction of caspase-1 has primarily 

been studied in the context of NLRP3 inflammasome formation, and it is unknown if 

ROS can activate other NLRs or the ASC pyroptosome. To investigate if loss of CPAF 

activity damages the mitochondrial membrane and increases membrane permeability, we 

stained infected cells treated with anti-CPAF peptide with the dye JC-1.  JC-1 aggregates 

in mitochondria in healthy cells, but is dispersed into the cytoplasm in a monomeric form 

upon mitochondrial membrane damage. Aggregated and monomeric JC-1 fluoresce at 

different wavelengths, and loss of mitochondrial-associated JC-1 can be measured by 

flow cytometry as an indication of increased mitochondrial damage (Figure 37A).  We 

observed a significant increase in mitochondrial permeability in response to lack of 

CPAF, but not in cells treated with control peptide (Figure 37B).  This indicates that lack 

of CPAF activity in infected cells induces the release of ROS. Whether disruption of 

mitochondrial membrane potential is sufficient to induce capase-1 activation in the 

absence of CPAF activity during infection remains to be determined. Alternatively, ROS 

production is neither sufficient nor required for caspase-1 activation in these cells, but 

may enhance the overall caspase-1 activation. Interestingly, recent evidence indicates that 

ROS production may be a feature of Chlamydia-infected epithelial cells: Abdul-Sater et 

al. (2009) showed that infecting HeLa cells with a high MOI of Chlamydia induces a 

transient increase in ROS production around 20hrs and this induction may be dependent 

on T3S (Abdul-Sater, et al. 2009). 

Moreover, permeabilization of the mitochondrial membrane in infected cells 

treated with anti-CPAF peptide would also presumably allow the release of cytochrome c 
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into the cytoplasm, initiating caspase-3 activation and apoptosis.  However, as no 

caspase-3 activation is observed in infected cells treated with anti-CPAF peptides, it is 

unlikely that cytochrome c release contributes to the initiation of cell death.   

 

 
 
Figure 37.  Inhibiting CPAF activity in infected cells leads to mitochondrial 
permeabilization. 
 
(A) An assay measuring mitochondrial permeability. The dye JC-1 aggregates in healthy 
mitochondria. Upon mitochondrial permeabilization, the dye is released into the 
cytoplasm in a monomeric form. (B) Loss of CPAF activity induces mitochondrial 
permeability.  HeLa cells infected with L2 were treated with anti-CPAF peptide and 
control peptide at 12hpi, harvested at 28hpi and stained with JC-1. Mitochondrial JC-1 
was measured by flow cytometry. Note significant decrease in mitochondrial JC-1 in 
response to treatment with the permeability inducer CCCP and anti-CPAF peptide.  Data 
represent the mean ±SD of duplicates.  
 

 

6.3 Discussion 

CPAF is predicted to prevent (Pirbhai, et al. 2006) and promote (Paschen, et al. 

2008) cell death depending on the stage of infection.  The pro-survival mechanism of 

CPAF is likely the consequence pro-apoptotic protein degradation. Indeed, we found that 
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anti-CPAF peptide blocked the degradation of Puma (Figure 22B and Figure 23).  

Surprisingly, Chlamydia-infected cells treated with anti-CPAF peptide initiate a cell 

death program that does not resemble classical apoptosis.  Instead, we find that death of 

infected epithelial cells is dependent on caspase-1 in the absence of CPAF activity 

(Figure 35A).  Furthermore, anti-CPAF inhibitors lead to a premature activation of 

caspase-1 and ultimately cell death (Figure 34).   

In myeloid cells, caspase-1-dependent cell death – also termed pyroptosis – 

results in rapid plasma-membrane rupture and release of pro-inflammatory cytokines 

such as IL-1β and IL-18 (Bergsbaken, et al. 2009).  Pore formation in the plasma 

membrane disrupts ionic gradients, which increases the osmotic pressure and leads in 

turn to swelling and lysis.  Normally, caspase-1 mediated cell death aids in the clearance 

of infections (Bergsbaken and Cookson 2007; Brennan and Cookson 2000; Sansonetti, et 

al. 2000). and this activation of caspase-1 is dependent on inflammasome formation, ROS 

production and K+ efflux (Abdul-Sater, et al. 2009).  Recently, it was reported that 

Chlamydia infection activates caspase-1 in epithelial cells late during infection and is 

required for optimal chlamydial growth (Abdul-Sater, et al. 2009; Lu, et al. 2000).  

However, upon inhibition of CPAF, ASC-dependent caspase-1 activation occurs 

much earlier and with greater magnitude, most likely the result of an overwhelming host 

response to bacterial products in the cytoplasm.  Our data also demonstrate increased 

mitochondrial permeability in response to loss of CPAF activity (Figure 37).  This is 

intriguing as mitochondria-generated ROS can activate caspase-1 in an NLRP3-

dependent manner (Cruz, et al. 2007). ROS-dependent inflammasome formation by other 
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NLRs remains unknown. We predict that this premature activation of caspase-1 triggers 

an irreversible cell death program in Chlamydia-infected non-myeloid cell as has been 

recently proposed when Salmonella resides in the cytoplasm of infected colonic epithelial 

cells (Knodler, et al. 2010).  It is possible that CPAF plays a more direct role in 

suppressing inflammasome formation, as has been demonstrated for the Yersinia 

effectors YopE and YopT (Schotte, et al. 2004) and the poxvirus pyrin-domain protein 

M13L (Johnston, et al. 2005). Whether CPAF directly suppresses caspase-1 activity 

associated with pyroptosis remains to be determined. 1 

                                                 
1 Part of the work presented in this chapter was submitted to Cell Host and Microbe in 
January 2011 for review under the title “The chlamydial protease CPAF regulates host 
and bacterial proteins essential for virulence”. 
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7. Concluding remarks and future directions 

7.1 Models for the role of CPAF proteolysis in Chlamydia pathogenesis 
 

Overall, I have established that CPAF is an essential Chlamydia virulence factor. 

In addition to the previously assigned roles in down-regulating the immune response, I 

have discovered that CPAF plays a central role in maintaining the integrity of the 

inclusion and preventing the premature death of its host cell (Figure 38).  Furthermore, 

CPAF plays an unappreciated role in the turnover of effectors secreted early in infection, 

possibly to remodel the inclusion membrane and to limit secondary infections.  

Superinfections and how pathogens prevent superinfection of host cells have primarily 

been studied in viruses.  For example, human immunodeficiency virus (HIV) down-

regulates the CD4 receptor on the surface of infected cells, preventing these cells from 

being reinfected, i.e. preventing a superinfection (Lama 2003).  Mammalian cells 

superinfected with HIV are less resistant to apoptosis and produce fewer infectious 

particles, indicating that preventing a secondary infection is advantageous (Wildum, et al. 

2006).  Secondary infections of Chlamydia-infected epithelial cells may be similarly 

detrimental, in that the established infectious cycle is disrupted, potentially resulting in 

the premature release of RBs.  CPAF proteolysis might aid in mediating resistance to 

superinfection by degrading effectors (such as Tarp and Ct288, Ct694, and Ct695) that 

function during invasion, preventing internalization of EBs attached to the plasma 

membrane of a cells that already contain a mature inclusion. 

CPAF activity may further represent a mechanism by which Chlamydia regulates 

the fate and function of secreted effectors in the host cytosol.  The concept of a 
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“metaeffector” – an effector that directly regulates the function of another effector – was 

originally proposed by Kubori et al. (2010) to describe the secreted Legionella effector 

LubX and its role in mediating the degradation of another effector.  But whereas LubX is 

an E3 ubiquitin ligase that exploits the host proteasome to degrade SidH, CPAF directly 

degrades its substrates, and at least in vitro, without co-opting the host proteasome. It 

may be beneficial for Chlamydia to regulate the fate and function of secreted effectors. 

For example, effectors that function during invasion and early biogenesis may no longer 

be required as the infectious cycle progresses. In fact, their continued activity may have 

detrimental, toxic effects, and a mechanism of limiting their function in a life-cycle 

dependent manner is required.  Alternatively, CPAF degradation of a subset of effectors 

may remove a potential pool of antigens that could be detected and presented once their 

function is no longer required.   

Consistent with its obligate intracellular lifestyle and its small genome, it is 

perhaps not surprising that Chlamydia has become adept at multi-tasking by expressing 

effectors, like CPAF, with multiple regulatory functions.  Thus, CPAF emerges as a 

central virulence protein and an attractive target for the design of specific protease 

inhibitors for therapeutic intervention.  
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Figure 38. Role of CPAF in regulating secreted bacterial effectors, inclusion 
integrity and in suppression of host programmed cell death. 

 

7.2 Future experimental questions 

My findings have opened new lines of investigations into the unique biology of 

this protease. In particular, we would like to elucidate the precise mechanisms behind (1) 

regulation of secreted effectors, (2) maintenance of inclusion integrity, and (3) 

suppression of caspase-1 mediated cell death in epithelial cells.   
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Is the failure to cleave early Inc proteins sufficient to lead to inclusion instability? 

 I have established that in the absence of CPAF activity, vimentin filaments fail to 

assemble at the inclusion periphery and the inclusion membrane is dismantled (Chapter 

4).  However, it is unclear whether the loss of inclusion membrane integrity upon CPAF 

inhibition is due to abnormal vimentin filament assembly.  As CPAF modifies vimentin 

and vimentin filaments contribute to inclusion integrity, I would like to determine if the 

dramatic loss of inclusion membrane integrity also occurs in the absence of vimentin.  I 

will address this question by treating infected Vim-/- knockout MEFs with anti-CPAF 

peptides.  If disassembly of the inclusion membrane is the result of improper vimentin 

processing I predict that Vim-/- MEFs to be resistant to the effects of anti-CPAF peptides.  

On the other hand, if the integrity of inclusions in these cells is equally sensitive to anti-

CPAF peptides, we would favor a model wherein lack of processing of early Incs alone 

may be responsible for the loss of inclusion integrity. Alternatively, lack of modification 

of a yet unappreciated substrate(s) of CPAF may contribute to the loss of inclusion 

integrity.   

 

Which inflammasome is responsible for activating caspase-1? 

 Several cytosolic NLRs can activate caspase-1 (Figure 39). Recognition of 

microbial products or danger signals by an NLR results in the assembly of an 

inflammasome by oligomerization of ASC and NLRs via their nucleotide-binding 

domains (Faustin, et al. 2007). The NLR protein NLRP3 activates caspase-1 via the 

CARD domain on the adaptor protein ASC (Martinon and Tschopp 2007), in response to 
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pore-forming toxins, exogenous ATP (Mariathasan, et al. 2006), viral-DNA (Muruve, et 

al. 2008) and ultraviolet radiation (Feldmeyer, et al. 2007).  NLRC4, on the other hand, 

contains a CARD domain, and can directly activate caspase-1 in the absence of ASC in 

response to infections with multiple pathogens (Poyet, et al. 2001).  ASC can also 

oligomerize and form an active inflammasome (referred to as the pyroptosome) in the 

absence of any NLR (Fernandes-Alnemri, et al. 2007).  Formation of a pyroptosome in 

epithelial cells, however, has thus far not been demonstrated, and its relevance in 

mediating cell death in response to infections is yet to be determined.  Cell death in 

response to treatment with anti-CPAF peptide is not likely NLRC4-dependent:  cell death 

in Chlamydia-infected epithelial cells treated with anti-CPAF peptides was dependent on 

ASC (Figure 35), indicating that CPAF suppresses either NLRP3-mediated or 

pyroptosome-mediated caspase-1 activation.  It is also possible, however, that CPAF 

inhibits oligomerization of several NLRs. I will address this question by infecting 

NLRP3-/- and NLRC4-/- KO MLF cell lines, and determine if cell death is abrogated n 

response to treatment with the anti-CPAF peptides. 
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Figure 39. NLR-signaling platforms through which caspase-1 mediates cell death. 
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What is the mechanism mediating cell death in Chlamydia-infected cells upon 
inhibition of CPAF activity? 

 
 Caspase-1 mediated cell death (pyroptosis) is characterized by a specific set of 

morphological and cellular changes that contribute to the eventual lysis of the cell (Figure 

39).  Since pyroptotic death has not been described in epithelial cells, I will characterize 

the cellular changes that occur in infected cells upon treatment with anti-CPAF peptides.   

Following caspase-1 activation by the inflammasome, pores are formed in the plasma 

membrane, and this destruction of membrane integrity destroys ionic gradients, in 

particular K+ efflux.  Consequently, the osmotic pressure inside the cell increases and 

water rushes in, causing the cell to swell and lyse (Bergsbaken, et al. 2009) (Figure 39). I 

will determine if disruption of ion gradients and pore formation are required for cell death 

in response to treatment with anti-CPAF peptides, by pre-treating cells with osmotic 

protectants and inhibitors of pore-formation (Bergsbaken and Cookson 2007; Fink and 

Cookson 2006).  

Even though pyroptotic cell death is accompanied by nuclear condensation and 

DNA cleavage, DNA cleavage is not required for cell death (Fink and Cookson 2006). In 

classical apoptosis, caspase-3 activates caspase-activated DNase protein (ICAD), which 

cleaves DNA into characteristic 180bp fragments (Fink and Cookson 2006).  ICAD is not 

activated in pyroptotic cells, and DNA fragmentation has a distinct pattern compared to 

apoptotic cells (Fink and Cookson 2006). I will therefore determine if the pattern of DNA 

fragmentation in these cells is similar to what is observed in pyroptotic cells. 

Caspase-1 is known to cleave and activate pro-IL-1β and pro-IL-18, which are 

subsequently secreted and are involved in orchestrating the host immune response to 
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infection (Bergsbaken, et al. 2009). The ASC-containing pyroptosome is proposed to be 

the major site of caspase-1 processing of cytokines, as ASC deficient macrophages do not 

secrete IL-1β and IL-18 (Mariathasan, et al. 2004), even though their secretion is not 

required for initiation of caspase-1-dependent cell death (Le Feuvre, et al. 2002).  To 

determine if secretion of these cytokines accompanies caspase-1 activation in the absence 

of CPAF activity in infected cells, I will assay for the presence of secreted cytokines in 

the supernatant of cells treated with the anti-CPAF peptide.  Remarkably, Broz et al. 

(2010) recently reported that cleavage of pro-caspase-1 is not required for initiation or 

cell death in a NLRC4-dependent manner, and that pro-caspase-1 retains catalytic activity 

but does not process pro-IL1β and pro-IL-18 (Broz, et al. 2010).  To confirm that 

caspase-1 is in fact processed, I will blot for the p10 and p20 fragments of cleaved 

caspase-1 in the supernatant of cells treated with anti-CPAF peptide, as active caspase-1 

is secreted (Keller, et al. 2008).  

To fully visualize the morphological changes in infected cells treated with anti-

CPAF peptide, I will perform live microscopy and TEM analysis to determine the time 

the host cell requires to initiate and complete cell death and the associated cellular 

changes. This temporal and morphological profile will be compared to cells treated with 

stimuli known to induce pyroptosis, necrosis and apoptosis to ensure that infected cells 

treated with anti-CPAF peptide resemble pyroptotic cells.  It is possible, however, that 

these cells are dying both by pyroptosis and necrosis, but that necrotic characteristics are 

masked by the overwhelming upregulation of caspase-1.  In addition to live cell 
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microscopy, this scenario will be addressed by determining if death results in the release 

of signaling molecules associated with necrosis, such as HMGB1.  

 

What are the activating signals and upstream components that lead to NLR 
activation upon inhibition of CPAF? 
 
 The regulation and initiation of inflammasome formation and caspase-1 activation 

and the downstream signaling cascade that leads to cell death is a subject of intense 

investigation in myeloid cells and precise mechanisms leading to cell lysis are poorly 

understood.  A genome-wide shRNA screen in epithelial cells would potentially identify 

components of these signaling pathways and effectors mediating cell death.  I would 

infect cells with an shRNA library, infect with Chlamydia and treat with anti-CPAF 

peptides.  Positive selection for cells that survive will presumably identify components 

that are required for caspase-1 mediated cell death.  

          

Is capase-1 activation a consequence of loss of inclusion integrity or does CPAF 
directly suppress casapase-1? 
 

Although I have demonstrated that CPAF is required to suppress caspase-1 

mediated cell death during infection, we do not know if CPAF is directly inhibiting 

caspase-1. It is possible that the activation of caspase-1 is an indirect effect of detection 

of bacterial components spilling into the cytoplasm upon loss of inclusion integrity. I plan 

to address this question by determining if treatment of cells co-infected with C. 

trachomatis and C. caviae with anti-CPAF peptides will induce cell death (Figure 40).  In 

one scenario, CPAF inhibition will lead to dismantling of the C. trachomatis inclusion 
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membrane.  However, since C. caviae can cleave C. trachomatis substrates, C. caviae 

CPAF complements the lack of C. trachomatis CPAF, and the C. trachomatis inclusion 

remains intact. In another scenario, however, C. caviae CPAF activity cannot fully 

complement the lack of C. trachomatis CPAF, and the C. trachomatis inclusion 

membrane is disrupted.  If caspase-1 is simply activated in response to the massive load 

of bacterial antigens and intact bacteria residing in the cytoplasm, then these co-infected 

cells with die in a caspase-1-dependent manner.  On the other hand, if CPAF directly 

suppresses caspase-1, C. caviae CPAF will be sufficient to continue this suppression of 

caspase-1 activation and the cell remains intact.  

        

 

Figure 41.  Experimental outline for determining if CPAF indirectly or directly 
suppresses caspase-1  
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