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Abstract 
The Gram-negative bacteria Chlamydia trachomatis is a common sexually 

transmitted pathogen that can cause severe sequelae including pelvic inflammatory 

disease and sterility.  This obligate intracellular pathogen effectively manipulates host 

cellular functions by secreting virulence factors across its membrane bound vacuole.  

Identifying these virulence components and how they help establish an environment 

conducive for bacterial growth is central to understanding chlamydial pathogenesis.  

This is experimentally challenging due to a lack of tools to perform molecular genetic 

studies in Chlamydia.  In the absence of classical genetic tools, we developed a yeast 

model system to identify and characterize chlamydial proteins involved in virulence 

mechanisms.  In this study we identified fifteen proteins potentially involved in 

modulating host cellular functions and the secretion of virulence factors into the host.  

Since the delivery of virulence proteins by a type three secretion (T3S) system is a critical 

step for Chlamydia, we further sought to identify proteins that interacted with the T3S 

apparatus by yeast two-hybrid analysis.  We discovered several interactions between 

T3S components and determined that the C. trachomatis T3S apparatus displayed a 

similar architecture to that of other T3S systems.  We also identified networks of proteins 

that interacted with the secretion apparatus including a novel secretion chaperone 

protein.  We characterized this novel chaperone (CT260/Mcsc) and demonstrated that it 

forms a dimer that engages multiple secretion cargoes.  Unlike other known chaperones, 
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Mcsc directly interacts with a conserved component of the T3S apparatus cytoplasmic 

domain, CdsQ.  These finding represents a novel mechanism of chaperone-cargo 

recognition by T3S systems and may reveal new facets of secretion by T3S systems.     
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1 Introduction 

1.1 Chlamydia trachomatis 

Bacteria of the Chlamydiaceae family are obligate, intracellular pathogens that 

infect a diverse range of host organisms.  Chlamydia trachomatis is the most frequently 

diagnosed species of this family that causes disease in humans.  This species is further 

categorized into serovars that display tropism for different tissues.  Serovars A-C infect 

the epithelial of the conjunctive causing scarring of the cornea and if left untreated, lead 

to blindness.  Serovars E-K and L1-L3 display tropism for epithelial tissue of the genital 

tract or the inguinal lymph nodes and can cause complications such as pelvic 

inflammatory disease, ectopic pregnancy, urethritis and sterility (Fields & Hackstadt, 

2002).  In 1999, the World Health Organization estimated that 90 million new cases of 

sexually transmitted infections and 146 million cases of eye infections were attributed to 

C. trachomatis (Belland et al, 2004).  The medical impact of C. trachomatis on global health 

is immense.  The rates of chlamydial infection are increasing and no effective vaccine 

against this pathogen is currently available (CDC, 2008).  Furthermore, patients 

diagnosed with chlamydial infections are often infected with other sexually transmitted 

pathogens such as Neisseria gonorrhoeae.  This is of concern because treatment of such a 

prevalent pathogen with antibiotics may drive selection for resistant bacterial strains.  

Although no emerging strains of antibiotic resistant Chlamydia have been reported, the 

use of azithromycin to clear chlamydial infections may have led to the increased 
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occurrence of azithromycin-resistant N. gonorrhoeae (Palmer et al, 2008).  In order to 

develop more effective strategies to deal with this pathogen, a detailed understanding of 

the mechanisms utilized to establish infection in the host is necessary.  This research will 

identify new targets for drug development that will yield a greater specificity for 

treatment of C. trachomatis infections.     

1.2 The C. trachomatis developmental cycle  

All members of Chlamydiaceae have a biphasic life cycle in which the bacteria 

exist as two distinct developmental forms (Fig. 1).  The infectious form of the bacteria is 

known as an elementary body (EB) (Moulder, 1991).  Characteristically EBs outer 

membrane proteins are highly cross-linked by disulfide bonds (Hatch et al, 1986), the 

bacteria is metabolically inert and its DNA is condensed due to the binding of a 

chlamydial histone like H1 proteins known as Hc1 and Hc2 (Brickman et al, 1993; Perara 

et al, 1992).  EBs attach and are internalization into the host cell by clathrin-mediated 

endocytosis (Hybiske & Stephens, 2007a).  After the bacteria are taken up, they undergo 

extensive changes marked by dissociation of Hc1 and Hc2 from the DNA (Grieshaber et 

al, 2004), cleavage of outer membrane protein disulfide bonds (Hatch et al, 1986) and 

increase in size from 0.3 µm to 1 µm in diameter (Wyrick, 2000).  This non-infectious 

(Brownridge & Wyrick, 1979) and metabolically active (Shaw et al, 2000) form of C. 

trachomatis is known as a reticulate body (RB).  The RBs propagate in a membrane-

bound vacuole known as an inclusion.  Around the mid-point of the infectious cycle, 
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RBs transition back into the EB form (Fig. 1) (Moulder, 1991).  Release of the EBs through 

extrusion of the inclusion or lysis of the host cell marks the life cycle endpoint (Hybiske 

& Stephens, 2007b). 

 

Figure 1: Life cycle of C. trachomatis 

 

1.3 Impact of C. trachomatis infection on the host organism       

C. trachomatis modifies a variety of host cellular components during infection.  

During the initial stage of invasion the host actin cytoskeleton undergoes rearrangement 

at the site of EB attachment.  This recruitment is mediated by the bacterial protein called 

Tarp (translocated actin recruiting protein) (Clifton et al, 2004) which serves as a 

nucleator for actin polymerization (Jewett et al, 2006).  Actin rearrangement also requires 
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the activation of a Rac-dependent signaling pathway, although the method of activation 

has not been identified (Carabeo et al, 2007).  After initial uptake, the bacteria continues 

to manipulate the host actin cytoskeleton by assembling a cage of actin filaments around 

the inclusion around 20 hours after internalization (Kumar & Valdivia, 2008).  This actin 

cage helps maintain the structural integrity of the growing inclusion as transient 

treatments of infected cell with latrunculin-A, a drug that inhibits actin polymerization, 

resulted in fragmentation of the inclusion (Kumar & Valdivia, 2008).  In addition to the 

actin cytoskeleton, intermediate filaments composed of cytokeratin-8, keratin-18 and 

vimentin also form a scaffold around the chlamydial inclusion (Kumar & Valdivia, 

2008).  However unlike the actin cytoskeleton, Chlamydia specifically cleaves these 

intermediate filaments with the chlamydial protease CPAF (chlamydial protease-like 

activity factor) (Dong et al, 2004; Kumar & Valdivia, 2008).  The purpose of the 

intermediate filament cleavage is not fully understood however, it may increase 

flexibility of the cytoskeletal cage to allow expansion of the inclusion.     

Several studies examining interactions between the inclusion and host organelles 

have demonstrated that C. trachomatis is very successful at modulating membrane 

trafficking and fusion events.  For example, after internalization, the bacteria reside in an 

endosome-derived compartment which becomes modified with bacterial proteins 

(Scidmore-Carlson et al, 1999).   These proteins alter the characteristics of this 

compartment leading to its exclusion from classical endosomal maturation as assessed 
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by the lack of endocytic or lysosomal membrane markers (e.g. the early endosomal 

antigen marker-1 or lysosomal-membrane associated protein-1) (Hackstadt, 2000; 

Scidmore et al, 2003; Scidmore et al, 1996b).  Furthermore, the lumen of the inclusion 

does not acidify, suggesting that the inclusion avoids fusing with lysosomes (Grieshaber 

et al, 2002; Heinzen et al, 1996).   

On the other hand Chlamydia preferentially associates with organelles that may 

aid in the acquisition of nutrients and host metabolites necessary for growth.  The 

inclusion is often intimately associated with organelles such as the endoplasmic 

reticulum, mitochondria and lipid droplets (Kumar et al, 2006; Peterson & de la Maza, 

1988).  Evidence that C. trachomatis interact with host organelles to specifically acquire 

materials from the host came from the observation that the bacteria incorporates lipids 

from Golgi-derived vesicles into their membranes (Hackstadt et al, 1996; Hackstadt et al, 

1995).  Analysis of C. trachomatis lipid composition confirmed that the bacterial 

membrane contained eukaryotic derived glycerophospholipids, sphingolipids, and 

cholesterol (Hatch & McClarty, 1998; Wylie et al, 1997).  Recent observations that multi-

vesicular bodies and lipid droplets are taken up into the lumen of the inclusion further 

supports this theory and suggests that Chlamydia has developed mechanisms to acquire 

lipids essential for bacterial growth from a variety of host source by manipulating host 

membrane trafficking and fusion (Beatty, 2006; Beatty, 2008; Cocchiaro et al, 2008). 
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C. trachomatis is also capable of selectively recognizing and fusing with other 

inclusion membranes.  During the initial stages of infections C. trachomatis forms 

multiple individual inclusions at the cell periphery.  These inclusions are trafficked to 

the microtubule organizing center (MTOC) within the 6 hours after endocytosis 

(Clausen et al, 1997) where they eventually fuse.  The movement of the inclusions to the 

MTOC is dependent the microtubule motor dynein, although how the inclusion engages 

this motor is not known (Clausen et al, 1997; Grieshaber et al, 2003).  Approximately 12 

hours after uptake the MTOC localized inclusions begin to selectively fuse with each 

other to form a single inclusion.  This fusion is mediated by a bacterial protein found on 

the inclusion membrane known as IncA.   Blocking the secretion of IncA by growing 

infected cells at 32°C or microinjecting antibodies against IncA prevented the fusion of 

inclusions (Fields et al, 2002; Hackstadt et al, 1999).  Although IncA appears to play a 

vital role in inclusion membrane recognition and/or fusion, the discovery of C. 

trachomatis clinical strains that appear to make and secret functional IncA (Rockey et al, 

2002b) would suggest that there are additional unidentified bacterial components 

involved in the biogenesis of the inclusion.   

  C. trachomatis also modulates pro-apoptotic pathways of host cells as a way to 

control innate immune responses.  Apoptosis is induced either through an extrinsic 

pathway involving death receptors or an intrinsic pathways involving release of 

cytochrome C from the mitochondria (Ying et al, 2007).  Chlamydia inhibits the intrinsic 
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apoptotic pathway during infection by preventing the recruitment of the pro-apoptotic 

factors Bax and Bak to the mitochondria and thereby preventing the release of 

cytochrome C (Fan et al, 1998; Xiao et al, 2004).  In addition, Chlamydia has developed 

several distinct mechanisms to neutralize the pro-apoptotic BH3-only family of proteins.  

For example, the BH3-only proteins Pumaα, Pumaβ, Bik and Bim are targeted by CPAF 

for degradation (Pirbhai et al, 2006).  Chlamydia also neutralizes the pro-apoptotic 

protein Bad by activating a phosphoinosotide-3 kinase pathway which causes the kinase 

Akt to phosphorylate Bad (Verbeke et al, 2006).  The phosphorylated Bad is sequestered 

by its binding partner, 14-3-3β, which is localized to the inclusion through its interaction 

with a chlamydial protein, IncG (Scidmore & Hackstadt, 2001; Verbeke et al, 2006).  

Sequestering Bad on the inclusion prevents cytochrome C release by inhibiting Bad from 

associating with the mitochondria.  Protein kinase Cδ (PKCδ) is another apoptosis 

stimulating factor whose association with the mitochondria induces release of 

cytochrome C.   Chlamydia sequesters PKCδ by incorporating diacylglycerol into the 

inclusion membrane which recruits PKCδ to the inclusion (Tse et al, 2005).  These 

findings indicate that C. trachomatis has several mechanisms to circumvent host cellular 

defenses in order to establish a niche for replication.  

During the course of infection Chlamydia also impinges on several host signaling 

pathways.  The rearrangement of the actin cytoskeleton at the site of EB attachment is 

mediated through a Rac signaling pathway (Carabeo et al, 2007).  Depletion of the 
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downstream targets of this signaling pathway, WAVE-2 and Abi-1, significantly reduced 

the efficiency of chlamydial uptake (Carabeo et al, 2007).  Actin recruitment around the 

inclusion after internalization occurs due to the binding of RhoA, a GTPase, to the 

inclusion (Kumar & Valdivia, 2008).  Also, Chlamydia turns on a Ras signaling pathway 

during infection to activate a protein known as calcium-dependent cytosolic 

phospholipase A2 (cPLA2) (Su et al, 2004).  Activation of cPLA2 is essential for 

chlamydial growth as the use of cPLA2 inhibitors on infected cells effectively reduced 

the number of infectious progeny purified at the end of the infection cycle (Su et al, 

2004).   

In addition to inhibiting the host cell’s innate immune response the bacteria has 

also developed a mechanism to inhibit adaptive immune responses.  This is 

accomplished by CPAF cleaving the host transcription factors RFX-5 and USF-1 which 

are responsible for the regulation of the MHC class I and class II  antigen presentation 

(Zhong et al, 2001).  Regulation of host gene transcription is common mechanism 

employed by several pathogens.  Microarray studies have identified as many as 130 

genes that differentially transcribed in HeLa cells as a result of chlamydial infection.  

These genes fall into several distinct categories including signal transduction, immunity, 

inflammation, cellular cytoskeleton, cell proliferation/differentiation, and apoptosis (Xia 

et al, 2003).  Yet whether these changes are specifically caused by bacterial virulence 

factors or are indirect changes caused by cellular stress still needs to be resolved.       
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C. trachomatis is adept at manipulating a variety of host cellular functions to 

promote invasion, circumvent immune responses and acquire nutrients yet, Chlamydia 

orchestrates these changes while sequestered inside the inclusion.  Therefore, the 

bacteria must synthesize virulence proteins and mechanisms must be in place to 

translocate these proteins from the bacteria into the host cytoplasm or inclusion 

membrane.   

1.4 C. trachomatis genome 

C. trachomatis serovar D has a small genome (1.04 Mb) which encodes 894 open 

reading frames (ORFs) (Stephens et al, 1998).   Analysis of the genome revealed a lack of 

many metabolic genes, particularly those involved in the production of amino acids and 

nucleotides.  Chlamydia does appear have a partial tricarboxylic acid cycle that can use 

exogenous glutamate as a carbon source for energy production (Iliffe-Lee, 2000; 

Stephens et al, 1998).  Although capable of producing some ATP, Chlamydia is still 

thought to be dependent on the host cell for its energy needs (Stephens et al, 1998; 

Trentmann et al, 2007).  The discovery of functional ATP/ADP transporters, nucleoside 

phosphate transporter 1 & 2 (NPT1 & NPT2), lends further support to the idea that 

Chlamydia is an energy parasite (Tjaden et al, 1999).  In addition, C. trachomatis  encodes 

several amino acid, peptide and nucleotide transporters (Stephens et al, 1998).  These 

observations suggest that bacteria must scavenge many of metabolites, nutrients and 

energy it needs for growth from the host.   
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The Chlamydiaceae diverged from a common ancestor approximately 700 million 

years ago, and at that time, they were already pathogens of eukaryotic organisms (Horn, 

2008).  Because Chlamydia adopted an intracellular lifestyle early in their evolution, it is 

theorized that they selectively lost many of the metabolic genes required to live in a 

nutrient poor extracellular environment in favor of evolving genes that would allow the 

bacteria to parasitize a host organism(Bavoil et al, 2000).  Since greater than 30% of the 

genome encodes proteins that have no annotated function or homologs in other 

organisms (Stephens et al, 1998), we hypothesize that these Chlamydia-specific genes 

encode functions that are necessary for interacting with the host cellular components 

and maintaining an environment where the bacteria can propagate.  Comparisons of the 

sequenced Chlamydiaceae genomes found that around 80% of all the genes are conserved 

between C. trachomatis, C. pneumoniae and C. caviae (Stephens, 2003).  Because many of 

these genes are orthologs, identifying the function of these C. trachomatis gene products 

should help in characterizing the function of homologs in other species.     

All currently sequenced genomes of the Chlamydiaceae encode 4 different protein 

secretion systems.  Chlamydia contains genes that encode a type two and type five 

secretion systems which are sec-dependent secretion systems.  In addition, genes for two 

sec-independent secretion systems, a type one and a type three secretion (T3S)system are 

also found in the Chlamydia (Birkelund, 2006).  The T3S system is commonly utilized by 

many Gram-negative bacteria for the delivery of virulence proteins into the host cell.   
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Genes encoding T3S system components are well conserved among all Chlamydiaceae 

species (Hsia et al, 1997; Kalman et al, 1999; Stephens et al, 1998; Subtil et al, 2000) 

suggesting that they are essential virulence components.   

1.5 The C. trachomatis T3S system 

T3S systems are macromolecular complexes composed of approximately 20 

proteins.  These proteins form a continuous channel spanning the inner and outer 

membranes of the bacteria and connect to a needle-like projection that extends into the 

extracellular environment.  Upon attachment to the host, translocation proteins assemble 

at the tip of the needle and form a pore in the host membrane which allows bacterial 

virulence factors, also known as effector proteins, to enter the host (Ghosh, 2004).  The 

analysis of all sequenced chlamydial genomes identified genes encoding most of the 

components essential for forming the basal structure of a T3S apparatus (Kalman et al, 

1999; Peters et al, 2007; Stephens et al, 1998).  The identified chlamydial T3S genes were 

renamed Cds for contact-dependent secretion and assigned a letter designation based on 

their homology to Yersinia species T3S components.  These genes were named following 

nomenclature proposed by Hueck (Hsia et al, 1997; Hueck, 1998).    

Generally, T3S genes are encoded at a single locus in the chromosome or on a 

virulence plasmid.  In most bacterial species, the T3S genes have a lower G + C content 

than the rest of the genome indicating that most pathogens only recently acquired their 

T3S systems (Cornelis, 2006; Hueck, 1998).  In contrast, Chlamydia T3S genes are found in 
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several clusters throughout the genome and the G + C content matches that of the rest of 

the genome (Peters et al, 2007; Stephens et al, 1998; Subtil et al, 2000).  Based on these 

characteristics, it has been suggested that the T3S system of Chlamydia may represent an 

ancestral form of this secretion apparatus (Kim, 2001).     

Despite these differences, the C. trachomatis T3S system appears to be functional.  

The T3S genes are transcribed 6 hours after infection and are under control of the 

primary chlamydial σ factor (Fields et al, 2003; Hefty & Stephens, 2007).  However, 

components of the chlamydial T3S apparatus were detected in isolated EBs and RBs by 

immunoblot analysis (Fields et al, 2003).  This indicates that the structural components 

of the T3S apparatus are present throughout the chlamydial life cycle.   

The functionality of the T3S apparatus was inferred by identifying chlamydial 

proteins present on the inclusion/host interface and demonstrating that these proteins 

can be secreted by T3S system of other bacterial species.  For example, fusing the amino 

terminal (N-terminal) of the putative C. trachomatis translocation pore proteins CopB and 

CopD to a bacterial cytoplasmic protein targeted the fusion protein for secretion by the 

T3S systems of Yersinia pseudotuberculosis or Salmonella enterica (Fields et al, 2005; Ho & 

Starnbach, 2005).  Also CopB is found on the inclusion membrane by 

immunofluorescence microscopy (Fields et al, 2005).  These data suggests that CopB is 

secreted from Chlamydia in a T3S dependent manner.  It is estimated that as much as 8% 

of the total chlamydial genome may be substrates for the T3S system (Valdivia, 2008).   
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Finally screens of small chemical libraries against Y. pseudotuberculosis identified 

a set of chemicals that specifically inhibit secretion of Yersinia proteins through the T3S 

system (Nordfelth et al, 2005).  Application of the T3S inhibitor to cultured cells infected 

with C. trachomatis severely impacted the viability of the bacteria by arresting RB to EB 

transition.  The inhibitor specifically prevented secretion of known effector proteins but 

did not affect the transcription of either genes encoding effector proteins or components 

of the T3S apparatus (Muschiol et al, 2006; Wolf et al, 2006).  These studies highlight the 

importance of the chlamydial T3S apparatus in the infection cycle.     

However, our understanding of the chlamydial T3S system is incomplete since 

several components that form essential structures of the apparatus can not be identified 

through simple bioinformatic approaches.  For example, genes encoding the needle and 

tip complex were not identified by sequence homology searches, yet electron 

microscopy images of the Chlamydia psittaci EB surface show spike-like projections 

emanating from the outer membrane, reminiscent of a T3S injection needle (Matsumoto, 

1982a).  Only recently CT666 (CdsF) was identified as the putative T3S needle protein 

based on conserved size, isoelectric point and secondary structure characteristics when 

compared to secretion needle proteins of other pathogens.  This protein was also 

detected by immunoelectron microscopy to form needle like projection on EBs (Betts et 

al, 2007).   
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Four genes homologous to a flagella T3S system were also identified in the C. 

trachomatis genome (Stephens et al, 1998).  These genes are only found in all the genomes 

of the Chlamydiaceae (Peters et al, 2007).  Since C. trachomatis does not appear to motile 

organisms, it is unclear if these gene products are components of the chlamydial 

virulence T3S apparatus or if they are remnants from an ancestor that used a flagella for 

locomotion.  The lack of genetic tools to manipulate Chlamydia has precluded directly 

examining the composition of the apparatus by mutational analysis.  However, some 

putative components of the T3S apparatus are known to interact.  It is known that CdsQ 

binds to CdsL and CdsD in co-purification assays (Johnson et al, 2008).  Further work to 

fully clarify which chlamydial proteins contribute to the formation of the apparatus is 

necessary.   

Little is known about how Chlamydia regulates secretion of effector proteins 

through the T3S apparatus.  Bacteria with T3S systems often encode a specialized set of 

secretion chaperone proteins that bind to effectors and control their secretion (Parsot et 

al, 2003).  These chaperones aid in stabilizing effector proteins and targeting them to the 

T3S apparatus (Feldman & Cornelis, 2003; Parsot et al, 2003).  Only seven T3S chaperone 

proteins have been identified in C. trachomatis by homology (Scc1-3, CdsG, Ct043, Ct274 

and Ct663)  (Betts et al, 2007; Fields, 2006).  Four of theses proteins, Scc1-3 and CdsG, are 

proposed to be the secretion chaperone of CopN, CopB, CopB2 and CdsF respectively 

based on direct binding assays (Betts et al, 2007; Fields et al, 2005; Peters et al, 2007; 
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Slepenkin et al, 2005; Subtil et al, 2000).  Comparison of the genes flanking the 

chlamydial T3S needle protein, CdsF, to the Yersinia and Pseudomonas T3S system genes 

identified an additional secretion chaperone for CdsF, CT665 (CdsE) (Betts et al, 2007).  

The effectors that the remaining T3S chaperones bind have not been determined yet.  

Since C. trachomatis may secrete a large number of effector proteins, it is likely that 

several secretion chaperones remain unidentified.   

1.6 Identifying C. trachomatis effector proteins 

Identifying chlamydial effector proteins essential for infection has been 

challenging but researchers have had some limited success in discovering secreted 

proteins.  Initial studies identified secreted chlamydial proteins by screening serum 

collected from infected guinea pigs against a lambda phage expression library 

containing C. caviae genomic DNA (Rockey, 1995).  The chlamydial protein encoded by 

the plasmids rescued from lambda phage strain was used to make a Chlamydia 

trachomatis open reading frame (CT ORF) specific antibody.  This antibody detected a 

bacterial protein on the inclusion membrane in infected cells by immunofluorescence 

microscopy and was named IncA (inclusion membrane protein A) (Rockey, 1995).    

Application of similar screening protocols against a C. trachomatis strain 

identified 8 proteins (IncA-G and Cap1 (class 1 accessible protein-1)) that localized to the 

inclusion membrane during infection (Bannantine et al, 1998; Fling, 2001; Scidmore-

Carlson et al, 1999).  Analysis of the inclusion membrane bound proteins IncA-G failed 
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to identify any sequence similarities but a common structural motif consisting of a 

bilobed hydrophobic domain of approximately 50 amino acids was found in all of the 

proteins examined (Bannantine et al, 2000).  This motif is believed to be a structural 

feature common to many chlamydial proteins targeted to the inclusion membrane.  

Approximately 50 additional putative inclusion membrane (Inc) proteins that contained 

the bilobed hydrophobic motif were identified by bioinformatic analysis (Bannantine et 

al, 2000).  To test this hypothesis, antibodies were raised against six of these putative Inc 

ORFs and CT223, CT228, CT229, CT233 and CT442 were confirmed to be present on the 

inclusion membrane by immunofluorescence microscopy (Bannantine et al, 2000).  

Recently antibodies against all fifty of the putative Inc proteins were made.  Of the 50 

potential Inc proteins 22 are found on the inclusion membrane, 7 were found inside the 

inclusion and 21 could not be determined by immunofluorescence microscopy (Li et al, 

2008).  Despite the effectiveness of using serum from infected organisms to identify 

potential effector proteins, this is a very laborious method.    

An alternative approach uses T3S systems of other pathogens like Yersinia, 

Shigella or Salmonella to identify putative T3S effector proteins.  For example, Tarp, 

CopN and CT847 are T3S substrates that can be secreted by Y. pseudotuberculosis as full 

length proteins (Clifton et al, 2004; Fields & Hackstadt, 2000).  However, this approach 

could not be used for screening all chlamydial proteins as some are toxic when 

expressed as full length proteins.  Since the secretion signal for effectors is contained 
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within the first 100 amino acids of the protein (Ghosh, 2004; Parsot et al, 2003), the N-

terminus of the CT ORFs were fused to a reporter protein to determine if the fusion 

protein was secreted in a T3S-dependent manner.  Application of this assay identified 

Pkn5, CopB and CopD as effector proteins (Fields et al, 2005; Ho & Starnbach, 2005).  A 

screen examining 127 conserved hypothetical proteins found in C. trachomatis, C. 

pneumoniae and C. caviae found 24 additional proteins that contain a T3S signal in their 

N-terminus (Subtil et al, 2005).  While this method of identifying effector proteins is also 

effective, there are several drawbacks.  Mainly, some chlamydial proteins that are 

substrates for T3S may have secretion signals that are too divergent to be recognized by 

heterologous T3S systems.  In addition, the absence of chlamydial secretion chaperone 

proteins or misfolding of the N-terminus are likely to reduce the number of chlamydial 

effector proteins indentified in these screens.       

At least 60 putative effector proteins have been discovered yet the role of most 

effector proteins in infection remains elusive.  However, through careful 

characterization, the function of some effector proteins has been successfully identified.  

For example, the carboxy terminal (C-terminal) of Tarp functions as an actin nucleation 

site and is likely to mediate entry of the bacteria by polymerizing actin at the site of 

attachment (Jewett et al, 2006).  Tarp is also phosphorylated by Src and Abl kinases after 

it is secreted into the host however, this purpose of this phosphorylation event is unclear 
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as it is not essential for bacterial invasion (Clifton et al, 2005; Clifton et al, 2004; Jewett et 

al, 2008).   

CPAF cleaves a variety of host factors involved in antigen presentation, 

intermediate filaments and pro-apoptotic BH3-only proteins (Dong et al, 2004; Kumar & 

Valdivia, 2008; Pirbhai et al, 2006; Zhong et al, 2001).   In addition, two other chlamydial 

proteins are known to prevent the immune responses by inhibiting the activation of NF-

κB transcription factor complex.  CT441, a tail specific protease, cleaves a components of 

the NF-κB transcription factor complex known as p65 (Lad et al, 2007).  In addition, the 

chlamydial deubiquitinating enzyme ChlaDub1 prevents the regulatory protein of NF-

κB , IκBα, from being targeted for degradation by polyubiquitination (Negrate, 2008).  

This in turn inhibits the activation of NF-κB and the subsequent expression of the 

immune response genes. 

Recently two effector proteins that specifically alter the host cell cycle have been 

identified.  Exogenously expressed C. pneumoniae CopN in yeast Sacchromyces cerevisiae 

or in mammalian cells caused an arrest in the cell cycle at the G2/M checkpoint.  This 

arrest is believed to mediated through disruption of the microtubule next work caused 

by CopN (Huang et al, 2008).  On the other hand, CT847 drives the host cell cycle to 

proceed through the G1/S check point by promoting the degradation of host regulatory 

protein GPIC (Chellas-Géry, 2007).  These modifications are believed to optimize the 

growth conditions in the host cell for Chlamydia.   
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The Incs represent the largest group of effector proteins identified, yet most of 

these proteins have no known function with the exception of IncA, IncG and CT229.  

Inclusion membrane fusion events are controlled by IncA (Hackstadt et al, 1999).  IncG 

binds the host protein 14-3-3-β and thereby prevents apoptosis by sequestering the pro-

apoptotic factor Bad on the inclusion (Scidmore & Hackstadt, 2001; Verbeke et al, 2006).  

C. trachomatis specifically recruits Rab1,4,6,11 and BicaudalD1, a Rab6 binding protein, 

to the inclusion membrane during infection (Moorhead et al, 2007; Rzomp et al, 2003).  

The Rab proteins are a family of GTPases involved in membrane fusion and trafficking 

events.  Although the bacterial proteins that recruit many of these Rab proteins is 

unknown, CT229 was identified as a Rab4 binding protein (Rzomp et al, 2006).  The 

significance of this interaction remains elusive.    No functional information exists for 

any of the other known secreted proteins.  The difficulty of identifying C. trachomatis 

secreted proteins and determining their function underscores the need to develop model 

systems that can screen for potential virulence proteins in a high-throughput manner.        
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2 Screening C. trachomatis genome for novel virulence 
proteins 

2.1 Introduction 

2.1.1 Identifying candidate effector genes from C. trachomatis 
genome  

C. trachomatis has a relatively small genome that encodes for only 894 ORFs 

(Stephens et al, 1998).  The Chlamydiaceae family is predicted to have split from its 

nearest relative, the Parachlamydiaceae, approximately 700 million years ago (Horn et al, 

2004).  They likely were already eukaryotic parasites by this point and over the years the 

chlamydial species have streamlined their genome by losing many metabolic genes in 

favor of  evolving virulence genes that allowed them to adopt an intracellular lifestyle 

(Horn, 2008).  In fact more than 30% of C. trachomatis genome encodes for bacterial 

proteins of unknown function.  Many of these genes most likely encoded virulence 

proteins that Chlamydia uses to control cellular functions.   Estimates suggest as many as 

80 chlamydial proteins may be exported across the inclusion membrane (Bannantine et 

al, 2000; Rockey et al, 2002a; Subtil et al, 2005).  Because many of these proteins are 

conserved among the Chlamydiaceae and have no orthologs in other bacterial species, 

these proteins are strong candidates for virulence proteins involved in the manipulation 

of the host.   
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2.1.2 Yeast S. cerevisiae as system for identifying C. trachomatis 
effector proteins 

The genetically intractable nature of C. trachomatis has limited the application of 

molecular genetic tools to characterize genes encoding proteins with no known function.  

In the absence of genetics to directly screen for virulence proteins, we explored the 

possibility of using yeast as a system to identify potential virulence factors.  One 

important argument in favor of using yeast to characterize virulence factors from 

mammalian pathogens is that molecular components involved in endomembrane 

trafficking, cytoskeleton dynamics and signaling pathways are conserved between 

mammalian and yeast cells.  Since virulence proteins are likely to impact these 

conserved eukaryotic processes, it is possible to identify novel virulence factors by their 

ability to cause a phenotype  in yeast.  In addition, genes encoding putative virulence 

proteins can easily be inserted into yeast expression plasmids via homologous 

recombination (Ma et al, 1987) thereby allowing large numbers of virulence factors from 

pathogens to be screened in a high-throughput manner.  Finally, genomic and proteomic 

studies done in yeast have created many tools that can be used to identify protein 

function such as: yeast strains with non-essential genes deleted, fluorescently tagged 

yeast protein libraries and yeast two-hybrid libraries.   These tools can be adapted to 

identify the function of a virulence factor by determining what host genes complement 

or amplify the phenotype caused by a virulence protein, tracking by fluorescence 

microscopy what yeast cellular structures are being perturbed by the bacterial protein 
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and identifying proteins that interact with the virulence factor (Castrillo & Oliver, 2004; 

Tucker, 2002; Valdivia, 2004).    In fact, yeast has recently been employed in several 

studies to screen and characterize bacterial virulence proteins (Burrack & Higgins, 2007; 

Lesser & Miller, 2001; Nejedlik  L., 2004; Rodriguez-Escudero et al, 2005; Shohdy et al, 

2005; Stone et al, 2008).  For example, the effector protein ExoU from Pseudomonas 

aeruginosa is very toxic when expressed in yeast and causes fragmentation of yeast 

vacuoles as detected by fluorescence microscopy (Sato et al, 2003).  Screens for drugs 

that inhibit the toxic phenotype in yeast identified ExoU as a lipase due to its sensitivity 

to the lipase inhibitors haloenol lactone suicide substrate (Sato et al, 2003). 

To identify and characterize Chlamydia virulence factors we created a C. 

trachomatis protein expression library in yeast.  Chlamydia specific open reading frames 

(ORFs) were spliced into a galactose-inducible expression vector by homologous 

recombination to generate green fluorescent protein (GFP)-tagged protein fusions.  

These strains were then screened for phenotypes indicative of cellular function defects 

induced by the bacterial protein.  GFP-tagged chlamydial proteins were also screened 

for subcellular localization as information about the potential function of these proteins 

may be revealed by their organelle tropism.   
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2.2 Materials and methods 

2.21 Yeast strains, vectors and creation of C. trachomatis protein 
expression library. 

The vector pSDY-1 was generated from p425 (2µ LEU2 PGAL) (Mumberg et al, 

1994) by cloning a GFP-Pep12L-TM gene fusion from pMB336 (Black & Pelham, 2000).  

pSDY-8 was generated by excising PGAL-GFP from pSDY-1 and inserting it in pRS426 (2µ 

URA3).  SpeI and HindIII sites upstream of GFP allowed for the directional cloning of in-

frame gene fusions to GFP and GFP-Pep12L-TM.  Bacterial ORFs (Table 1) were amplified 

from density gradient purified C. trachomatis Serovar D (R. Stephens U.C. Berkeley, CA) 

EBs by PCR.  Oligonucleotides (Sigma Genosys) were designed such that the 3’ end is 

specific to the gene of interest and the 5’ end is complementary to the sequences flanking 

the SpeI-HindIII sites on pSDY1/pSDY-8.  Expand High Fidelity PCR system (Roche, IN) 

was used for all DNA amplifications as instructed by the manufacturer.  SDY1/SDY8 

were digested with SpeI and HindIII (New England Biosciences, MA), treated with calf 

intestinal alkaline phosphatase (Roche, IN), and transformed with the PCR amplified C. 

trachomatis ORF into s288c-derived yeast strain DLY1554 (MATa ura3Δ leu2Δ his3Δ lysΔ) 

by the lithium acetate method (Brown, 1998).  The 5’ end of the PCR products provides 

the substrate for efficient splicing of the two DNA molecules by homologous 

recombination.  Typically omission of the PCR product led to a > 1000-fold reduction in 

the recovery of URA+ colonies.  Plasmids were recovered from recombinant yeast strains 

as previously described (Brown, 1998), sequenced to confirm the correct splicing of the 
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amplified C. trachomatis gene and retransformed into yeast.  Yeast cells were grown in 

complete synthetic medium (CSM) dropout mixes (Bio 101 Laboratories) supplemented 

with dextrose, raffinose or galactose as indicated.  All yeast methods were based on 

protocols outlined in Brown and Tuite (1998).  For immunoblot analysis, chlamydial 

proteins were induced by growth at 30°C for 16-20 hours in CSM media supplemented 

with 2% galactose.  Cells were harvested (2-3 OD600) and lysed by agitation with glass 

beads in 1x SDS sample buffer supplemented with 10mM 

phenylmethanesulphonylfluoride (PMSF).  Protein samples were resolved on 11% SDS 

polyacrylamide gels, transferred to nitrocellulose and probed with anti-GFP monoclonal 

antibodies (StressGen, CA).  HRP-conjugated secondary antibodies (GE Healthcare 

Biosciences, NJ) and Supersignal chemiluminescence kits (Pierce) were used for immune 

detection. 

Table 1: List of CT ORFs and ORF fragments included in screen.  

ORF1 Exp. 
Profile2 

ORF Feature(s)3 Putative Function/ 
Homologies4 

TM5 ORF 
Length 

(aa)6 

Region 
Amplified 

(aa)7 

CT005 3h 216-363 ng Putative Inc, CS Bilobe 363 169-363 

CT006 3h 138-189 ng Putative Inc, CS Bilobe 183 1-189 

CT007 16h   CS No 316 1-316 

CT036 3h 86-329 ng Putative Inc, CS Bilobe 403 80-403 

CT037 3h   CT No 118 1-118 

CT043 8h   CS No 167 1-167 

CT049 8h 164-349/385-490ng CT No 490 1-490 

CT050 8h 221-536 ng CT No 536 1-536 

CT051 8h 
125-166cc,167-271/355-
520ng CT No 520 1-520 

CT056 8h   Cons. Hypoth. DUF152, CS No 243 1-243 
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CT058 8h 78-124 ng Putative Inc, CS Bilobe 367 73-367 

CT066 8h   CS No 158 1-158 

CT082 16h 1-129/222-342/479-560ng Conserved Hypoth., CS No 560 1-560 

CT084 8h 1-29ss HKD PLD, CS No 361 1-361 

CT085 8h   Cons. Hypoth. YigC, CS No 579 1-579 

CT087 8h   
Glucanotransferase (MalQ), 
CS No 527 1-527 

CT088 16h   SycE, CS No 146 1-146 

CT090 16h 331-388ng InvA, CS 5TM 708 1-708 

CT091 8h   SsaU/YscU, CS 4TM  360 1-360 

CT102 8h 32-93ng CS No 153 1-153 

CT103 8h   hydrolase, CS No 298 1-298 

CT105 8h 1-383ng CS, High Gly content No 656 1-656 

CT112 8h   endopeptidase (pepF), CS No 608 1-608 

CT113 8h 128-173/411-521 cc ClpB related, CS No 867 1-867 

CT114 3h 1-17 ss, 52-168/287-433ng CS No 486 1-486 
CT115a 
(IncD) 1h   CT Bilobe 141 1-40 
CT115b 
(IncD) 1h   CT Bilobe 141 93-141 

CT115 FL 1h   CT Bilobe 141 1-141 

CT116(IncE) 1h   CT Bilobe 132 99-132 

CT116 FL 1h   CT Bilobe 132 1-132 
CT117 
(IncF) 1h   CT Bilobe 104 1-23 

CT117 FL 1h   CT Bilobe 104 1-104 
CT118 
(IncG) 1h 89-167 ng CT Bilobe 167 93-167 

CT118 FL 1h   CT Bilobe 167 1-167 
CT119 (Van 
Ooij et al) 16h 93-123/142-188/206-247 cc CS Bilobe 273 109-273 

CT119FL 16h 93-123/142-188/206-247 cc CS Bilobe 273 1-273 

CT120 8h   Cons. Hypothetical, CT No 80 1-80 

CT131 8h 1-32 ss CS No 1138 1-1138 

CT132 8h   
Conserved - ribonucleae, 
CS 8 TM 425 315-425 

CT133 1h   CS  No 267 1-267 

CT134 3h   CT 1TM 137 1-137 

CT136 8h   Lysophospholipase, CS No 239 1-239 

CT142 8h   CS No 285 1-285 

CT143 8h 37-86 ng CS 1 TM 280 1-251 

CT144 8h   CS 1TM 285 1-285 

CT145 8h   Pkn1 S/T kinase, CS No 614 1-614 

CT146 8h   DnlJ DNA ligase, CS No 663 1-663 
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CT147a 1h Multiple cc/ng IM-associated protein, CS 4TM  1449 123-847 

CT147b 1h Multiple cc/ng IM-associated protein, CS 4TM  1449 898-1449 

CT148 8h 1-75 ng MhpA monoxygenase, CS No 507 1-507 

CT149a 8h 1-18ss Conserved Hypoth., CS 1TM  315 1-185 

CT149b 8h 1-18ss Conserved Hypoth., CS 1 TM 315 204-315 

CT154 16h 1-56/315-383ng HKD PLD, CS 1TM  383 1-383 

CT155 16h   HKD PLD, CS 1TM 313 1-313 

CT156 16h 56-113ng HKD PLD, CT No 113 1-113 

CT157 8h 1-109ng HKD PLD, CT 1TM 404 1-404 

CT158 16h 82-137 ng HKD PLD, CT No 238 1-238 

CT159 16h 72-183 ng CT No 310 1-310 

CT160 16h 1-29 cc CT No 167 1-167 

CT161 16h 102-170ng CT No 246 1-246 

CT162 8h   CT 1TM 78 1-54 

CT163a 8h   CT 1TM 548 83-548 

CT163 8h   CT 1TM 548 1-548 

CT164 8h   Putative Inc, CT Bilobe 86 1-86 

CT165 16h 86-148ng CT No 148 1-148 

CT168 16h   CT No 100 1-100 

CT173 8h   CT  No 90 1-90 

CT179 8h   Putative Inc, CS Bilobe 170 48-170 

CT181 16h 1-22 ss CS No 236 22-236 

CT191 8h   CS No 116 1-116 

CT192 3h   Putative Inc, CT Bilobe 257 107-257 

CT194 8h 209-278ng 
Mg transport/CBS domain, 
CS 5TM 470 1-293 

CT195 8h   Putative Inc, CS Bilobe 363 212-363 

CT197 8h   endopeptidase gcp2, CS 2 TM 338 1-338 

CT203 8h   CS No 282 1-282 

CT214 16h 386-512ng Putative Inc, CT Bilobe 547 101-547 

CT222 8h 93-129cc Putative Inc, CT Bilobe 129 89-129 

CT223 8h 101-226cc  Putative Inc, CS Bilobe 270 86-270 

CT224 3h 11-147cc Putative Inc, CT Bilobe 147 84-147 

CT225 3h 69-96cc Putative Inc, CT Bilobe 122 69-122 

CT226 3h 125-176cc Putative Inc, CT Bilobe 176 99-176 

CT227 8h 1-12ss Inc, CT Bilobe 133 87-133 

CT228 1h 94-196cc Inc, CS Bilobe 196 88-196 

CT229 1h 89-205cc Inc, CS Bilobe 215 92-215 

CT229FL 1h 89-205cc Inc, CS Bilobe 215 1-215 
CT233 
(IncC) 3h 63-90cc Inc, CS Bilobe 178 1-97 
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CT234 8h 
1-65/869-928ng, 815-
843cc Putative Inc, CS 8 TM 928 417-928 

CT235 8h   Kinase inhibitor, CS No 137 1-137 

CT244 8h 61-92 cc CS No 398 1-398 

CT249 3h   Putative Inc, CT Bilobe 116 1-98 

CT253 8h 1-24 ss CS No 215 1-215 

CT256FL 8h 212-290 ng CBS domain, CS 4TM  414 1-414 

CT256 16h 212-230ng CBS domain, CS 4TM  414 128-414 

CT257FL 8h 1-29ss CBS domain, CS 1 TM 404 1-404 

CT257 16h 1-29ss CBS domain, CS 1 TM 404 114-404 

CT259 8h   Protein phosphatase, CS No 248 1-248 

CT260 8h   CS No 163 1-163 

CT262 8h   
Cons. Hypothetical 
DUF191, CS No 256 1-256 

CT263 8h 81-124 ng CS No 196 1-196 

CT266 8h 195-266ng CS No 393 1-393 

CT273 8h 121-156 cc CS No 188 1-188 

CT274 8h   CS, LcrH-like No 139 1-139 

CT276 8h 44-194 ng Cons. Hypothetical, CT No 193 1-193 

CT277 8h   CS 2 TM 219 98-219 

CT283 8h 1-123 ng CS No 698 1-698 

CT284 16h 1-23 ss HKD PLD, CS No 374 1-374 

CT286 8h Multiple cc and ng  Cpl  protease (AAA), CS No 853 1-853 

CT288 1h 88-563cc Inc, CS Bilobe 563 305-563 

CT288 FL 1h 
353-391/404-443/535-
565cc Inc, CS Bilobe 563 1-563 

CT289 8h 51-311ng CS 1 TM 337 1-337 

CT301 3h   S/T kinase (PknD), CS No 934 1-934 

CT324a 3h 
1-62ng, 205-238/276-
303cc Putative Inc, CS Bilobe 303 184-303 

CT324 3h   Putative Inc, CS Bilobe 303 1-303 

CT325 3h   Conserved (SufE), CS No 138 1-138 

CT338 16h   CS No 153 1-153 

CT339 16h 1-33ss, 149-281ng Conserved (ComE), CS 8 TM 509 91-286 

CT343 16h 1-151 ng Sialoglycopeptidase, CS No 210 1-210 

CT344 16h Multiple cc, 714-819ng Protease ATP., CS No 819 1-819 

CT350 16h 1-18 ss 93-128 cc CS No 566 18-566 

CT351 16h 1-14ss, 87-174 ng CS No 697 1-697 

CT352 8h   CT No 101 1-101 

CT355 8h   CS No 353 1-353 

CT356 24h 393-427 cc, 466-563ng Cons. Hypoth. DUF255, CS No 704 1-704 

CT358 3h 108-178ng Weak Diptheria toxin, CT 2 TM 178 1-178 
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CT360 8h 1-22ss37-67/137-164 cc CS No 208 1-208 

CT365 1h 1-45/122-193ng CS 
4 
Bilobe 575 1-575 

CT372 8h 176-274 ng CS No 442 1-442 

CT373 8h   CS No 175 1-175 

CT377 16h   CS No 46 1-46 

CT379 8h 63-185ng, 186-255 cc 
GTP-binding prot. (Hflx), 
CS No 447 1-447 

CT383a 3h   Putative Inc, CS Bilobe 243 1-101 

CT383b 3h   Putative Inc, CS Bilobe 243 155-243 

CT384 8h 1-93 ng CS No 539 1-539 

CT385 16h 1-69 ng HIT Protein, CS No 111 1-111 

CT388 8h 1-115ng Cons. Hypoth. DUF167, CS No 115 1-115 

CT389 8h 1-24 ss 
Cons. Hypothetical 
DUF1207, CS No 408 1-408 

CT391 8h 1-26 ss Cons. Hypoth. DUF534, CS No 335 27-335 

CT398 8h 11-170 cc weak Myo, CS No 254 1-254 

CT418 8h   
GTP-binding prot. (OBG), 
CS No 335 1-335 

CT421 8h   CS 2 TM 233 105-233 

CT423 8h 1-23ss tlyC hemolysin,  CS 2TM 369 90-369 

CT425 8h   CS No 621 1-621 

CT429 8h 42-69 cc, 210-329ng CS No 329 1-329 
CT442 16h   Inc, CT Bilobe 150 71-150 

CT456 8h 1-310/490-1005ng Tarp (Actin re-
arrangement), CS 

No 1005 1-1005 

CT465 8h 1-23ss CS No 213 22-213 

CT469 8h   CS No 178 1-178 

CT470 8h   CS No 243 1-243 

CT471 8h 1-27 ss CS No 200 26-200 

CT472 8h   Cons. Hypothetical 
DUF155, CS 

1 TM 264 1-242 

CT473 1h   Putative hemolysin, CS No 104 1-104 

CT474 1h   Cons. Hypothetical, CS 2TM 336 1-336 

CT476 8h 1-22 ss CS No 321 21-321 

CT484 3h   Putative Inc, TPR repeats, 
CS 

Bilobe 332 76-332 

CT488 8h   CS No 244 1-244 

CT504 8h 67-288 ng CS No 288 1-288 

CT529a 1h   Cap1, CS 3TM 298 1-255 

CT529 1h   Cap1, CS 3TM 298 1-298 

CT547 8h 1-20ss C specific TPR repeats, CS No 318 21-318 

CT548 8h 1-21 ss CS ss 194 20-194 

CT550 8h   CS No 141 1-141 
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CT556 8h   CS 1 TM 159 1-101 

CT560 8h   CS No 278 1-278 

CT561 16h 28-59 cc YscL, CS No 223 1-223 

CT565a 8h   CS 2TM 147 1-110 

CT565 8h   CS 2 TM 147 1-147 

CT566 8h 1-21 ss CS No 330 20-330 

CT568 8h   CS 1 TM 151 41-151 

CT576 16h 177-232 ng LcrH-like, CS No 232 1-232 
CT577 8h 31-60 cc CS No 119 1-119 

CT578a 24h Multiple ng, 206-239cc CS 4TM  487 1-254 

CT578b 24h Multiple ng, 206-239cc CS 4TM  487 299-487 

CT579a 24h 1-203ng, 374-424cc CS 1TM 439 1-204 

CT579b 24h 1-203ng, 374-424cc CS 1 TM 439 219-439 

CT583 16h 220-247 cc GP6D plasmid Prot, CS No 263 1-263 

CT584 16h 142-183 cc CS No 183 1-183 

CT598 8h 1-103ng, 102-136 cc CS No 235 1-235 

CT602 8h   CS No 130 1-130 

CT606.1 16h   CS No 79 1-79 

CT610 3-8h 172-207cc CADD, CS No 231 1-231 

CT618 8h 1-103ng Putative Inc, CT Bilobe 266 1-189 

CT620 8h Multiple cc and ng  CS No 838 1-838 
CT621 8h Multiple cc, 128-212ng CS No 823 1-823 
CT622 3h Multiple cc and ng  CS No 647 1-647 

CT623 3h   76kDa-like, CS No 446 1-446 

CT632 8h   CS No 529 1-529 

CT642 8h   CS 2TM 271 1-271 

CT647 3h 1-24 ss CS No 192 24-192 

CT648 1h 1-22 ss, 192-240ng CS No 424 1-424 

CT652.1     CS No 59 1-59 

CT663 8h   CS No 133 1-183 

CT664 16h 100-304ng, 305-344cc CS 1 TM 829 1-829 

CT665 8h   CS No 83 1-83 

CT666 8h   CS No 83 1-83 

CT667 8h   CS, TPR Repeats No 149 1-149 

CT668 8h 1-113ng CS No 223 1-223 

CT669 16h 1-76ng YscN, CS No 442 1-442 

CT670 8h 1-168 cc CS No 168 1-168 

CT672 16h   FliN, CS  No 373 1-373 

CT673 8h 77-248 ng Pkn5 S/T kinase, CS No 490 1-490 

CT674 16h 1-145/696-810ng, 147-
187cc 

PulD-like, CS No 921 1-921 
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CT694 16h   CT No 323 1-323 

CT695 8h 1-94/275-344 ng CS No 398 1-398 

CT696 8h   CS No 403 1-403 

CT700 8h 1-16 ss, 40-157ng Cons. Hypothetical TPR, CS No 441 16-441 

CT702 8h   CS No 175 1-175 

CT703 8h 150-232 ng GTPase (YphC), CS No 490 1-490 

CT711 8h 1-125ng, 133-160/581-699 
cc 

Cons. Hypoth. DUF582, CS No 767 1-767 

CT712 16h 56-123ng, 206-254 cc Cons. Hypothetical 
DUF582, CS 

No 390 1-390 

CT718 8h 1-115 ng CS No 174 1-174 

CT724 8h 36-70/100-129 cc CS No 174 1-174 

CT728 8h   Putative Inc, CS Bilobe 248 73-248 

CT733 8h 1-25 ss 55-288 ng CS No 448 26-448 
CT734 1h 1-27ss 105-221 ng CS No 221 1-221 
CT738 16h 213-240cc Cons. Hypothetical, CS No 262 1-262 

CT768 8h Multiple cc and ng  Cons. Hypothetical, CS No 562 1-562 

CT779 3h 1-107 ng CS No 229 1-229 

CT788 8h 1-24 ss CS 1TM 166 1-166 

CT795 1h 1-21 ss CS No 163 13-163 

CT813 8h 120-252cc Putative Inc, CT Bilobe 264 95-264 

CT814 16h 33-133 ng CS No 133 1-133 

CT824 8h 470-512 cc Metalloprotease, CS No 974 1-974 

CT837 8h 239-322 ng Cons. Hypothetical, CS No 658 1-658 

CT845 3h   CS No 92 1-92 

CT847 8h 101-128 cc Cons. Hypoth. DUF720, CS No 172 1-172 

CT848 8h 39-168 ng Cons. Hypoth. DUF720, CS No 168 1-168 

CT849 8h 40-73/84-115 cc Cons. Hypoth. DUF720, CS No 159 1-159 

CT850 1h 130-203cc, 236-405cc Putative Inc, CS Bilobe 405 124-405 

CT858 16h 1-24 ss CPAF, CS No 609 1-609 

CT860 8h 1-215ng, 230-271cc CS 1 TM 493 1-493 

CT861 16h Multiple cc and ng  CS 3 TM 506 1-506 

CT862 16h   LcrH.2 TPR repeats, CS 1TM 198 1-198 

CT863 16h 1-334ng 352-386 cc CS No 482 1-482 

CT867 16h   Thiol protease, CT 1 TM 339 54-339 

CT868 16h 80-146ng Thiol protease, CS 2TM 418 58-418 

1: ORF nomenclature as previously described in Stephens et al. 1998. Underlined ORFs 
were included in yeast two-hybrid screens.  2: Expression profile of Ct ORFs (Belland et 
al, 2003).  3: ORF features from STDGEN database (stdgen.northwestern.edu).  
Abbreviations CS: Chlamydiaceae specific, CT Chlamydia trachomatis specific.  4: ORF 
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function/homologies from STDGEN database. Abbreviation aa: amino acid.                                    

5: Transmembrane features as based on Stdgen database and Bannantine et al. 2000. 
Abbreviations TPR: tetratricopeptide repeat.  6: ORF length from STDGEN database.  7:  
Region of ORF included in screen.  
    

2.2.2 Characterization of yeast growth defects caused by C. 
trachomatis protein expression 

Recombinant yeast strains were maintained in CSM-uracil (pSDY8) or CSM-

leucine (pSDY-1) and 2% dextrose in 96 well plates.  To determine the effect of C. 

trachomatis expression on yeast metabolic health, 10-fold serial dilutions of late-log phase 

cells were spotted on 2% galactose CSM-uracil or CSM-leucine agar plates 

supplemented with 0.5 M NaCl or 0.8 M sorbitol.  Plates were incubated at 15°C, 30°C or 

37°C for 3-10 days.  The relative growth was compared with that of yeast expressing 

pSDY-1 or pSDY-8 alone and quantified in a scale of 0 (no growth) to 5 (wild type 

growth).  Growth defects in liquid media were determined by using the Biolog systems’ 

tetrazolium-based cell respiration redox dyes and quantified on an Omnilog PM 

Automated System as detailed by the manufacturer (Biolog, Hayward, CA).  Maximum 

dye reduction was normalized to that of yeast strains expressing the empty vector 

pSDY-8 and presented in a 0-5 scale. 

2.2.3 Yeast cell biology and microscopy techniques 

2.2.3.1 Subcellular localization screens 

Yeast strains were spotted on CSM-uracil plates supplemented with 1.5% 

raffinose/ 0.5% galactose and incubated for 18 hours at 30°C.  Cells were scraped from 
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the plates, resuspended in phosphate buffer saline (PBS) and imaged live.  To confirm 

nuclear localization of GFP-tagged proteins, cells were fixed in 3.7% formaldehyde in 

PBS and stained with 10 µg per ml Hoechst 33258. 

2.2.3.2 Rhodamine-phalloidin stains 

Yeast cells were grown in 2% raffinose to mid log phase and induced to express 

bacterial proteins by addition of galactose to 1% for 1-4 hours.  Cells were fixed in 3.7% 

formaldehyde, washed thoroughly and incubated with 200 nM rhodamine-phalloidin 

(Invitrogen, CA) in PBS for 30 min to stain filamentous actin. 

2.2.3.3 FM4-64 uptake assay 

Raffinose –grown cells were induced as described above.  Cells were spun down, 

resuspended in media supplemented with 10 µM FM4-64 (Invitrogen, CA), incubated on 

ice for 30 min and shifted to 30°C for 0.5-2 hours.  Cells were imaged live. 

2.2.3.4 Organelle identification  

Yeast cells expressing red fluorescent protein (RFP)-tagged lipid body marker 

Erg6p (Huh et al, 2003) or the mitochondrial matrix marker Su9 (Frederick et al, 2004) 

were transformed with GFP-tagged chlamydial proteins expression vectors and imaged 

live after a 4 hour induction of the recombinant proteins.  All images were acquired with 

a Zeiss Axioscope epifluorescence microscope equipped with a Hamimatsu CCD camera 

and processed with Axiovision v3.0 imaging software. 
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2.2.4 Mammalian cell lines and reagents 

Hep2 cell lines were obtained from the ATCC.  Hep2 cells were propagated in 

Dulbecco’s Modified Eagle’s Media supplemented with 10% fetal bovine serum.  Cells 

were cultured at 37°C in 5% CO2 and 95% Air.  

2.2.5 Mammalian expression vectors and transfection 

Eight chlamydial proteins identified as nucleotropic in the yeast subcellular 

localization screen were subcloned into pEGFPN1 (Clontech, CA) to generate EGFP-

tagged versions of these C. trachomatis proteins.  Hep2 cells were transiently transfected 

with Lipofectamine 2000 (Invitrogen, CA) as specified by the manufacturer.  After 16 

hours, transfected cells were fixed with 4% paraformaldehyde in PBS and stained with 

10 µg per ml Hoechst 33258.  For infections with C. trachomatis serovar L2, Hep2 cells 

were transfected with nucleotropic EGFP-tagged C. trachomatis expression vectors and 

infected at a multiplicity of infection (MOI) of 5 for 18-36 hours.  Fluorescent images 

were acquired as described above. 

2.3 Results 

2.3.1 Characterizing yeast strains expressing C. trachomatis specific 
proteins 

C. trachomatis encodes 318 specific ORFs and ORFs with homologues in other 

bacterial pathogens, but for which no known function has been determined (Stephens et 

al, 1998).  We targeted 216 of the conserved-hypothetical Chlamydia specific ORFs for 

characterization in this screen (Table 1).  Due to toxicity issues associated with the 
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hydrophobic domains misfolding or inserting incorrectly into membranes, proteins with 

large hydrophobic domains only had the putative cytosolic domain used in this screen.  

Proteins with cytosolic domains of less than 50 amino acids were excluded. In addition 

34 ORFs with putative function or homology to other bacterial virulence factors such as 

proteases, Ser/Thr kinase, GTPase and phospholipase D (PLD)-like proteins were 

included in this screen.   

Chlamydial ORFs were inserted into yeast expression vectors by homologous 

recombination. This was accomplished by amplifying the gene of interest from prepared 

C. trachomatis serovar D genomic DNA using the ORF specific primers.  Primers also 

contained regions of homology to the expression vector at the 5’ ends (Fig. 2A) to allow 

for cloning by homologous recombination.  PCR products were transformed into yeast 

along with the linearized expression vector pSDY-8 (2µ URA3 PGAL-GFP) and 

recombination would restore the plasmid and splice the CT ORF in frame upstream of 

the GFP gene.  Plasmids were recovered from transformants growing on CSM –URA 

and sequenced to verify proper splicing of the DNA molecules.  pSDY-8-CT ORF strains 

induced in media supplemented with 2% galactose were assessed for expression of 

fusion protein by immunoblot analysis and fluorescence microscopy.  Analysis 

confirmed that 202 of the 236 CT ORFs and ORF fragments were expressed at detectable 

levels (Fig. 2B).    
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Figure 2:  Construction of C. trachomatis expression library 

A.  Schematic of homologous recombination-based cloning of C. trachomatis 
genes.  Bacterial ORFs were amplified by PCR with oligonucleotide primers 
where the 5’ end is homologous to a cloning site upstream of a GFP gene and a 3’ 
end specific for the gene of interest.  Upon transformation into yeast, the PCR 
product and the expression vector (pSDY-8) are spliced together by homologous 
recombination to generate an in frame fusion between the bacterial ORF and 
GFP.  Expression of the recombinant proteins is placed under the control of a 
galactose-inducible promoter (PGAL) B.  Expression of the cytoplasmic domains of 
putative inclusion membrane proteins (Sato et al).  The putative cytoplasmic 
domains of Inc proteins were amplified by PCR and fused to GFP as described 
above.  Expression of recombinant proteins was induced by addition of 2% 
galactose for 5h.  Total proteins were extracted, resolved by SDS PAGE and 
immunoblotted with anti-GFP antibodies. 
 

Since Chlamydia impacts conserved host cellular functions such as cytoskeleton 

and vesicular trafficking, we postulated that some of bacterial proteins would disrupt 

cellular processes like actin and tubulin dynamics, G-protein signaling, Rab protein 
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membrane localization and vesicle trafficking.  We reasoned that these factors, while not 

toxic at the levels expressed during infection, would impact the growth of yeast upon 

overexpression, especially during conditions of cellular stress.  Therefore, to identify 

bacterial proteins that disrupt yeast cellular functions we tested the effects of chlamydial 

ORF expression on yeast growth at various temperatures (15oC, 30oC and 37oC) in solid 

and liquid media or in the presence of cellular stresses (0.8M NaCl and 0.8M sorbitol) 

(Fig. 3A-C). Sensitivity to temperature, osmotic and salt stress can highlight a range of 

overlapping yet distinct defects in cellular pathways.  For example, sensitivity to heat 

stress (37oC) correlates with impaired Mitogen-activated protein kinase (MAPK) 

signaling pathways, cytoskeletal function and membrane transport (Hampsey, 1997; 

Levin, 2005).  In yeast, a subset of temperature sensitive mutants can be rescued by 

addition of an osmotic stabilizer (e.g. sorbitol).  This subclass of mutants is defective 

either in a Protein Kinase C (PKC)-dependent MAPK pathway or in ER/early Golgi 

functions (Levin, 2005; Verna et al, 1997). Similarly, osmosensitivity (e.g. NaCl) can be 

symptomatic of defects in a different MAPK signaling pathway (the HOG pathway), 

nuclear transport, RNA transcription and translation, and a subset of endosomal 

functions (Warringer et al, 2003).  In contrast, cold sensitivity correlates with defects in 

membrane transport in the late secretory pathway and in the assembly of multiprotein 

complexes (Hampsey, 1997).  
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The growth of recombinant yeast strains was quantified by monitoring the 

reduction of a tetrazolium-based dye in liquid media with an automated plate reader 

(Biolog Systems) (Fig 3A) and by plating serial dilutions on galactose-supplemented 

agar plates (Fig. 3B).   Colony formations on solid agar media can sometimes amplify 

subtle differences in growth kinetics, especially under stress conditions.  The results of 

all phenotypic assays, expression levels and subcellular localization screens are listed in 

Table 2.  

We identified 32 C. trachomatis ORFs and ORF fragments that significantly 

impacted yeast growth (Fig. 3C).  Expression of 13 ORFs in particular led to severe 

growth defects (Table 2).  The cytosolic domains of the inclusion membrane (IM)-

associated proteins Cap1 (CT529) (Fling et al, 2001) and the putative Inc protein CT618 

caused rapid growth arrest.  In addition, six Chlamydia-specific ORFs (CT163, CT456, 

CT566, CT578, CT623 and CT694) and a predicted HKD-phospholipase D like protein 

(CT084), severely impacted yeast growth under all conditions tested.  In contrast, CT007, 

CT105, CT283 and the putative hemolysin (CT473) were most cytotoxic in solid agar 

media.  The remaining strains exhibited milder growth defects that were exacerbated at 

higher temperatures (37oC).  However, the temperature-sensitive growth defects of yeast 

strains expressing IncE (CT116), CT136, CT142, CT179, CT192, CT274 and the predicted 

GTPase CT418, were suppressed by growth at 37oC in the presence of an osmotic 

stabilizer (0.8M sorbitol).  In contrast, five ORFs (CT365, CT372, CT385, CT389 and 
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CT669) induced an osmo-sensitive phenotype (NaCl and sorbitol sensitivity), while four 

ORFs (CT066, CT203, CT584 and CT598) caused extreme salt but not sorbitol sensitivity.  

Finally, two ORFs (the putative Inc protein CT813 and CT837) only displayed cold-

sensitive growth defects.  

Table 2: CT ORFs that displayed cytotoxic phenotypes 

    
  

Agar Plates3 Liquid cultures4 
ORF1 Expression 

Levels 2 
GI Gal 
300 C 

GI Gal 
370 C 

GI Gal 
150 C 

GI Gal 
NaCl 370 

C 

GIGal 
Sorb 370 

C 

GI Gal 300 C GI Gal 
NaCl 300 C  

CT007 H 2 1 1 2 2 3.16 3.39 
CT066 L 5 4 0 1 5 3.99 2.82 
CT084 H 0 0 1 0 0 1.13 0.83 
CT105 H 1 1 2 0 2 3.77 1.58 
CT116 (IncE) H 5 3 5 5 5 3.95 3.55 
CT136 H 5 2 5 5 5 3.87 3.78 
CT142 H 5 2 5 4 4 3.99 4.09 
CT163a FM 1 1 2 1 1 2.37 1.84 
CT163 L 0 1 0 0 1 2.19 2.36 
CT179 FM 5 4 5 5 5 4.51 3.76 
CT192 H 5 3 5 5 5 4.23 3.78 
CT274 FM 5 3 5 4 5 3.26 3.29 
CT283 H 1 1 2 0 1 4.15 2.56 
CT344 H 0 0 2 0 0 1.05 0.85 

CT352 L 5 2 2 2 2 5.32 3.63 
CT365 FM 4 1 2 0 3 3.18 1.94 
CT372 L 4 1 4 1 2 5.22 6.19 
CT385 H 4 2 2 2 2 3.04 3.42 
CT389 - 5 2 5 3 2 4.11 4.20 
CT418 H 1 3 1 0 5 3.34 2.10 
CT456 H 0 0 0 0 0 1.17 0.91 
CT473 L 2 2 2 0 2 5.63 3.19 
CT529a L 2 2 1 1 2 2.49 2.41 
CT529 H 3 2 2 1 2 4.49 2.90 
CT566 FM 2 1 1 0 1 2.11 1.87 
CT584 L 5 3 5 0 3 3.83 3.01 
CT598 FM 4 4 1 0 3 4.53 2.33 
CT618 L 2 4 0 1 3 2.49 0.93 
CT623 H 3 2 0 1 2 2.87 2.80 
CT664 H 5 3 2 4 3 4.74 4.27 
CT669 FM 5 4 3 2 2 4.66 4.56 
CT694 FM 1 1 0 0 0 1.68 1.24 
CT813 H 5 5 2 4 5 5.51 4.17 
CT837 H 5 5 0 3 5 4.92 3.99 



 

39 

1:  ORF that caused cytotoxic affect when expressed in yeast.  2: Protein expression as 
detected by immunoblots.  Abbreviations H: High, M: Medium, L: Low, FM: only 
detected by fluorescence microscopy.  3: Growth phenotype determined by serial 
dilution of strains and observation of growth normalized to empty vector.  Abbreviation 
GI: Growth index.  4: Arbitrary biolog units normalized to empty vector. 
 

Of the 35 potential modulators of eukaryotic cellular functions identified by 

sequence homologies (e.g. eukaryotic-like kinases, phosphatases and phospholipases) 

the PLD CT084, the putative HIT domain hydrolase CT385, the T3S system associated 

ATPase CT669, and the lysophospholipase CT136 caused growth defects in yeast.  In 

addition, a putative member of the Lon family of proteases (CT344) was extremely toxic 

to yeast cells. 

 The expression of the cytoplasmic domain of only one putative Inc protein, 

CT618, was toxic to yeast cells.  Because the hydrophobic patch in CT618 is at the end of 

the ORF and it deviates from classical bilobed hydrophobic motif seen in other Inc 

proteins, there is no consensus for its classification as an IM protein (Bannantine et al, 

2000; Shaw et al, 2000).  We raised antibodies to synthetic peptide derived from CT618 

and determined by immunofluorescence that this protein resides at the IM of infected 

cells late in the infectious cycle (>30h) (Fig. 3D).   
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Figure 3: Phenotypic characterization of yeast strain expressing chlamydial 
proteins 

Growth kinetics of yeast strains expressing C. trachomatis proteins.  Recombinant 
yeast strains were maintained in 96 well plates.  To induce chlamydial protein 
expression, cells were diluted 1/100 into 2% galactose-containing liquid media in 
the presence of a tetrazolium-based redox dye (Biolog Systems).  Dye oxidation 
was measured at 15min intervals in an automated OmnilogTM plate reader 
(Biolog systems) for 72 hours to generate kinetic plots of yeast growth and 
cellular respiration during expression of chlamydial proteins. A representative 
plate is shown outlining cytotoxic chlamydial proteins.  B. Examples of stress-
induced growth defects in yeast strains expressing various C. trachomatis 
proteins.  Yeast strains were grown to late log in 2% dextrose and 10 fold 
dilutions spotted onto galactose agar plates or galactose agar plates 
supplemented with 0.5M NaCl or 0.8M sorbitol and incubated at the shown 
temperatures.  C. Phenotypic profiles of recombinant yeast strains. The growth 
defects of recombinant strains were quantified either by intensity of dye 
reduction in liquid media (A) of by comparing growth on solid agar (B).  The 
relative growth defects were normalized to the growth of yeast strains 
transformed with the empty expression vector and presented graphically as a 
grayscale map (5= wt growth, 0= No growth.  Yeast strains with similar 
phenotypic profiles upon expression of C. trachomatis proteins were grouped by 
k-Means clustering algorithms (Cluster 3.0 HGC, Univ of Tokyo) and displayed 
as grayscale maps with Java Treeview.  The grouping is shown for clarity of data 
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presentation and does not necessarily imply similarity in function.  D.  
Immunolocalization of CT618 in infected cells.  Antibodies were raised to a 
CT618-derived peptide and used to localize this protein by immunofluorescence 
(IF) microscopy.  CT618 was detected at the inclusion membrane exclusively in 
late-staged infected cells (>36h).  Arrowheads denote inclusions. 
 
The mechanism of growth arrest ranged from cell lysis to the accumulation of 

large unbudded cells and cytokinetic defects.  Because, these latter phenotypes are 

characteristic of cells with impaired cytoskeletal functions (Solomon, 1991), we 

monitored actin structures by staining formaldehyde-fixed cells with rhodamine-

conjugated phalloidin.  The yeast actin cytoskeleton consists of actin cables for the 

delivery of secretory cargo along the mother-bud axis and cortical actin patches, which 

are the sites of active endocytosis (Engqvist-Goldstein & Drubin, 2003).   Expression of 

one chlamydial protein Tarp led to the collapse of actin cables and cortical patches into 

an actin rich patch that co-localized with GFP-tagged Tarp (Fig. 4A).   The collapse of 

actin patches inhibited actin-dependent functions such as endocytosis, as assessed by the 

uptake of the fluorescent lipophilic tracer FM4-64 (Fig. 4B).  Hackstadt and colleagues 

have recently shown that Tarp is translocated into mammalian cells during infection and 

is sufficient to induce actin polymerization when expressed ectopically in mammalian 

cells (Caldwell et al, 1981; Clifton et al, 2005; Clifton et al, 2004).  
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Figure 4: CT456/Tarp inhibits actin-dependent functions in yeast. 

A.  Filamentous actin co-localizes with CT456-GFP.  Yeast cells were grown in 2% 
raffinose and CT456-GFP expression was induced by addition of galactose 
(0.5%).  Cells were fixed at 1h and 4h post-induction and stained for filamentous 
actin with rhodamine phalloidin.  Arrows indicate cortical actin patches.  B. 
CT456 expression inhibits endocytosis.  Yeast cells expressing GFP (pSDY8 
vector control) and CT456-GFP were induced with 0.5% galactose for 3h, 
followed by a 30 min incubation with 10μM of the lypophilic dye FM4-64 (red) 
and a 30min chase with unlabeled media.  The membrane impermeable FM4-64 
intercalates into the plasma membrane and is transported to the yeast vacuole in 
cells by endocytosis.  In CT456-expressing yeast cells, FM4-64 remained at the 
plasma membrane. 
 

2.3.2 Characterizing the phenotype C. trachomatis proteins displayed 
on the surface of endosomal membranes 

Inc proteins are the most attractive candidates as modulators of host cell 

functions, yet expression of relatively few (5 out of 33) cytoplasmic domains of Inc 

proteins led to any observable phenotype in yeast.  We considered the possibility that 

the activity of these proteins requires the bilobed hydrophobic domains. However, our 

attempts at expressing full-length GFP-tagged versions of Inc proteins (IncA, IncD-F, 
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CT229 and CT288) were unsuccessful.  Because we cannot rule out potential non-specific 

toxic effects associated with the expression of the bilobed hydrophobic motif in yeast, 

we are unable to reach any conclusions regarding the function of full-length Inc 

proteins.   

Despite our inability to express intact Inc proteins in yeast, we reasoned that we 

could uncover a biochemical function for their cytoplasmic domains by expressing these 

protein fragments on the surface of endosome membranes. We designed an expression 

system to artificially anchor proteins to the cytoplasmic face of yeast endosomes by 

using endosomal localization signals present in the endosomal Soluble NSF-sensitive 

Attachment Receptor (SNARE) protein Pep12p.  Pep12p is targeted to endosomes 

through sorting signals within the trans-membrane (TM) and localization (L) domains 

(Black & Pelham, 2000). Because SNAREs are inserted post-translationally into 

membranes via their C-termini, these chimeric proteins should not transit through the 

ER lumen where they might be subjected to glycosylation and misfolding (Borgese et al, 

2003). We constructed a galactose-inducible expression vector (pSDY-1) to create Inc 

protein fusions to the endosome localization signal and trans-membrane domains of 

Pep12p (Black & Pelham, 2000) and a GFP tag (LEU2 PGAL GFP-PEP12L-TM) (Fig.  5A). The 

cytoplasmic domains of Inc proteins were cloned into pSDY-1 by homologous 

recombination and the resulting yeast strains were subjected to phenotypic assays 

similar to those used to characterize soluble C. trachomatis ORFs.  Expression of Inc 
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proteins on endosomal surfaces significantly increased the toxicity of CT179 and CT192 

over that observed for the soluble versions of these proteins.  In addition, CT195 was 

found to severely restrict yeast growth only when expressed as a membrane bound form 

(Fig. 5B).  The phenotypes induced by expression of other Inc proteins were not affected 

by their attachment to endosomal membranes.  Results of this screen are listed in Table 

3.   

 

Figure 5: Phenotypic characterization of yeast strains expressing endosome-
anchored Inc Proteins 

A.  Schematic of endosomal display of the cytosolic domains of Inc proteins. 
Bacterial proteins were targeted to the cytoplasmic side of yeast endosomal 
compartments by fusing the soluble domains of Inc protein to the trans-
membrane and endosomal localization domains of the yeast SNARE Pep12p. B.  
Phenotypic Analysis of membrane anchored Inc proteins.  The growth 
phenotypes of yeast strains expressing endosome anchored Incs were 
determined as shown in Fig. 3B. 
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Table 3:  Endosome-anchored Inc protein phenotypic screen                          

      Agar Plates2        Agar Plates2 
ORF1 GI Gal 

300 C 
GI Gal 
370 C  

ORF1 GI Gal 
300 C 

GI Gal 
370 C 

CT005 5 5  CT249 5 5 
CT036 5 5  CT324a 5 5 
CT050 5 5  CT358 0 0 
CT113 5 4  CT383a 5 5 

CT115a 
(IncD) 5 4  CT383b 5 5 

CT115b 
(IncD) 5 4  

CT442 
5 5 

CT116 (IncE) 5 5  CT484 5 4 
CT118 (IncG) 5 5  CT504 5 5 
CT119 (Van 
Ooij et al) 5 4  

CT529a 
0 0 

CT142 5 3  CT529 0 0 
CT145 5 5  CT565a 5 4 
CT179 3 3  CT565 5 4 
CT192 5 3  CT578b 0 0 
CT195 1 2  CT618 0 0 
CT214 5 5  CT632 5 5 
CT223 5 5  CT668 5 4 
CT225 5 3  CT670 5 5 
CT226 5 5  CT728 5 4 
CT228 5 5  CT768 5 5 
CT229 5 4  CT813 5 4 

CT233 (IncC) 5 5  CT850 5 3 
CT234 5 5  CT858 0 0 
CT244 5 5     

1:  Endosome anchored CT ORFs examined.  ORFs in bold denote proteins that caused 
cytotoxic affect when expressed in yeast.  2: Growth phenotype determined by serial 
dilution of strains and observation of growth normalized to empty vector on agar.  
Abbreviation GI: Growth index, Gal: galactose. 

2.3.3 Subcellular tropism of C. trachomatis specific proteins for yeast 
organelles 

We hypothesized that important clues as to the potential function of chlamydial 

proteins translocated during infection could be obtained by determining their 
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subcellular tropism for eukaryotic organelles. For example, chlamydial proteins 

involved in the modification of host membranes or lipid acquisition would contain the 

targeting information required for the desired localization (e.g. Golgi apparatus, 

endosomes).  

We screened the array of yeast strains to identify GFP-tagged chlamydial 

proteins whose localization differed from the expected default cytoplasmic distribution 

(Fig. 6A-B).  The majority of strains (70%) showed GFP-tagged ORFs that were either 

cytosolic, cytoplasmic aggregates or expressed below detection levels.  In addition 

chlamydial proteins were found in association with the nucleus (3%), the cell surface 

(4%) and punctate structures (11%).  Most chlamydial proteins that impacted yeast 

cellular functions when expressed as soluble forms (15/32) were either cytoplasmic or 

formed aggregates.  In addition, a significant number of cytotoxic ORFs displayed a 

punctate localization (11 out of 32) which can be characteristic of a wide range of yeast 

organelles including the Golgi apparatus, the trans Golgi network, endosomes, 

mitochondria, peroxisomes, and cortical actin patches (Huh et al, 2003).  To determine 

which organelles were targeted by these GFP-tagged chlamydial proteins, selected yeast 

strains expressing RFP-tagged proteins that mark major intracellular organelles (Huh et 

al, 2003) were transformed with chlamydial expression vectors and the co-localization 

between GFP and RFP-tagged proteins were assessed.  In this manner, we have 

determined the subcellular localization of four cytotoxic chlamydial proteins that 
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displayed a punctate localization (Fig. 6C-E).  The putative PL-D (CT084) localizes to 

linear and punctate structures that are co-incident with a yeast mitochondrial matrix 

marker Su9 (Rojo et al, 1995) (Fig. 6C), suggesting that CT084 is tropic for mitochondria 

and that toxicity may be linked to mitochondrial function.   CT105 localizes to the lumen 

of deformed yeast endosomes and vacuoles (lysosomes) (Fig. 6E).   However, because 

yeast mutants in vacuolar transport are viable under optimal conditions (Bankaitis et al, 

1986), it is unlikely that CT105 toxicity is linked to the loss of vacuolar function.  CT163 

and CT473 (not shown) displayed strong tropism for yeast lipid droplets (Fig. 6D).  

Because lipid droplets are involved in lipid storage and transport (Zweytick et al, 2000), 

we hypothesize that the toxicity of these proteins is linked to the disruption of lipid 

homeostasis.   

In addition, two cytotoxic ORFs CT283 and CT694 localized to the plasma 

membrane, but their expression in yeast did not affect filamentous actin structures (data 

not shown).  However, CT694 expressing cells were specifically impaired in their ability 

to endocytose FM4-64 (Fig. 6F) suggesting a defect in bulk endocytosis. 
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Figure 6: Subcellular tropism of C. trachomatis proteins for eukaryotic 
organelles   

A. Association of C. trachomatis proteins with distinct subcellular structures. 
Yeast strains were induced overnight on 1.5%raffinose/0.5% galactose agar plates 
and imaged live by fluorescence microscopy.  Strains were placed in the 
following categories according to the localization of GFP-tagged proteins: No 
expression (No exp.), cytoplasmic (cyto), aggregates (Pozidis et al), nuclear (nuc), 
vacuole (vac), cell surface (Surf), endoplasmic reticulum (ER), punctate (Punct) 
and other/unclassified (unc).  In some instances chlamydial proteins exhibited 
localization to more than one subcellular structure.  B.  Examples of nuclear, cell 
surface and punctate localization patterns in yeast strains expressing various 
GFP tagged chlamydial proteins.  Association of C. trachomatis proteins with 
distinct subcellular organelles, including a mitochondrial matrix marker (C), the 
lipid droplet marker Erg6p (D) and the endosomal tracer FM4-64 (E).  F. 
Impaired endocytic functions in yeast cells expressing the cell surface-tropic ORF 
CT694.  CT694-GFP expression was induced for 4h by addition of galactose 
(0.5%).  Endocytic structures were monitored by incubation with 10μM FM4-64 
(see Fig. 4B) 
 

Lastly, two chlamydial proteins (CT066 and CT418) localized to the yeast 

nucleus.  Because there are no previous reports of chlamydial proteins transported to the 

host cell nucleus, we were surprised that twelve bacterial proteins were nucleotropic 
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(Table 2).  To determine if the tropism of these proteins for eukaryotic organelles is 

conserved in mammalian cells we expressed eight of the nucleotropic chlamydial 

proteins in Hep2 cells.  In transient transfections, three chlamydial proteins (the carboxyl 

terminus of CT005, and full-length version of CT066 and the predicted GTPase CT418 

accumulated in the nucleus of mammalian cells (Fig. 7A). The remaining chlamydial 

proteins where either expressed poorly in Hep2 cells (CT398, CT702) or where not tropic 

for the mammalian nucleus (CT155, CT663, CT845).    

Because full-length CT005 is a predicted Inc protein yet the cytoplasmic domain 

of this protein accumulates in the nucleus when expressed separately, we hypothesize 

that either CT005 is cleaved during infection to yield a nucleo-tropic fragment or that 

CT005 on the IM binds to proteins destined for nuclear transport.  Interestingly, when 

Hep2 cells expressing the cytoplasmic domain of CT005-EGFP were infected with C. 

trachomatis, the soluble CT005-EGFP was recruited to the surface of the inclusion (Fig. 

7B).   These results suggest that the carboxyl terminus of CT005 binds to a host factor on 

the IM or to another bacterial IM-associated protein. 
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Figure 7: Nuclear tropism of C. trachomatis proteins 

A.  A subset of C. trachomatis proteins is tropic for the nucleus of mammalian 
cells.  EGFP and EGFP-tagged forms of the cytoplasmic tails of CT005, and full-
length CT066 and CT418 were transiently expressed in Hep2 cells, fixed in 4% 
paraformaldehyde, stained with the DNA dye Hoechst 33258 and imaged by 
fluorescence microscopy.  B.  The cytoplasmic tail of CT005 is recruited to the 
surface of the C. trachomatis inclusion.  Hep2 cells transiently transfected with an 
EGFP-tagged form of the cytoplasmic tail of CT005 were infected with C. 
trachomatis serovar L2 for 20h.  Note recruitment of CT005-EGFP to the surface of 
inclusions (arrowheads). 
 

2.4 Discussion 

We have generated an ordered array of yeast strains over-expressing chlamydial 

ORFs to identify proteins that modulated yeast cellular functions or displayed tropism 

for well-defined eukaryotic sub cellular organelles.   In this manner, we identified CT456 

(Tarp) as a cytotoxic protein that inhibited actin-dependent functions and caused the 

accumulation of a large actin-rich patches.  During the development of this study, Tarp 

was independently identified by Jewett and Hackstadt as a F-actin nucleator that is 

translocated into mammalian cells (Clifton et al, 2004; Jewett et al, 2006).  Therefore, by 

focusing on multiple function-based screens in yeast, we have identified one of the few 
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chlamydial proteins known to interfere with a specific eukaryotic cellular process and 

elucidated basic aspects of its function.  In the sections below, we outline the features of 

a selected set of chlamydial proteins that, given the phenotypes they induce in yeast 

and/or their subcellular localization during infection, are strong candidates as 

modulators of mammalian cellular functions. 

Among ORFs with homology to putative virulence factors, only the putative 

HKD-phospholipase D (PLD) (CT084) displayed any cytotoxic effects in yeast.  CT084 is 

conserved among the Chlamydiaceae, suggesting that it may perform an important 

function related to intracellular growth.  C. trachomatis encodes five additional genes 

encoding putative HKD-phospholipase D (HKD-PLD) proteins.  Four of these genes 

(Ct154, Ct155, Ct157 and Ct158) are clustered in a region of high genetic diversity within 

the C. trachomatis chromosome termed the “Plasticity Zone” (PZ) (Carlson et al, 2004; 

Read et al, 2000a).  Expression of CT154 and CT155 did not lead to any visible growth 

defect in yeast although CT155 ectopically expressed in mammalian cells was tropic for 

mitochondria. Given that CT155 and CT084 have tropism for eukaryotic mitochondria, 

we speculate that these proteins may act as modulators of mitochondrial function.  

The PZ also encodes ADP-ribosylating toxins, enzymes for the biosynthesis of 

tryptophan and the cytotoxic ORF CT163 (Carlson et al, 2004; Read et al, 2000b; Read et 

al, 2003).  Surprisingly, CT163 was tropic for yeast lipid droplets.  Lipid droplets are 

ubiquitous eukaryotic organelles involved in the regulation and storage of neutral 
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lipids.  Proteomic analysis in yeast and mammalian cells indicate that these organelles 

may participate in a range of additional cellular functions including signaling and lipid 

transport (Martin & Parton, 2005).  The finding that an additional cytotoxic chlamydial 

protein (CT473) was also tropic for lipid droplets suggests that these organelles play an 

important role in chlamydial pathogenesis.  Indeed, we have recently found that C. 

trachomatis actively recruits lipid droplets to the surface of the inclusion and translocates 

them to the inclusion lumen (Cocchiaro et al, 2008; Kumar et al, 2006).  Further 

characterization of these lipid droplet associated proteins, CT163 (Lda2) and CT473 

(Lda3), will be essential for determining how C. trachomatis co-opts host neutral lipids.   

Two chlamydial proteins, CT283 and CT694, appear to inhibit cellular functions 

at the plasma membrane.  However, unlike Tarp, expression of these proteins did not 

disrupt the morphology of yeast cortical actin patches.  Nonetheless, expression of 

CT694 led to endocytic defects.  Because various cellular processes in yeast (e.g. sterol 

homeostasis) are required for proper endocytosis (Heese-Peck et al, 2002), it is possible 

that CT694 may inhibit endocytosis via an actin-independent mechanism. 

Inc proteins and other T3S system substrates are the best candidate proteins to 

act as modulators of eukaryotic cellular functions.  Studies done by Subtil et al identified 

a set of non-Inc chlamydial T3S system effector proteins that can be secreted by S. 

flexneri’s T3S system (Subtil et al, 2005).  Among these proteins, CT203, CT365, Cap1 

(CT529), CT566 (secreted in C. pneumoniae) and the carboxyl terminus of CT578 (CopB) 
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were identified in our phenotypic screens.  Whether CT203, CT365 and CT566 are 

secreted during infection remains to be determined.  Similarly, Tarp, which also induces 

a strong cytotoxic phenotype in yeast, is secreted in a T3S system-dependent manner 

(Clifton et al, 2004).  Interestingly, other highly cytotoxic chlamydial ORFs identified in 

our screens (Cap1/CT529 (Fling et al, 2001), CopB/CT578 (Fields et al, 2005), CT618 

(Sisko et al, 2006)and CT163 (Kumar et al, 2006))also localize to the IM, suggesting that a 

significant proportion of chlamydial proteins with strong phenotypes in yeast may be 

translocated across the inclusion. 

Because expression of the bilobed hydrophobic motif of Inc proteins was toxic in 

yeast, we were not able to assign a putative function to full-length Inc proteins based on 

yeast phenotypes.  To address this problem, we over-expressed the predicted cytosolic 

domains of 33 putative Inc proteins, with the assumption that these domains would be 

sufficient to modulate host cellular functions.  In this assay, only the cytosolic domains 

of CT618 and CT813 showed a strong phenotype in yeast.  However, because membrane 

localization can increase the local concentration of proteins, provide access to essential 

substrates/co-factors and enhance activity by providing a hydrophobic surface, we 

considered the possibility that the activity of Inc proteins is dependent on proximity to a 

membrane.  To mimic the “natural” context of Inc proteins, we anchored the soluble 

domain of Inc proteins to endosomal membranes by fusing them to the trans-membrane 

domain of the yeast endosomal SNAREs.  Under these conditions, CT179, CT192 and 
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CT195 displayed strong growth defects (e.g. Fig. 5B), suggesting that tethering the 

cytoplasmic domains of Inc proteins to endosomal membrane can influence the function 

of a subset of these proteins.  Proximity to a membrane can also significantly influence 

the activity of other C. trachomatis proteins.   For example, CPAF expression displays a 

growth phenotype in yeast only when attached to membranes (Table 3), suggesting that 

one of its eukaryotic targets is associated with membranes.   

The lack of distinct phenotypes in yeast upon expression of most Inc proteins 

may indicate that these proteins are part of multi-protein complexes, perform functions 

(e.g. transporters, structural stability of the IM) unrelated to the modulation of host 

cellular functions or that their targets are not conserved in yeast. 

An unexpected finding from subcellular localization screens was that three 

proteins (CT066, CT418 and the cytosolic domain of CT005) accumulated in yeast and 

mammalian nuclei.  Because these nucleo-tropic proteins lack canonical nuclear 

localization signal (NLS), they either contain sequences that act as alternative NLS or 

bind to host proteins with a NLS.  For CT005, a putative Inc protein, the latter possibility 

could provide a mechanism to modulate nuclear functions.  Interestingly, when the 

cytoplasmic domain of CT005 is expressed exogenously in infected HeLa cells, this 

fragment was recruited to the surface of the IM, especially in mid-early inclusions 

(<20hr) (Fig. 7B).  These results suggest that CT005 binds to host or bacteria-derived 

proteins that transiently localize to the IM. 
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In contrast to CT005, the nucleotropic C. trachomatis proteins CT066 and CT418 

did not contain any obvious transmembrane regions.  CT066 is a small, basic protein (pI 

11.4) and CT418 is a putative GTP-binding protein of the OBG family of GTPases (Pandit 

& Srinivasan, 2003).  The functional significance of this nuclear tropism remains to be 

determined.   Because HeLa cells have been shown to modulate the transcription of 

genes involved in transcription, translation, signal transduction and metabolism in 

response to C. trachomatis infection (Lad et al, 2005), it is possible that chlamydial 

proteins may influence gene expression, as has been shown for CPAF (Zhong et al, 

2001), by interfering with the nuclear cycling and/or activation of eukaryotic 

transcription factors. Alternatively, since Chlamydia possesses multiple, presumably 

redundant, mechanisms to ensure that programmed cell death is not engaged during 

bacterial replication (Dong et al, 2004; Fan et al, 1998; Tse et al, 2005; Xiao et al, 2004; 

Ying et al, 2005), these nucleotropic proteins may act to protect nuclear factors from pro-

apoptotic signals.  

In summary, we have devised a system for the high-throughput cloning of 

bacterial genes in yeast to assemble comprehensive, ordered protein expression arrays.  

This expression system provides a versatile platform to explore the function of 

pathogen-specific proteins by 1) taking advantage of the conservation of basic cellular 

processes among eukaryotic cells, and 2) rapidly and inexpensively expressing 

recombinant proteins for biochemical assays.   Based on these functional screens, we 
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have created a “short list” of chlamydial proteins that are attractive candidates as 

modulators of eukaryotic cellular functions (Table 4), including functions that may have 

been previously overlooked in chlamydial biology (e.g. co-option of lipid droplet 

metabolism).  The importance placed on a phenotype in yeast as a criteria for further 

analysis of putative chlamydial virulence factors is based on the tremendous potential of 

applying standard yeast genetic and genomic tools to identify affected eukaryotic 

cellular pathways (reviewed in (Valdivia, 2004)).   

Table 4: C. trachomatis candidate modulators of eukaryotic cellular function 

CT ORF1 
Phenotype in 

yeast2 
Organelle 
tropism3 Predicted function4 

CT066 Y Nuclear - 

CT084 Y Mitoch. phospholipase 

CT105 Y Endosome - 

CT142 Y Cyto. - 

CT163(Lda2) Y LD - 

CT283 Y PM - 

CT344 Y Punctate protease 

CT418 Y Nuclear GTPase 

CT456(Tarp) Y Agg. Actin nucleator 

CT473 (Lda3) Y LD DUF37 

CT529(Cap1) Y Punctate T3S effector 

CT578 (CopB1) Y Punctate T3S effector 

CT618 Y Punctate Inc protein 

CT694 Y PM - 

CT813 Y Agg. Inc protein 
1: CT ORFs that were identified in this screen as potential virulence factors.  2: CT ORFs 
that caused a defect in growth when expressed in yeast are marked with a Y (yes).  3: 
Subcellular localization of GFP tagged CT ORFs expressed in yeast.  Abbreviations:  
Agg, aggregate; Mitoch. Mitochondria; LD, lipid droplets; PM Plasma membrane; T3S, 
Type III secretion.  4: Predicted function and protein features were determined by with 
protein analysis tools from the Expert Protein Analysis System (Expasy us.exapsy.org) 
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Although all eukaryotic cells share a basic cellular architecture, chlamydial 

virulence factors that target pathways required for intercellular communication, tissue 

specialization, cell death regulation, or innate/adaptive immunity may not be necessarily 

well modeled in yeast.  Similarly, proteins that are post-translationally processed in the 

bacterium, inserted into a membrane by a bacterial-encoded apparatus (e.g. T3S system), 

or are part of a multi-protein complex may not retain biological activity when 

ectopically expressed in a eukaryotic cell.   Nonetheless, as shown in this study, yeast 

can provide a powerful expression system to initiate a functional analysis of pathogens 

that are difficult to genetically manipulate, grow in culture or are too dangerous for 

routine analysis in the laboratory.   

Author Contribution:  The work presented in this chapter represents the collaborative 

efforts of several investigators in our laboratory.  Toxicity screen involving soluble Ct 

ORFs was done by Jen Sisko.  Yeast microscopy analyses were done by Dr. Raphael 

Valdivia.  Toxicity screen of endosome anchored Ct ORFs and characterization of CT005-

EGFP localization in infected cells were done by Kris Spaeth.  This work was published 

in Molecular Microbiology.  

Sisko, J. L., Spaeth, K., Kumar, Y. and Valdivia, R. H. (2006). "Multifunctional analysis of 

Chlamydia-specific genes in a yeast expression system." Molecular Microbiology 60(1): 

51-66. 
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3 Mapping novel interactions among inclusion 
membrane proteins 

3.1 Introduction 

3.1.1 Protein interactions between bacterial proteins on the inclusion 
membrane 

As many as 51 chlamydial proteins are present on the inclusion membrane at 

some point during infection, including 33 Inc proteins and 18 non-Inc proteins 

(Bannantine et al, 2000; Bannantine et al, 1998; Fling, 2001; Li et al, 2008; Scidmore-

Carlson et al, 1999; Sisko et al, 2006).  Most of these proteins have no known function.  

Because these bacterial proteins localize to the inclusion membrane they may directly 

interact with host cellular components.  In fact 15 of the Inc proteins are predicted to 

form protein complexes as they contain protein interactions motifs such as coiled-coil 

domains or tetratricopeptide repeats (TPRs).  However, host proteins are known to 

interact with only four out of the 33 Incs (Delevoye et al, 2008; Rzomp et al, 2006; 

Scidmore & Hackstadt, 2001).    

From the genomic data it is evident that C. trachomatis doesn’t have complete 

metabolic pathways for production of amino acids or nucleotides (Stephens et al, 1998) 

suggesting that the bacteria obtains these nutrients from the host.  However, the 

inclusion appears to be relatively impermeable as small fluorescent probes (520 Da) do 

not passively diffuse into the inclusion (Heinzen & Hackstadt, 1997).  We hypothesized 

that some inclusion membrane proteins may function as transporters to scavenge 
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necessary metabolites from the host cytoplasm and transport them into the inclusion 

lumen.  Although host proteins are the most likely targets for many of the bacterial 

proteins on the inclusion, we postulated that some of these bacterial proteins may 

oligomerize to form complexes involved in stabilizing the inclusion membrane or 

forming channels required for movement of material across the inclusion membrane.   

Since Inc proteins are likely essential in the development of the bacteria, we 

wanted to determine the extent to which protein interaction networks formed among Inc 

proteins.  The discovery of complexes formed by these proteins could help to elucidate 

the function of these virulence proteins.  We used a yeast two-hybrid (YTH) system to 

screen the Inc proteins for potential protein-protein interactions.  We expanded this 

screen to included non-Inc proteins since it is likely that some of these proteins may also 

be translocated to the inclusion membrane.    

3.2 Materials and Methods 

3.2.1 Creation of Yeast two-hybrid libraries 

  Creation of the yeast two-hybrid library was accomplished by amplifying 

chlamydial genes out of the pSDY8 CT ORF library (Sisko et al, 2006) using the GAD-424 

and GBT9 N- and C-terminus primers listed in Table 5 and the Expand High Fidelity 

PCR system (Roche Diagnostics, IN).  PCR products amplified using the GAD-424 

primers were transformed into the yeast strain PJ69-4a (MATa trp1-901  leu2-3, 112  ura3-

52  his3-200  gal4Δ  gal80Δ  GAL2-ADE2 LYS2::GAL1-HIS3  met2::GAL7-lacZ) along with 
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calf intestinal alkaline phosphatase (CIAP) (Roche Diagnostics, IN) treated pGAD-424 

(Clontech, CA) by the lithium acetate method (Brown, 1998).  PCR products amplified 

with the GBT9 primers were transformed into yeast strain AH109 (MATα trp1-901  leu2-

3, 112  ura3-52  his3-200  gal4Δ  gal80Δ  GAL2-ADE2 LYS2::GAL1-HIS3  met2::GAL7-lacZ) 

along with CIAP treated pGBT9 (Clontech, CA).  The 5’ ends of PCR products contained 

overlapping regions that allowed efficient splicing with the YTH cloning vectors by 

homologous recombination.  Yeast containing GAD-424 or GBT9 plasmid was selected 

for on CSM-leucine and CSM-tryptophan agar plates respectively.  Plasmids were 

rescued from individual colonies and correct splicing of DNA molecules was confirmed 

either by restriction mapping using SpeI and HindIII restriction enzymes or by 

sequencing. 

Table 5:  PCR primers used to create yeast two-hybrid library 

Primer  Sequence 5' to 3' 

pGAD424 
N-term 

CTATTCGATGATGAAGATACCCCACCAAACCCAAAAAAAGAGATCCCGGATTCTAGAACT 
AGTATG 

pGAD424 
C-term 

GTTTTTCAGTATCTACGATTCATAGATCTCTGCAGGTCGACGTTCTCCTTTACTCATAA 
GCTT 

pGBT9 
N-term 

TCATCGGAAGAGAGTAGTAACAAAGGTCAAAGACAGTTGACTGTATCGCCGGATTCTA 
GAACTAGTATG 

pGBT9 C-
term 

AATCATAAGAAATTCGCCCGGAATTAGCTTGGCTGCAGGTCGACGTTCTCCTTTACTCAT 
AAGCTT 

 

3.2.2 Yeast two-hybrid analysis  

 The C. trachomatis ORFs inserted into pGAD-424 or pGBT9 were transformed 

into PJ69-4a or AH109 yeast strains and arrayed as libraries in 96 well flat bottom plates.  
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These libraries were maintained in complete synthetic media (CSM) missing leucine 

(GAD Library) or tryptophan (GBT9 library) (Bio 101 Laboratories) supplemented with 

2% dextrose.  The haploid GAD and GBT9 yeast strain libraries were mixed in 96 well 

plates containing YPD media and allowed to grow for two days at 30°C.  Diploid yeast 

strains were selected for on CSM –leucine –tryptophan agar plates supplemented with 

2% dextrose.  The diploid yeast cultures were plated on to agar plates that were CSM –

adenine +2% dextrose, CSM –histidine +2% dextrose or CSM –leucine –tryptophan +2% 

dextrose.  These selection plates were placed at 30°C for 4 days.  Yeast two-hybrid (YTH) 

hits were assessed by growth of yeast colonies on CSM –adenine or CSM –histidine 

plates as compared to the diploid yeast strain containing only the parental vectors 

pGAD424 and pGBT9.  YTH interactions were determined by comparing growth of 

diploid strains containing two chlamydial ORFs and the diploid strain containing 

parental pGAD-424 and pGBT9 on the CSM-adenine or CSM-histidine plates.    

CT ORFs that appeared to interact with each other by YTH analysis were re-

mated from the original haploid strains.  The resulting diploid was serially diluted 4-

fold and plated on to the three different selection plates. Mated yeast strains expressing 

CT ORFs that showed higher growth on CSM -histidine or CSM –adenine plates than the 

parental vector control were designated a strength of interaction based on the number of 

dilution spots with colonies growing. 
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3.2.3 Creation of Yeast TAP constructs 

The tandem affinity purification (TAP) tag which contains an IgG binding 

domain of Protein A (Prot A) and a Calmodulin binding peptide (Rigaut et al, 1999) was 

inserted into the pRS316 GAL between HindIII and XhoI restriction sites.  This vector 

was renamed pTAP.  IncA was excised out of the pSDY8-IncA using SpeI and HindIII 

restriction enzymes (New England Biolabs, MA) and ligated into the pTAP vector.  

CT223 and CT229 were amplified from pSDY8-223 and pSDY8-229 using primers Gal1 

(5’ TATACTTTAACGTCAAGG 3’) and pTAP C’term (5’GACGGCTATGAAATTCTTT 

TTCCATCTTCTCTTTTCCATGGAT TCTCCTTTACTCATAAGCTT 3’) and the Expand 

High Fidelity PCR system.  PCR amplified CT223 and CT229 were transformed into the 

S288c-derived yeast strain DLY1554 (MATa ura3Δ leu2Δ his3Δ lysΔ) along with CIAP 

treated pTAP.  The PCR products contained regions of homology that allowed for 

splicing with the pTAP vector.  Transformed yeast were selected for on CSM-uracil 

plates.  Plasmids were rescued from individual colonies and sequenced to confirm 

correct insertion of the genes.  

3.2.4 Creation of Glutathione-S-transferase (GST) tagged CT229 
expression construct   

The CT229 was excised from the pSDY8-Ct229 using SpeI and HindIII restriction 

enzymes. The gene fragment was separated on a 1.5% agarose gel and extracted from 

the gel using a gel extraction kit (Qiagen).  The CT229 gene was transformed into E. coli 

XL1-Blue super competent cells (Stratagene) according to the manufacturer’s protocol 
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along with pGex-4T-1S/H plasmid that had been linearized with SpeI and HindIII.  

Proper insertion of DNA fragment was assessed by restriction mapping.   

3.2.5 IncA, Ct223 and Ct229 pull-down assay 

The fusion proteins GST-229 was purified from XL1-Blue pGEX-Ct229 strain.  

Expression of fusion protein was induced by the addition of isopropyl β-D-1-

thiogalactopyranoside (IPTG) at a final concentration of 0.5mM when the culture 

reached an OD600nm of 0.4-0.6.  The bacteria were collected, resuspended in lysis buffer 

(50mM Tris pH7.5, 150mM NaCl, 2mM EDTA, 1% Triton-X100, 1mM PMSF) and 

sonicated three times at 4°C.  Cellular debris was pelleted and the cleared lysate was 

added to Glutathione Sepharose 4 Fast-Flow (GE Healthcare Bio-Sciences, NJ).  The 

glutathione beads were washed four times with wash buffer (50 mM Tris pH7.5, 150mM 

NaCl, 2mM EDTA, 0.25% Triton-X100).   

pTAP, pTAP-IncA, pTAP-Ct223 and pTAP-Ct229 yeast strains were cultured in 

CSM-uracil media supplemented with 2% dextrose.  Fusion protein expression was 

induced by exchanging culture media with CSM-uracil supplemented with 2% 

galactose.  Yeast cells were pelleted and resuspended in lysis buffer.  Lysis of yeast 

culture was achieved by repeated agitation of suspension in the presence of glass beads.  

Cellular debris was pelleted and the lysates were added to the prepared GST, GST-IncA 

or GST-229 bound glutathione beads.  Beads were allowed to incubate with yeast lysates 
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overnight at 4°C on a rotation rack. Proteins that remained bound after washing the 

beads were released by boiling in 1x SDS-PAGE sample buffer.  

3.2.6 Mammalian cell lines and reagents 

HeLa cell lines were obtained from the ATCC.  HeLa cells were propagated in 

Eagle’s Minimal Essential Media (Invitrogen, CA) supplemented with 10% fetal bovine 

serum (Mediatech, VA).  

CT223 mouse monoclonal antibodies were provided by Dr. Daniel Rockey 

(Oregon State University, Corvallis, OR) and the CT229 rabbit polyclonal antibodies 

were received from Dr. Marci Scidmore (Cornell University, Ithica, NY).   

3.2.7 Chemical crosslinking analysis  

HeLa cells were seeded in four 10cm tissue culture plates and grown to a density 

of approximately 1 x 106 cells at 37°C.  These plates were infected with Chlamydia 

trachomatis serovar L2 EBs at an MOI of 1 or mock infected.  To synchronize the 

infection, after addition of the EBs the plates were briefly stored at 4°C for 30 min and 

then shifted back to 37°C.  After two hours the media was removed, cells were washed 

once with Phosphate Buffer Saline pH 7.4 (PBS) (Gibco), and fresh media was added to 

the cells.  Forty hours after initial infection, the cells were washed with PBS and 

collected in 0.5 ml of PBS.  The cell suspension was aliquoted into equal fractions and 

then treated with a cell permeable cleavable crosslinker known as 

dithiobis[succinimidylpropionate] (DSP) (Pierce, IL)  at concentrations ranging from 1-
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4mM.  Dimethyl sulfoxide (DMSO) (J.T. Baker, NJ) was used as negative control.  After a 

twenty minute incubation period at 4°C, 10 X TNE was added to the suspension to 

quench any excess crosslinker.  The samples were then mixed with 5 X Sample Buffer 

without any reducing agents and briefly sonicated.  The samples were divided in half 

and Dithiothretol (DTT) (Denville Scientific, NJ) was added to half of the samples at a 

concentration of 50mM.  The samples were heated at 65°C for 10 min and then used for 

immunoblot analysis.        

3.3 Results 

3.3.1 Identification of interacting C. trachomatis proteins 

Little information exists about the interaction network formed by proteins on the 

inclusion membrane.  We sought to define this network and determine if any bacterial 

inclusion membrane proteins form complexes.  To discover the composition of these 

interactions we tested individual proteins by YTH analysis.  This was accomplished by 

generating YTH libraries that incorporated a total of 188 Incs and CT ORFs of unknown 

function into pGAD-424 and pGBT9 to create in-frame fusions with the activation 

domain or DNA binding domain of the Gal4 transcription factor.  Interaction between 

ORFs cloned in to the pGAD-424 and pGBT9 would reconstitute the Gal4 transcription 

factor and drive expression of HIS3 and ADE2 under control of a GAL promoter.  

Growth of yeast strains expressing both plasmids on CSM-histidine or CSM-adenine 
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agar indicated a positive interaction between the proteins.  CT ORFs included in this 

screen are underlined in Table 1. 

  In this screen every GAD-424-CT ORF yeast strain was crossed against all 

GBT9-CT ORF strains to identify any potential heterotypic or homotypic interactions 

that could occur.  By using arrayed libraries of yeast strains as opposed to a pooled 

libraries we  maximized the number of interactions that could be monitored.  Evidence 

of a putative interaction between two chlamydial proteins was assessed by the growth of 

the diploid strains on CSM-His or CSM-Ade solid media agar plates.  

Table 6: Results of Yeast Two Hybrid Screen identifying Inc protein interactions 

Ct 
ORFs 

(1) 

aa 
length 

(2) 

Prot. 
Segment 

incorporated 
(aa) (3) 

Description/function 
(4) 

Pfam 
descriptions (5) 

Interacting 
partner (6) 

Strength 
of 

interaction 
(7) 

CT059 91 1-91 Ferrodoxin 
beta-Grasp 

fold/Fer2 family CT229 W 

CT119 
(IncA) 273 109-273 

Inclusion membrane 
protein/ inclusion 

fusion IncA family IncA W 

          CT226 W 
CT163 
(Lda2) 548 1-548 

Lipid droplet 
association 

IQ calmodulin-
binding motif CT418 W 

CT192 257 107-257 Unknown function   CT283 W 

CT223 270 86-270 
Inclusion membrane 

protein IncA family CT700 M 

          CT229 S 

          CT223 S 

CT225 122 69-122 
Putative Inclusion 
membrane protein   CT260 S 

CT226 176 99-176 
Putative Inclusion 
membrane protein IncA family IncA W 

         CT700 W 

CT229 215 92-215 

Inclusion membrane 
protein/Rab4a 

binding partner IncA family CT059 W 

         CT223 S 

         CT229 M 
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CT260 163 1-163 Unknown function DUF1790 CT225 S 

         Cap1 M 

         CT618 S 

         CdsQ W 

CT276 193 1-193 Unknown function DUF583  CT276 M 

         CT700 W 

CT283 698 1-698 Unknown function   CT192 W 

CT418 233 1-335 GTP binding protein OBG Fold Lda1 W 

          CT700 W 
CT473 
(Lda3) 104 1-104 

Lipid droplet 
association DUF37 Lda3 M 

CT529 
(Cap1) 298 1-255 

Inclusion membrane 
protein   CT260 M 

CT565 147 1-147 Unknown function   CT565 W 

CT618 266 1-189 Unknown function   CT260 S 

CT700 441 16-441 
Unknown function/ 

TPR  TPR family 2  CT223 W 

          CT226 W 

          CT276 W 

          CT418 W 

          CT824 W 

CT712 390 1-390 Unknown function DUF582 CT768 W 

CT768 562 1-562 Unknown function   CT712 W 

CT824 974 1-974 
putative 

metalloprotease 
Metallopeptidase 

family M16 CdsQ M 

          CT700 W 
1: ORFs that demonstrated a positive protein interaction by YTH analysis.  2: Protein 
length obtained from STDGEN Database (stdgen.northwestern.edu) 3: Region of ORF 
included in this screen.  4: Known or putative function of CT ORFs obtained from 
STDGEN database and Kumar et al. 2006.  5: Results of bioinfomatics analysis for 
similarities to protein families, motifs or domains were done using Pfam 
(pfam.sanger.ac.uk).  6: List of interacting ORFs observed from the YTH screen.  7:  
Strength of interacting ORFs  based growth of serial diluted strains on selective agar.  
Abbreviations:  W: weak, M: moderate, S: strong.  
 

From this screen we identified thirty-six interactions among the bacterial 

proteins which are listed in Table 6.  Seven of the Chlamydia ORFs tested demonstrated 

an ability to self-interact (Table 6, Fig. 8) including IncA, which is known to form dimers 

and tetramers (Delevoye et al, 2004).  CT565, CT223, CT229, CT260, CT276 and CT473 
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(Lda3), also appear to be capable of forming homotypic interactions.  In addition to 

homodimerization, it appears that CT260, CT223, CT229 and CT276 are also involved in 

heterotypic  interactions with other  CT ORFs.  

In fact, the majority of the interactions that resulted from this screen consisted of 

heteromeric interactions between two or more Chlamydia ORFs (Fig. 8).  Large 

interaction nodes were observed for two particular chlamydial proteins of unknown 

function.  CT260 interacted with itself and three known inclusion membrane proteins 

Cap1, CT618 and CT225 (Fling, 2001; Li et al, 2008; Sisko et al, 2006).  The other 

interaction node revolved around CT700.  This protein interacted with three inclusion 

membrane-associated proteins CT223, CT226 and CT418, a putative metalloprotease, 

CT824, and a protein of unknown function, CT276.  In addition, four other chlamydial 

specific proteins showed interactions in this screen.  Ct768 interacted with CT712, CT283 

interacted with the Inc protein CT192 and CT059 interacted with the the Inc protein 

CT229.  

The remaing three interactions occurred between Inc proteins and secreted non-

Inc proteins.  The Inc proteins CT226 and IncA were observed to associate in the screen 

as did CT223 with CT229. The other set of interactions occurred between lipid droplet 

associated protein, Lda2, and the putative GTPase CT418 (Kumar et al, 2006).  A map of 

these interactions are included in Figure 8.     
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Figure 8:  Protein interaction of Inc proteins and C. trachomatis specific ORFs 

Square nodes denote known and putative Inc proteins.  Circular nodes mark C. 
trachomatis ORFs of unknown function.  Solid line denoted interactions that have 
been previously observed.  Dashed line marks novel interactions 

.  

3.3.2 CT223/229 pull-down assays 

Although the YTH screen yielded several putative interactions between the 

chlamydial specific ORFs of unknown function and Inc proteins, we decided to focus on 

characterizing the interaction between the Inc proteins CT229 and CT223.  Since the host 

protein Rab4a associates with CT229 during infection (Rzomp et al, 2006) we postulated 

that CT223 and CT229 may be forming a protein complex that is involved in regulating 

membrane trafficking or fusion events on the inclusion.    

To confirm the predicted YTH interactions we set up a pull-down assay using 

purified recombinant GST-CT229 and yeast lysates containing Prot A tagged CT223 or 

CT229.  This assay confirmed that the putative cytosolic tail of CT229 and CT223 have 

affinity for each other.  It also appears that CT229 has a higher affinity for a homomeric 
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interaction than the heteromeric interaction with CT223.  These interactions are 

dependent on C-terminal of CT229 as the GST tag alone failed to pull down any of the 

recombinant proteins (Fig. 9).    

  

Figure 9:  CT229/Ct223 in vitro pull-down assays 

 (A) Immunoblots were done to assess the expression of Prot A tagged 
recombinant proteins, CT223 and CT229, present in the yeast lysates.  (B) The 
pull-down assay showed that in the presence on GST-229, 223-Prot A and 229-
Prot A are pulled but the control Prot A tag is not.  GST alone failed to pull down 
any of the Prot A tagged proteins. 
 

3.3.3 CT223 forms a 52 kiloDalton (kDa) complex in vivo  

Since CT223 and CT229 interact in vitro, we sought to detect if these proteins 

form a complex during the infection cycle.  If either of the chlamydial proteins forms a 

complex, then addition of a cell permeable, reducible chemical crosslinker would fix 

these interactions.  A CT223/229 crosslinked complex should be detectable by 

immunoblot analysis as a unique band that migrates slower than the monomeric forms 
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by SDS-PAGE.  Immunoblots done with a monoclonal CT223 antibody detected a 

unique complex of approximately 52 kDa. This 52 kDa complex remained stable even 

when treated with 1% SDS and heated at 65°C in the absence of DSP.  However, if the 

samples are treated with 50 mM DTT the higher molecular weight complexes are 

reduced and only the CT223 monomer is detected (Fig. 10).  This suggests that CT223 

forms a stable complex that is sensitive to reducing reagents. Immunoblot analysis using 

polyclonal antibodies raised against CT229 on the samples prepared from this assay was 

uninformative because cross-reactive bands obscured portions of the blots.   

 

Figure 10:  Chemical crosslink analysis of CT223 from infected HeLa cells 

HeLa cells were infected for 40 hours with C trachomatis serovar L2 at an MOI of 
5.  Cells were collected and treated with 1mM, 4mM DSP or DMSO.  The samples 
were split in two and 50mM DTT was added to one set.  Uninfected HeLa cells 
were similarly treated and included as a negative control.  Equal amounts of all 
samples were loaded on a 12% acrylamide gel.   
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3.4 Discussion 

Proteins at the inclusion membrane are likely to interact with either host proteins 

or other bacterial proteins.  As a first step to understand the function of Inc proteins we 

wanted to identify potential protein complexes formed by bacterial proteins at the 

inclusion.  By exploring these interactions we hoped to gain new insight as to how 

Chlamydia is able to establish itself in the host. From our preliminary screen, we have 

identified over thirty-three protein-protein interactions that are candidates for further 

characterization.  In the following section we summarize some of the prominent findings 

of this screen.  

The lipid droplet associated protein Lda3 (CT473) demonstrated an ability to 

self-interact (Kumar et al, 2006; Sisko et al, 2006).  The role that this protein plays in 

acquisition of the lipids from the host is still unclear.  However this protein may act to 

tether lipid rich structures to the inclusion membrane and aid in the involution of the 

lipid droplet into the inclusion (Cocchiaro et al, 2008).  Since Lda3 appears to only be 

peripherally associated with the inclusion membrane (Kumar et al, 2006), there must be 

another component on the inclusion membrane involved in tethering of the lipid rich 

structures to the inclusion membrane via an interaction with Lda3 .  It is possible that 

another bacterial protein not identified in this screen is involved in this tethering Lda3.   

However because of the limitations of the yeast two-hybrid systems such as misfolding 
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or poor expression of the protein (Kuroda et al, 2006) some of these interactions will 

inevitably be missed.   

IncA showed protein interactions with itself and CT226.  In the initial stages of 

infection by C. trachomatis, the bacteria can be found in multiple inclusions around the 

cell.  However, between 16 and 20 hours after initial infection these multiple inclusions 

are fused into one single inclusion.  IncA mediates these membrane fusion events 

between inclusions (Hackstadt et al, 1999; Suchland et al, 2000).  Modeling of the C-

terminal portion of IncA suggested that this protein would function as a SNARE like 

protein (Delevoye et al, 2004).  The ability of IncA to bind to two SNARE proteins, 

Vamp3 and Vamp7 adds further support for a model where IncA acts as a SNARE 

protein to mediate membrane fusion events  (Delevoye et al, 2008).  Although CT226 

does not appear to be a SNARE like protein based on bioinformatic analysis, it still may 

serve in as a regulator of membrane fusion events mediated by IncA.  Despite IncA 

importance in IM fusion events, non-fusogenic strains of C. trachomatis that apparently 

make functional IncA have been identified (Rockey et al, 2002b).  This would suggest 

that there are additional bacterial components involved in IM fusion events of which 

CT226 is likely to be one of the components.   

There were two proteins identified as hubs for a protein interaction cluster.  

CT700 mapped as a central node interacting with three known proteins present on the 

inclusion membrane CT223, CT226 and CT418, a putative GTPase.  It also interacted 
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with the putative metalloprotease CT824 and a protein of unknown function CT276 

(Bannantine et al, 2000; Li et al, 2008; Sisko et al, 2006).  The other central node protein 

was CT260 which showed several interactions with proteins that are known to be 

translocated to the inclusion membrane as well as with itself.  This protein interacted 

with Cap1 and CT618, proteins we identified in our phenotypic screen in yeast as 

potential effector proteins as well as the Inc protein CT225 (Li et al, 2008; Sisko et al, 

2006).   

CT229 and CT223 formed homomeric interactions with themselves and 

heteromeric interactions with each other.  We opted to probe the interaction of these two 

proteins further because CT229 has already been implicated to be involved in membrane 

trafficking or fusion events due to its interaction with Rab4a (Rzomp et al, 2006).  To 

characterize the interaction of these proteins we did in vitro pull down assays using 

recombinant CT223 and CT229 proteins fused to Prot A or GST tags.  From this assay we 

were able to confirm that the C-terminal of CT229 contains sufficient affinity to bind to 

itself as well as CT223 (Fig. 9).  

With the possibility that CT229 and CT223 form a functional complex, we 

wanted to determine if similar interactions occur during infection when these proteins 

are present on the inclusion membrane.  To accomplish this we took HeLa cells infected 

with C. trachomatis serovar L2 and treated the intact cells with varying concentrations of 

DSP.  We discovered that CT223 forms a 52 kDa complex which requires the addition of 
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reducing reagents to completely disassociate the protein components (Fig. 10).  This 

suggested that the complex formed by CT223 is very stable and that it may contain 

disulfide bonds. Although the orientation of Ct223 on the inclusion membrane is not 

known, it is unlikely that disulfide bonds would form between portions of the protein 

present in the reducing environment of the host cytoplasm.  If CT223 is forming a 

complex that contains disulfide bonds, then it is likely to occur between portions of 

protein located in the lumen of the inclusion.  This also suggests that the inclusion must 

be an oxidizing environment.  There is little information about inclusion lumenal 

environment.  However, it is known that the  major outer membrane proteins of C. 

trachomatis form many disulfide bonds to create a rigid protein coat when the bacteria 

transitions from the RB  to EB form (Hackstadt et al, 1985).  Since RB to EB transition 

occurs in the inclusion, this would argue that the inclusion is an oxidizing environment.      

It is still unclear if CT223 acts as homodimer, a CT223/CT229 heterodimer as both 

interactions would form a complex of about 50 kDa.  Alternatively there may be some 

other bacterial or host component that is interacting with CT223 that was not identified 

in this screen.   

In this study we have taken a step towards further understanding the protein 

interaction network formed Chlamydia trachomatis.  This screen has identified 21 protein 

interactions between Inc and non-Inc proteins, of which only the homotypic interaction 

between IncA has previously been observed (Delevoye et al, 2004).  Among the various 
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interactions observed, CT260 and CT700 stood out as nodes that interacted with several 

chlamydial proteins that are secreted.  These interactions suggest that these proteins 

may function in some regulatory capacity.  Further characterization of what other 

bacterial or host components CT260 and CT700 interact with should help elucidate the 

function of these two putative virulence proteins.   
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4. Mapping the T3S system of C. trachomatis 

4.1 Introduction 

4.1.1 T3S systems 

The T3S apparatus is a well conserved multi-protein complex.  The apparatus 

typically has a cytoplasmic structure known as the C-ring (Fig. 11), which serves as an 

organization site for components that mediate secretion of effector proteins (Jackson & 

Plano, 2000; Morita-Ishihara et al, 2006).  The C-ring connects to the basal body of the 

secretion apparatus.  The basal body is composed of protein rings on the inner and outer 

membrane as well as periplasmic spanning proteins.  The inner membrane ring (IMR) 

consists of approximately 6 different transmembrane proteins that associate to form a 

channel (Fig. 11).  The IMR interacts with the C-ring on the cytoplasmic side of the 

membrane and with a lipoprotein on the periplasmic side of the membrane (Marlovits et 

al, 2004).  The outer membrane ring (OMR) is typically composed of 10-12 copies of a 

Secretin-related protein (Fig. 11) (Burghout et al, 2004; Koster M., 1997).   The inner and 

outer membrane structures are connected via a lipoprotein that spans the periplasmic 

region (Silva-Herzog et al, 2008).  An injection needle, which is composed of a single 

protein oligomer that forms a hollow tube with a diameter of approximately 2 nm (Fig. 

11), attaches to the IMR and extends outwards through the OMR into the extracellular 

environment (Ghosh, 2004).   The needle also contains a capping protein at the distal end 

that serves as an assembly site for components involved in forming the protein 
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translocation pore in the host cell membrane (Broz et al, 2007; Mueller et al, 2005).When 

the various T3S apparatus components are assembled into a single complex, it forms a 

continuous channel that can deliver effector proteins from the bacteria directly into host 

cell cytoplasm.  This T3S apparatus is also referred to as the “injectosome”.  

 

Figure 11: Schematic of a T3S apparatus 

Model based on Yersinia species T3S apparatus. 
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4.1.2 Previous work on C. trachomatis T3S system 

Early studies looking at the ultrastructure of EB and RB outer membranes 

identified spike-like protein projections emanating from a rosette structure on the outer 

membrane of C. psittaci (Matsumoto, 1982b).  The potential function of the protein 

projections remained elusive until Hsia et al. identified chlamydial genes that shared 

strong homology to Yersinia T3S system genes (Hsia et al, 1997).  Genes encoding 

components of T3S systems are present in all of the sequenced Chlamydiaceae and 

Parachlamydiaceae genomes (Horn et al, 2004; Kalman et al, 1999; Read et al, 2003; 

Stephens et al, 1998).  Despite the identification of the T3S genes, it was still unclear if 

Chlamydia made a functional T3S apparatus because not all components could be 

identified.  However, T3S system genes are transcribed during infection and 

components of the apparatus are found in both EBs and RBs by proteomic analyses 

(Fields et al, 2003; Skipp P., 2005).  Finally, chlamydial proteins can be substrates of T3S 

systems.  For example, fusion of the N-terminus of chlamydial inclusion membrane 

proteins to a reporter protein is sufficient to permit their secretion by Yersinia and 

Shigella in a T3S system (Fields & Hackstadt, 2000; Ho & Starnbach, 2005; Subtil et al, 

2005).  Also, CopN and Tarp can be secreted from the surrogate T3S systems as intact 

proteins (Clifton et al, 2004; Fields & Hackstadt, 2000)  

These data suggest that C. trachomatis encodes a functional T3S apparatus. 

However, our understanding of its composition and regulation is incomplete.  Although 



 

80 

several of the basal components of the T3S apparatus could be identified by 

bioinformatics approaches, genes which encode for proteins that form the needle tip 

complex, needle structure and a lipoprotein that guide the insertion of the OMR protein 

could not be identified.   

Members of the Chlamydiaceae also contain 4 genes that are homologous to 

components of a flagella protein secretion system (Peters et al, 2007).  Because the 

components of T3S and flagella protein secretion apparatuses are related, it is unclear 

whether these proteins are components of the Chlamydia T3S apparatus.   

Although building a model of the chlamydial T3S apparatus by bioinformatic 

comparisons to the Yersinia T3S system was an important first step, additional 

approaches are needed to determine full the composition of the C. trachomatis T3S 

system.   

4.1.3 Establishing a protein interaction map of T3S system 
components by yeast two-hybrid analysis. 

Gene deletion strategies have rather effectively help define the T3S system 

components of Yersinia or Salmonella (Wattiau et al, 1994).  Utilization of these techniques 

for C. trachomatis has not been possible due to the genetic intractability of the pathogen.  

An alternative technique that has been employed successfully for mapping interacting 

components of T3S system for both Yersinia and E. coli has been YTH analysis (Creasey 

et al, 2003b; Jackson & Plano, 2000).  We therefore applied a YTH-based approach to 

generate a protein interaction map of the C. trachomatis T3S apparatus.  We initiated this 
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screen by looking for interactions among conserved T3S system components (Hsia et al, 

1997; Peters et al, 2007; Stephens et al, 1998; Subtil et al, 2000).  Since not all of the 

necessary T3S components could be identified by homology, we expanded the screen to 

include 188 genes encoded by C. trachomatis that have no known function.    

4.2 Materials and Methods 

4.2.1 Creation of Yeast two-hybrid libraries 

  T3S system genes were amplified with CT ORF specific primers from the 

genomic DNA isolated from density-gradient-purified C trachomatis serovar D EBs.  The 

primers have regions of homology in their 5’ ends to either the pGAD-424 or pGBT9 

plasmids to allow for cloning by homologous recombination.  Table 7 lists the C. 

trachomatis ORFs amplified from genomic DNA.  Methods and materials used for the 

creation of these libraries are the same as those used in section 3.2.1.  

Table 7: List of Chlamydia T3S system components 

ORF1 
Yersinia 
homolog2 

Structural 
components 

of T3S3 

T3S 
loci4 

ORF1 
Yersinia 
homolog2 

Structural 
components 

of T3S3 

T3S 
loci4 

CT060 (FlhA) YscV IMR FSS-1 CT664 (CdsD) YscD IMR T3S-A3 

CT061 (FliA)   - FSS-1 CT665 (CdsE) YscE SC T3S-A3 

CT088 (Scc1) SycE SC T3S-A1 CT666 (CdsF) YscF NC T3S-A3 

CT089 (CopN) YopN - T3S-A1 CT667 (CdsG) YscG SC T3S-A3 

CT090 (CdsV) YscV IMR T3S-A1 CT668   - T3S-A3 

CT091 (CdsU) YscU IMR T3S-A1 CT669 (CdsN) YscN ATPase T3S-A3 

CT559 (CdsJ) YscJ LP T3S-A2 CT670    - T3S-A3 

CT560    - T3S-A2 CT671   - T3S-A3 

CT561 (CdsL) YscL - T3S-A2 CT672 (CdsQ) YscQ C T3S-A3 

CT562 (CdsR) YscR IMR T3S-A2 CT673 (Pkn5)   - T3S-A3 

CT563 (CdsS) YscS IMR T3S-A2 CT674 (CdsC) YscC OMR T3S-A3 

CT564 (CdsT) YscT IMR T3S-A2 CT717 (FliI) YscN ATPase FSS-2 
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CT576 (Scc2) SycD SC T3S-A2 CT718   - FSS-2 

CT577    - T3S-A2 CT719 (FliF) YscJ LP FSS-2 

CT578 (CopB) YopB TP T3S-A2 CT860 (Scc3) SycD SC T3S-T2 

CT579 (CopD) YopD TP T3S-A2 CT861 (CopB2) YopB TP T3S-T2 

CT663    SC T3S-A3 CT862 (CopD2) YopD TP T3S-T2 
1CT ORFs that are homologues to components of a T3S apparatus or are encoded within 
the defined T3S locus.  2Yersinia ortholog of chlamydial gene.  A blank space denotes 
Chlamydia genes where no homolog could de identified (Peters et al, 2007).  3 Structural 
component of T3S apparatus the Yersinia ortholog forms.  4Name of T3S loci as described 
in the in Peters et al. 2007. CT ORFs listed in bold could not be amplified from the 
genomic DNA. Abbreviations: IMR: inner membrane –ring, SC: secretion chaperone 
protein, NC: needle complex, LP: lipoprotein, TP: translocation pore, OMR: outer 
membrane-ring 
 

4.2.2 Yeast two-hybrid analysis  

 Methods and materials used for yeast two-hybrid screen are the same as those 

listed in section 3.2.2 

4.3 Results 

4.3.1 Protein interaction map of C. trachomatis T3S system 
components 

The YTH screen of interactions among components encoded within C. trachomatis 

T3S system genomic loci yielded hits between CdsQ and the IMR components CdsS, 

CdsT and FlhA, a homolog of the T3S system gene CdsV (Fig. 12).  We also detected an 

interaction between CT560, a protein of unknown function encoded within a T3S system 

locus and CdsQ.  Recently CdsQ was observed to interact with CdsL, a putative 

regulator of CdsN, an ATPase required  for protein secretion (Blaylock et al, 2006).  We 

also found a previously reported interaction between Scc2 and CopB as well as a novel 

interaction between Scc2 and CopD (Fields et al, 2005).  There were several additional 
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proteins encoded within the T3S loci that appeared to interact with each other such as 

CT667 which interacted with CT666 and CT665.  Based on the observed protein 

interactions we developed an interaction map of the known components of the 

chlamydial T3S apparatus (Fig 12).    

 

Figure 12: Protein interactions between components of the T3S loci 

Red nodes represent proteins that have been identified as components of the T3S 
by homology.  Yellow nodes represent secreted effector proteins.  Blue nodes 
denote T3S chaperone proteins.  Solid line marks interactions that are predicted 
to occur or have been observed previously.  Hash-marked line represents novel 
interactions. 
 

4.3.2 Identification of novel T3S system components 

The screen was expanded to include the 188 chlamydial specific ORFs that have 

no defined function and 14 CT ORFs encoded in proximity to the T3S system loci.  From 

this screen an additional 13 proteins were found to interact with T3S system components 
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(Fig. 13).  Five additional CT ORFs were observed to interact with CdsQ.   Two of these 

interactions connected CdsQ to two large sets of secreted proteins through CT260 and 

CT824.  CT668 was found to interact with three proteins of unknown function.  CdsN 

and CT621 appeared to form an interaction.  Two chlamydial proteins that are 

homologous to the T3S chaperone proteins SycE and CesT formed a heteromeric 

interaction.  CT584 was also observed to interact with CT666.  All C. trachomatis open 

reading frames that showed interactions in these screens are included in Table 8.   

Table 8: Results of C trachomatis T3S system components YTH screen 

CT ORFs 1 
aa 

length 
2 

Prot. 
Segment 

incorporated 
(aa) 3 

Description/function 4 
Pfam descriptions 

5 
Interacting 
partner 6 

Strength 
of 

interaction 
7 

CT060 
(flhA) 

605 1-605 
flagellar biosynthesis 
and secretion protein 

ClpB protein fold/ 
FHIPEP family 

CdsQ Weak 

CT085 579 1-579 
Unknown function/ 

Contains ACR domains 
Carboxylase/ UbiD 

family 
CdsQ Weak 

CT088 
(Scc1) 

146 1-146 
Type Three Secretion 

chaperone protein 
Tir chaperone 
protein family 

CT663 Strong 

CT089 
(CopN) 

421 1-421 
Type three secretion 

target 

low calcium 
response E 

(LcrE/SctW) 
Scc3 Moderate 

CT161 246 1-246 Unknown function   CT274 Weak 

CT223 270 86-270 
Inclusion membrane 

protein 
IncA family CT223 Strong 

          CT229 Strong 

          CT700 Moderate 

CT225 122 69-122 
Putative Inclusion 
membrane protein   CT260 Strong 

CT226 176 99-176 
Putative Inclusion 
membrane protein 

IncA family IncA Weak 

          CT700 Weak 

CT260 163 1-163 Unknown function DUF1790 CT225 Strong 

          260 Weak 

          Cap1 Moderate 

          CT618 Strong 
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 CT260         CdsQ Weak 

CT274 139 1-139 Unknown function TPR domains CT161 Weak 

          CT668 Weak 

CT276 193 1-193 Unknown function DUF583  CT276 Moderate 

          CT700 Weak 

CT418 233 1-335 GTP binding protein OBG Fold  Lda2 Weak 

          CT700 Weak 

CT472 264 1-242 Unknown function 
OBG Fold, GTPase 

of unknown 
function, DUF155 

CT677 Weak 

CT529 
(Cap1) 

298 1-255 
Inclusion membrane 

protein 
  CT260 Strong 

CT560 278 1-278 Unknown function   CdsQ Moderate 

CT561 
(CdsL) 

223 1-223 
Type Three Secretion 

Apparatus component/ 
ATPase inhibitor 

FliH domain CdsQ Strong 

CT563 
(CdsS) 

94 1-94 
Type Three Secretion 

Apparatus component 
Bacterial export 

proteins family 3 
CdsQ Weak 

CT564 
(CdsT) 

289 1-289 
Type Three Secretion 

Apparatus component 
Bacterial export 

proteins family 1 
CT648 Weak 

          CdsQ Weak 

CT567 174 1-174 Unknown function DUF1494 CdsQ Weak 

CT576 
(Scc2) 

232 1-232 
Type Three Secretion 

chaperone protein 
similar to lcrH 

TPR family 3 CopB Moderate 

          CopD Moderate 

CT578 
(CopB) 

487 1-254 Target of TTSS   Scc2 Moderate 

CT579 
(CopD) 

439 1-204 Target of TTSS   Scc2 Moderate 

CT584 183 1-183 Unknown function   CdsF Moderate 

CT618 266 1-189 Unknown function   Ct260 Strong 

CT621 632 1-823 Unknown function DUF582 CdsN Weak 

CT648 424 1-424 Unknown function   CdsT Moderate 

          CT676 Moderate 

CT663 133 1-133 
Type Three Secretion 

chaperone protein 
Tir chaperone 
protein family 

Scc1 Strong 

CT665 
(CdsE) 

83 1-83 
Type Three Secretion 

chaperone protein 
  CdsG Strong 

CT666 
(CdsF) 

83 1-83 
Type Three Secretion 

Apparatus needle 
  CT584 Moderate 

          CdsG Moderate 
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CT667 
(CdsG) 

149 1-149 
Type Three Secretion 

chaperone protein 
TPR family 2 CdsE Strong 

          CdsF Moderate 

CT668 223 1-223 Unknown function   CT274 Weak 

          CT837 Moderate 

CT669 
(CdsN) 

442 1-442 
Type Three Secretion 

Apparatus  
ATP synthase 

alpha/beta family 
CT621 Weak 

CT672 
(CdsQ) 

373 1-373 
Type Three Secretion 

Apparatus component 
SpoA family FlhA Weak 

          CT085 Weak 

          CT260 Weak 

          CT560 Moderate 

          CdsL Strong 

          CdsS Weak 

          CdsT Weak 

          CT567 Weak 

          CT676 Weak 

          CT677 Weak 

          CT824 Weak 

CT676 173 1-173 Unknown function UvrB/UvrC motif CT648 Moderate 

          CdsQ Weak 

CT677 179 1-179 
ribosomal recycling 

factor 
RRF domain CT472 Weak 

          CdsQ Weak 

CT700 441 16-441 Unknown function/ TPR  TPR family 2 CT226 Weak 

          CT276 Weak 

          CT418 Weak 

          CT824 Weak 

CT824 974 1-974 putative metalloprotease 
Metallopeptidase 

family M16 
CdsQ Weak 

          CT700 Weak 

CT837 658 1-658 Unknown function   CT668 Moderate 

CT862 
(Scc3) 

198 1-198 
Type Three Secretion 

chaperone protein 
TPR family 3 CopN Strong 

1ORFs that demonstrated a positive protein interaction by YTH analysis.   
2PredictedCT ORF protein length obtained from the STDGEN Database 
(stdgen.northwestern.edu). 3Region of ORF included in this screen. Abrreviation: aa: 
amino acid  4CT ORF’s known or putative function obtained from STDGEN database 
and Kumar et al. 2006.  5Results of bioinfomatics analysis for similarities to protein 
families, motifs or dones were done using Pfam (pfam.sanger.ac.uk).  6List of interacting 
ORFs observed from the YTH screen.  7Strength of interactions assessed by growth of 
serially diluted strains on selective agar.  
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Figure 13: Protein interactions between products of the T3S loci and C. 
trachomatis genes of unknown function 

Red nodes represent proteins that have been identified as components of the T3S 
system.  Green nodes represent proteins of unknown function.  Yellow nodes 
represent known effector proteins.  Blue nodes denote T3S chaperone proteins.  
Solid line marks interactions that are predicted to occur or have been observed 
previously.  Hash-marked line represents novel interactions. 

4.4 Discussion 

Prior to this study, our understanding of the architecture of the Chlamydia T3S 

apparatus was based solely on homology of chlamydial proteins to conserved 

components of the Yersinia T3S system.  We used YTH analysis to determine what 

proteins might be involved in forming or regulating the T3S apparatus.    



 

88 

The YTH screen done on T3S components identified by homology revealed 

several interactions that suggest that the basal structure of the C. trachomatis T3S 

apparatus is similar to that of other pathogens with T3S systems.   We observed 

interactions between the C-ring component CdsQ and two proteins of the basal structure 

IMR, CdsS and CdsT (Fig. 12).  Although there is no direct evidence that YscQ, the 

Yersinia ortholog of CdsQ, interacts with components of the IMR, the Shigella ortholog of 

YscQ , Spa33, does interact  with two components of the basal structure, MxiJ and MxiG 

(Morita-Ishihara et al, 2006).    

We failed to find any interactions between CdsQ and two other components of 

the IMR, CdsR or CdsU by YTH analysis.  It is unclear if these interactions failed to 

occur because of poor expression of these chlamydial ORFs, misfolding of the nascent 

protein, or the failure of the fusion protein to be transported into the nucleus of the 

yeast.  Another possibility is that CdsQ does not directly interact with these proteins but 

interacts indirectly through CdsS and CdsT.  Since CdsR, S, T, U, and V are believed to 

form the multimeric IMR complex, it is possible that CdsQ only needs to interact with a 

subset of these proteins to properly position itself and oligomerize at the base of the T3S 

needle.  We failed to find interactions between the putative IMR proteins interacted with 

each other.  This may be a reflection of difficulties associated with using YTH to study 

protein interactions among integral membrane proteins.        
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C. trachomatis encodes two proteins homologous to Yersinia IMR component 

YscV.  One of the chlamydial genes was annotated as CdsV, and the other gene showed 

a higher similarity to the flagellar protein secretion system component FlhA (Peters et al, 

2007).  The purpose for having these apparently redundant proteins is unclear 

considering that C trachomatis does not appear to have flagella.  It is possible that, as the 

T3S apparatus is assembled at different stages of the infection cycle, alternative 

components of the T3S apparatus are required for proper regulation of secretion.  CdsQ 

was found to interact with only FlhA (Fig. 12).  Whether this means that FlhA is 

preferentially found as part of the T3S apparatus over CdsV is unclear and further 

analysis will have to be done to clarify this observation.  No interactions were observed 

with any of the other flagellar protein secretion system components. 

CdsN and CdsL are homologous to the proteins YscN and YscL of Yersinia.  

YscN, an ATPase, has been reported to be associated with the C-ring of the T3S 

apparatus, where it forms an oligomer and drives the secretion of effector proteins 

through the secretion channel in an energy dependent manner (Ghosh, 2004; Pozidis et 

al, 2003).  YscN also interacts with secretion chaperone proteins that are bound to an 

effector cargo protein(Akeda & Galan, 2005).  The interaction of the chaperone/effector 

complex with the ATPase causes the secretion chaperones to be stripped from the 

effector protein.  The effector protein is then unfolded and passed through the secretion 

needle (Akeda & Galan, 2005).  YscL tethers YscN to Ysc Q and regulates the function of 
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the ATPase (Blaylock et al, 2006; Jackson & Plano, 2000).  Interactions also occur between 

YscK, YscL and YscQ (Jackson & Plano, 2000).  We only observed interactions between 

the CdsQ and CdsL in our screen (Fig. 12).  CdsN displayed a high amount of 

background growth that obscured most interactions, and the only interaction that could 

be observed above background occurred with CT621, a protein of unknown function.  

However, data from another study indicate that CdsN and CdsQ bind to each other 

(Stone et al, 2008). 

The interactions between CopB and Scc2 were confirmed in this screen as was 

the interaction between CopN and Scc3 (Fields et al, 2005; Slepenkin et al, 2005).   A 

novel interaction was observed between Scc2 and CopD (Fig. 12); this interaction 

suggests that the Scc2 secretion chaperone protein is responsible for secretion of both 

components of the translocation pore similar to the Yersinia secretion chaperone protein 

SycD (Neyt, 1999).  No interactions between the second set of translocation proteins 

encoded in the genome, CopB2 (CT861) and CopD2 (CT860) were found.  However, it is 

not yet clear if CopB2 and CopD2 are utilized by the bacteria as these proteins are not 

secreted (Fields et al, 2005).   

We could not determine if the putative periplasmic spanning protein CdsJ 

(CT559) or the outer membrane protein CdsC (CT674) interacted with any components 

of the T3S system because these CT ORFs were able to induce expression of the reporter 

genes in the absence of any interacting protein.  As a result these yeast strains had a high 
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background growth that obscured any interactions that might have occured.  Also 

CT671, which is encoded in a T3S system locus, and CT719, a homologue of FliF, were 

not included in this screen because we could not successfully amplify these genes from 

C. trachomatis genomic DNA.       

CT665, CT666 and CT667were observed to form an interaction node with each 

other.  These proteins were recently identified as being the T3S system needle protein 

CdsF (CT666) and its secretion chaperone proteins CdsG and CdsE (CT667 and CT665) 

(Fig. 12) (Betts et al, 2007).   

We considered that, by limiting the scope of this screen to genes contained only 

within the T3S system loci, additional structural or regulatory components of the T3S 

apparatus might be missed.  To avoid this possibility the screen was expanded to 

include C. trachomatis proteins with no defined functions and proteins that were 

encoded in proximity to the T3S system loci.  By expanding this screen we identified an 

additional thirteen proteins that interacted with components of the T3S apparatus.   

Interactions were observed between CT668, a gene encoded in one of the T3S 

system loci, CT274 and CT837 (Fig. 13).  CT274 is a small acidic protein of about 15 kDa 

with a pI of 4.4, and it has a TPR at the C-terminal end (www.stdgen.northwestern.edu). 

These characteristics are commonly observed for proteins that act as secretion 

chaperones for T3S system.  CT274 was also observed to interact with CT161, a 

chlamydial protein with no known function.  CT161 does not exhibit these 

http://www.stdgen.northwestern.edu/
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characteristics; however, protein folding prediction analysis done using the Phyre 

analysis software (www.sbg.bio.ic.ac.uk/~phyre/) suggests that this protein folds like a 

secretion chaperone (Bennett-Lovsey, 2008).   Secretion chaperone proteins have a 

pivotal role in regulating the secretion of proteins that are targeted to the T3S apparatus 

(Parsot et al, 2003).   CT668 was identified in our initial survey for proteins secreted from 

Chlamydia during infection (Sisko et al, 2006).  Since Ct668 is targeted for secretion, 

further characterization of CT274 and CT161 may elucidate the function of these 

proteins as novel secretion chaperone proteins that act as a heterodimer.   

CT584 interacted with CdsF (CT666) (Fig. 13).  CT584 has no known function but 

it does have a coiled-coil domain at the C-terminus.  Although this protein bears no 

homology at the amino acid level to the Yersinia, Salmonella, or Shigella needle tip 

complex protein, its affinity for binding the secretion needle protein and its coiled-coil 

motif matches some of the conserved characteristics of secretion needle tip complexes 

like LcrV, IpaD, BipD and EspA (Broz et al, 2007; Mueller et al, 2005).  Further 

characterization of CT584 may determine that this protein forms the tip of the C. 

trachomatis secretion needle. 

There were several interactions observed between the chlamydial proteins of 

unknown function and CdsQ.  One of these interactions occurred between CdsQ and 

CT560, a protein that is encoded within a T3S system locus.  This protein has no known 

function or strong structural characteristics, but it is conserved in all members of the 

http://www.sbg.bio.ic.ac.uk/%7Ephyre/
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Chlamydiaceae.  Because this protein is conserved among Chlamydiaceae and is encoded in 

a T3S system locus, it most likely is an integral component of the T3S apparatus.   

CdsQ also interacted with CT677 (Fig. 13), which is annotated as a ribosomal-

releasing factor (Stephens et al, 1998).  The finding of a protein that is involved in 

recycling ribosomes to be associated with the C-ring is an unusual finding.  There has 

been some debate about how effector proteins are targeted to the T3S apparatus.  So far 

there is evidence to support two different hypotheses: one is that the secretion signal for 

effector proteins is encoded within the N-terminal amino acid sequences of the effector 

protein, and the other is that the signal is contained within the mRNA (Anderson & 

Schneewind, 1997; Ghosh, 2004; Lloyd, 2001).  The observation that the secretion signal 

is carried within the mRNA has led to a model in which effector proteins are secreted co-

translationally through the T3S apparatus.  In this model the ribosome docks to the T3S 

apparatus and threads the newly translated protein directly into the secretion needle 

(Aldridge & Hughes, 2001).  However modeling of the T3S apparatus basal structure has 

suggested spatial constraints would prevent ribosome from docking directly to the 

secretion channel pore (Blocker et al, 2003).  Even if direct docking of ribosomes does not 

occur, it is still possible that translation of effector proteins occurs at the C-ring of the 

secretion apparatus in order to increase the efficiency with which effector proteins are 

secreted.  If this is the case then having ribosome releasing factors at the C-ring may play 

an important role in recycling ribosomes associated with CdsQ.   
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  We observed a couple of interactions in this screen that connect components of 

the T3S system to the Inc proteins.  CdsQ was found to interact with CT824, a putative 

protease that in the previous YTH screen was shown to interact with CT700 (Fig. 13).  

CT700 was found to interact with the known effector proteins CT223, CT226 and CT418 

as well as with CT276, a protein that we postulate might be a secretion chaperone 

protein based on its physical characteristics.  We predicted that CT700 might also act as 

a chaperone protein that prevents the effector from folding or that possibly inhibits the 

catalytic ability of the effector proteins.  The finding that CT700 may interact with CdsQ 

through the putative protease CT824 hints at a mechanism in which CT700 binds to 

effector proteins and brings them to the C-ring of the T3S apparatus and is then 

proteolytically processed to release the effector cargo.  This would be a novel 

observation as it is thought that T3S systems, as opposed to a Sec-dependent 

mechanism, require no protein processing for secretion (Ghosh, 2004).   

CT260 is another protein that interacts with CdsQ in addition to itself and three 

known effector proteins: CT618, CT225 and Cap1 (Fig. 13).  These interactions 

connecting effector proteins to the C-ring of C. trachomatis T3S system suggests that 

CT260 may act as a secretion chaperone protein for these three effector proteins.  CT260 

has many physical characteristics of secretion chaperone protein and is an ideal 

candidate protein for further characterization and validation of our YTH findings.     
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  YTH analysis is not a perfect system for mapping out protein-protein 

interactions.  Despite its drawbacks the screen did provided some insight about the C. 

trachomatis T3S apparatus’s composition.  Although not all of the T3S system proteins 

identified by homology searches showed expected interactions with other components, 

several of them did, which suggests that the overall apparatus organization is similar to 

that observed for most Gram-negative in other T3S systems.  In addition several other 

proteins that were not identified as components of the injectosome were found to 

interact with T3S apparatus proteins.  Among these, we found several bacterial proteins 

that may function as secretion chaperone proteins.   
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5. Identifying CT260 as novel T3S chaperone protein 

5.1 Introduction 

5.1.1 Secretion chaperone proteins 

Secretion of proteins through an injectosome is a tightly regulated event that 

requires effector proteins to be targeted to the T3S apparatus in a secretion competent 

form.  A dedicated set of chaperone proteins regulate these events to ensure that effector 

proteins are secreted in a particular order (Parsot et al, 2003).  Secretion chaperone 

proteins bind to recognition sites on the effector protein, and the secretion 

chaperone/effector complex is targeted to the injectosome where it associates with an 

ATPase (Galan, 2008; Gauthier & Finlay, 2003; Lilic et al, 2006).  ATP hydrolysis causes 

the secretion chaperone protein to be released and the effector protein is threaded 

through the secretion needle (Akeda & Galan, 2005).     

5.1.1.1 Classifications of T3S chaperone proteins 

T3S chaperone proteins belong to three different classes.  Class 3 chaperones are 

associated with the secretion of proteins that form the injection needle.  Class 2 is 

composed of chaperone proteins that regulate the secretion of translocation pore 

proteins.  The third and most diverse group of secretion chaperones is class 1.  These 

proteins primarily bind to only one effector protein (class 1A) although some chaperones 

such as CesT associate with multiple effector proteins (class 1B) (Cornelis, 2006; Creasey 

et al, 2003a)  
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5.1.1.2 Physical and structural characteristics of T3S chaperone proteins 

 T3S chaperones are small, acidic proteins. (Parsot et al, 2003).  Despite their 

conserved physical characteristics, they do not display substantial sequence 

conservation at the amino acid level but they do display common structural features.  

The crystal structures of several class 1 secretion chaperones reveal that these proteins 

typically contain three α helices and five β sheets.  The chaperone proteins that interact 

via their second α helix and fourth β sheet to form homodimers (Buttner et al, 2005; Luo 

et al, 2001; Parsot et al, 2003).  Effector proteins associate with secretion chaperones by 

interacting with hydrophobic pockets of the chaperone’s β sheet and wrapping around 

the dimer (Knodler et al, 2006; Lilic et al, 2006).  Although secretion chaperones bind to 

effector proteins that are secreted from the bacteria, they themselves remain in the 

bacterial cytoplasm (Akeda & Galan, 2005; Pozidis et al, 2003; Wattiau & Cornelis, 1993).    

5.1.1.3 Function of T3S chaperone proteins 

Chaperone proteins have a variety of functions that aid in the secretion or 

regulation of effector proteins.  In some cases chaperones protect the effector protein 

from aggregation and/or degradation.  For example, the Shigella secretion chaperone 

protein IpgC protects the effector proteins IpaB and IpaC from forming a complex that 

gets degraded (Menard et al, 1994).   

T3S chaperone may also act as a secretion signal for effector proteins although 

there is some controversy over this point.  This is due to the presence of two secretion 
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signals in many effector proteins.  One signal is contained within the first 15 amino acids 

of the protein and the second is contained with in the next 85 amino acid residues.  

Secretion competency can be conferred to a non-secreted reporter protein by fusing the 

first 15 amino acids of effector proteins to the reporter.  However, the second secretion 

signal, which is contained within the chaperone binding domain, increases the efficiency 

of secretion (Cheng et al, 1997; Lilic et al, 2006).  The association of a secretion chaperone 

protein with the effector protein is proposed to create a structure that is strongly 

recognized by the injectosome (Birtalan et al, 2002; Lilic et al, 2006).  

Since the T3S channel is not sufficiently large enough to accommodate fully 

folded effector protein, the effector proteins must be unfolded prior to secretion.  

Secretion chaperones also target effector proteins to a T3S apparatus associated ATPase 

which unfolds the effector protein prior to secretion (Akeda & Galan, 2005; Stebbins & 

Galan, 2001).   

5.1.2 CT260, a putative T3S chaperone 

By YTH analysis we observed interactions between CT260, effector proteins and 

components of the T3S apparatus which suggest that this protein may function as a 

secretion chaperone.  Consistent with this hypothesis, CT260 is a small, acidic protein.  

In this study we demonstrate that CT260 forms a homodimer and binds to CT618 and 

Cap1 as two distinct trimeric complexes.  These properties suggest that CT260 is a class 
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1B secretion chaperone protein.  Since this protein can bind multiple effector proteins, 

we renamed CT260 as multiple cargo secretion chaperone (Mcsc).    

5.2 Materials and Methods 

5.2.1 Bacterial Strains and expression vectors 

  Expression plasmids containing Mcsc fused to a GST tag was created by excising 

Mcsc out of pEGFP- Mcsc using Nhe1 and HindIII restriction enzymes. DNA fragment 

were transformed in to XL-1 Blue E. coli along with linearized calf alkaline intestinal 

phosphatase (CAIP) treated pGEX-4T-1.  Cloning of Mcsc into pGEX-4T-1 was 

confirmed by restriction mapping.   

The bicistronic plasmids were created in a two step cloning process.  The Gal1 

and pETMcsc Bicistronic primers (Table 9) were used to amplify Mcsc.  The PCR product 

was cut using NheI and BamHI (New England Biolads, MA) and ligated into pET-24d.  

The second cloning step amplified Cap1 or Ct618 by using the pET24d-Cap1 N and C-

terminal or pET24d-CT618 N and C terminal primers.  The DNA fragments were cut 

with BamHI and NotI (New England Biolads, MA).  DNA fragments were inserted into 

linearized pET-24d Mcsc plasmid using quick ligase (New England Biolads, MA).  The 

plasmids were sequenced to confirm proper insertion of the genes.    

  CdsQ was cloned into pGEX-4T-1 by using SpeI and HindIII (New England 

Biolabs, MA) restriction enzymes to extract the gene from pSDY8-CdsQ.  The CdsQ gene 

fragment was separated on a 1.5% agarose gel.  CdsQ DNA fragment was cut from the 
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gel and a gel extraction kit was used to isolate the DNA (Qiagen, CA).  The purified 

CdsQ was ligated into pGEX-4T-1 that had cut with the same restriction enzymes.  

Proper insertion of the DNA fragment was determined by sequencing.  

All genes amplified by PCR for insertion into the various expression vectors 

came from the pSDY8 expression library (Sisko et al, 2006) 

Table 9: Primers used in creation of protein expression vectors 

Primer 
name Sequence 5' to 3' 

pETMcsc 
Bicistronic CTCGAAATTCGGATCCTATATCTCCTTCCTAAGGCTCTAGCTGATCGGATTGG 

Gal1 TATACTTTAACGTCAAGG 
pET24d-
Cap1 N-
term CAAATGGGTCGGATCCTTATGGCTTCTATATGCGGACG 
pET24d-
Cap1 C-
term GTGCTCGAGTGCGGCCGCCTCTCCCGGCACTTCCAGTAA 
pET24d-
CT618 N-
term CAAATGGGTCGGATCCTTATGGCAGCAACGGTACCCATAGC 
pET24d-
CT618 C-
term GTGCTCGAGTGCGGCCGCCTGTTTGAGGTTCCCGAGAAC 

 

5.2.2 Antibody Generation 

The pGEX-Mcsc was transformed into XL-1 Blue (Stratgene, TX).  Bacterial 

cultures were induced to express GST-Mcsc with the addition of IPTG (Fermentas, MD) 

at a final concentration of 0.5 mM. The bacterial cells were collected, resuspended in 4 

mls of ice cold lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton-

X100, 1 mM PMSF, protease inhibitor cocktail (EMD Biosciences, CA)) and sonicated 

three times at 4°C.  The cellular lysates were added to 0.5 ml of Glutathione Sepharose 4-
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Fast Flow beads (GE Healthcare Bio-Sciences, NJ).  Beads were washed 5 times with 

10mls of wash buffer (50 mM Tris pH 7.4, 150mM NaCl, 2mM EDTA, 0.5% Triton-X100) 

followed by three washes with 0.5 mls of elution buffer (50mM Tris pH8.0, 5mM 

reduced Glutathione (Sigma-Aldrich, MO).  Protein content of eluted fractions was 

assessed by Bradford assay.  A sample of eluted fraction was separated by SDS-PAGE 

and stained using Coomassie Brilliant Blue R-250 (Pierce, IL) to determine the purity of 

the eluted recombinant protein.    Rabbits were immunized with 2.5 mg of recombinant 

GST-Mcsc.  Specificity of the antibody was checked by monitoring for immunoreactivity 

against Mcsc expressed in yeast. 

5.2.3 Chlamydial outer membrane complex extraction 

Density gradient purified EBs equivalent to 45 mg of bacterial protein were 

suspended in 2 mls of Sarcosyl extraction buffer (Phosphate Buffer Saline (PBS) pH7.4, 

2% Sarcosyl, 1.5mM EDTA).  The EBs were incubated at 37°C.  The resulting lysates 

were centrifuged at 100,000 x g for 1 hour at 4°C.  The supernatant (soluble fraction) was 

placed in a separate tube with four volumes of ice cold acetone and stored at -20°C.  The 

pellet was resuspended in 2 mls of Sarcosyl extraction buffer and centrifuged at 100,000 

x g for 1 hour at 4°C three times.  The pellet was resuspended in PBS pH7.4 

supplemented with 10mM MgCl2 and 25 µg of DNase and incubated at 37°C for 2 hours.  

The sample was then centrifuged at 100,000 x g for 1 hour at 4°C. The supernatant was 

discarded and the pellet (insoluble fraction) was resuspended in PBS.  Four volumes of 
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ice-cold acetone were added to the insoluble fraction and the sample was stored at -20°C 

for 1 hour.  Proteins in the insoluble and soluble fractions were acetone precipitated.  

The pellets were resuspended in 30 µl of TNE (50 mM Tris pH7.4, 50 mM NaCl, 2mM 

EDTA) and 30 µl SDS-PAGE loading buffer.   

5.2.4 Immunofluorescent staining and microscopy 

HeLa cells were seeded into 12 well plates containing glass coverslips at an 

average density of 1 x 105 cells per well.  The cells were infected at MOI ranging from 1-

10 by adding density gradient purified EBs to the individual wells and centrifuging the 

plates at 3,000 x g for 25 min at 10°C.  The cells were fixed in 4% paraformaldehyde and 

permeabilized with 0.1 % Triton X-100.  Cells were incubated with the indicated C. 

trachomatis antibody and co-labeled with Alexa fluorophore conjugated antibodies raised 

against rabbit or mouse IgG antibodies (Invitrogen, CA).  Coverslips were mounted on 

glass slides and images were acquired with a Lecia TCS SL confocal microscope.          

5.2.5 C. trachomatis EB and RB purification protocol 

EB protocol: HeLa cells were infected for a period of 44 hours with C. trachomatis 

serovar L2.  Media from the flask was removed and the cells were washed Hank’s 

Buffered Salt Solution (HBSS) (Invitrogen, CA).  The infected cells were dislodged by 

rocking the flask containing sterile glass beads and 5 mls of HBSS.  The cell suspension 

was sonicated 4 times at 50 watts for 20sec and centrifuged at 500 x g for 10 min at 4°C.  

The supernatant was centrifuged at 30,000 x g for 30 min at 4°C.  The pellet was 
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resuspended in SPG buffer (218 mM sucrose, 3.8 mM KH2PO4, 7.2 mM K2HPO4, 4.9 mM 

L-glutamic acid, pH 7.4) and sonicated.  The suspension was layered over a 30% 

Hypaque solution and centrifuged at 30,000 x g for 30 min at 4°C.  The supernatant was 

discarded and the pellet was resuspended in 1 ml of SPG buffer and sonicated.  The 

suspension was carefully layered over a Hypaque step gradient consisting of 2 ml 40%, 6 

ml 44% and 3 ml 54% Hypaque.  Gradient was centrifuged at 40,000 x g for 60 min at 

4°C.  The EBs were collected at the interface of the 44% and 54% Hypaque layers.  

Purified EBs were mixed with 10 volumes of SPG buffer and centrifuged at 30,000 x g for 

30 min at 4°C.   

RB protocol:  HeLa cells were infected for 20 hours with C. trachomatis serovar 

L2.  Media from the flask was removed and the cells were washed with HBSS.  Cells 

were harvested in 8 mls of K36 buffer (100mM KCl, 150mM NaCl, 50mM K2HPO4, pH 

7.0) using sterile glass beads to dislodge the cells from the flask. The cells were collected 

by centrifugation and resuspended with 5 mls of K36 buffer.  The cells were lysed with 

60 strokes of a Dounce homogenizer and cellular debris was pelleted.  The RB cell lysate 

was layered over a 30% Hypaque and spun at 30,000 x g for 30 min at 4°C.  The pellet 

was resuspended in 1 ml of K36 and layered over a Hypaque step gradient consisting of 

2 ml 40%, 6 ml 44% and 3 ml 54% Hypaque.  Gradient was centrifuged at 40,000 x g for 

60 min at 4°C and the RBs were collected from the 54% Hypaque interface.   
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5.2.7 Purification of 6-His tagged recombinant proteins 

Bacteria were transformed with the pET15b-Mcsc, pET-24d-Mcsc/Cap1 or 

pET24d-Mcsc/CT618 and protein was induced using IPTG.  The bacteria were collected 

by centrifugation and the pellet was resuspended in PBS pH8.0 with Lysozyme (Sigma-

Aldrich, MO) at a concentration of 1 mg/ml.  The bacteria were allowed to lyse for 30 

minutes at room temperature.  Protease inhibitor cocktail and 1mM PMSF were added 

and the lysate was sonicated three times for 30 seconds on ice.  The cellular debris was 

pelleted and the supernatant was added to 0.5 ml of Ni++-NTA Agarose beads (Qiagen, 

Ca).  After an overnight incubation at 4°C, the supernatant was removed and the beads 

were washed 4 times with wash buffer (50mM Phosphate buffer pH8.0, 150 mM NaCl, 

10mM Imidazole).  Recombinant proteins were eluted off of the beads with 4 x 0.5 ml 

volumes of elution buffer (50mM Phosphate Buffer, 150 mM NaCl, 150mM Imidazole) 

over the Ni++-NTA Agarose beads. 

5.2.8 Crosslinking analysis of recombinant Mcsc 

Approximately 50 µg of purified 6xHis-Mcsc was treated with DSP at 

concentrations ranging from 0.25-1mM.  DMSO was used as negative control.  After a 

twenty minute incubation period at 4°C 10X TNE was added to the suspension to 

quench any excess crosslinker.  The samples were then mixed with 5X Sample Buffer 

without any reducing agents and briefly sonicated.  The samples were divided in half 
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and DTT was added to half of the samples at a concentration of 50mM.  The samples 

were heated at 65°C for 10 min and then used for immunoblot analysis.        

5.2.9 Separation of 6xHis tagged protein complexes by gel filtration 

6xHis-Mcsc, 6xHis-Cap1/Mcsc or 6xHis-CT618/Mcsc protein samples were 

loaded on a 16/60 Sephacryl S-100 HR column.  Elution buffer (10 mM Tris-HCl, 50mM 

Phosphate Buffer, 150 mM NaCl pH 8.0) was added at a flow rate of 0.5 ml/min and at a 

pressure of 0.5 MPa.  Proteins were collected in fraction sizes of 2.5 mls and elution of 

proteins were tracked by absorbance at 280nm.  All samples were separated under the 

same pressure, flow rate and volume collection size.  Immunoblots of the collected 

samples were done using the anti-6xHis or the anti-Mcsc antibodies to determine which 

elution fractions contained Mcsc, Cap1 and/or CT618.  To determine the size of the 

eluted complex a low molecular weight gel filtration calibration kit (GE, NJ) was used as 

instructed.   

5.2.10 Pull-down of Cap1 from infected lysates with 6xHis-Mcsc 

HeLa cells were seeded at a density of 0.3 x106 cells per well in a 6 well plate.  

The cells were infected with C. trachomatis serovar L2 at an MOI of 5 for a period of 28 

hours.  Infected cells were lysed in 200 µl of lysis buffer per plate (50 mM Tris pH7.5, 50 

mM NaCl, 1 mM PMSF, protease inhibitor cocktail, 1% NP40).  Cellular debris was 

pelleted and 400 µg of infected or uninfected lysate was allowed to mix with 50 µg of 

purified 6xHis-Mcsc at 4°C on a rotation rack for 30 minutes.  20 µl of Ni++-NTA agarose 
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beads were added to the samples.  As a negative control 20 µl of Ni++-NTA agarose 

beads were incubated with only 400 µg of uninfected lysate or infected lysate.  The 

beads were washed five times with wash buffer (50 mM Tris pH 7.5, 50 mM NaCl, 1% 

NP40).  Bound proteins were eluted from the beads and subjected to immunoblot 

analysis.   

5.2.11 Mcsc, Mcsc/Cap1 and CdsQ pull-down assays 

Expression of the GST fusion protein was induced by supplementing the growth 

media with 0.5mM IPTG.  Lysates from induced bacterial cultures were prepared by re-

suspending in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton-

X100, pH 7.5, cocktail protease inhibitor) and sonicating 3 times at 4°C.  The lysates were 

centrifuged to remove cellular debris and the supernatants were added to glutathione 

sepharose beads and incubated over night at 4°C.  The beads were washed thoroughly 

and samples of the beads were taken to assess the purity of GST or GST-CdsQ by 

coomassie staining.   

The purified 6xHis-Mcsc was added to the glutathione beads containing GST or 

GST-CdsQ and incubated overnight at 4°C.  The beads were washed 5 times with a wash 

buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA and 0.5% TritonX-100).  All 

proteins that remained bound to the beads were eluted off with 0.25 mM glutathione.  

Samples were collected and subjected to immunoblot analysis. 
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5.2.12 Reagents 

Cap1 antibodies were provided to us by Dr. Agathe Subtil (Pasteur Institute, 

Paris, France).  pET-15b-Mcsc was created by Dr. Pei Zhou (Duke university, Durham, 

NC).  CdsJ and MOMP antibodies were supplied to us by Dr. Ken Fields (University of 

Miami, Miami, FL).  Lipopolysaccharide (LPS) antibodies were provided by Dr. Harlan 

Caldwell (Rocky Mountain Laboratories, NIAID, Hamilton, MT). 

5.3 Results 

5.3.1 Mcsc localizes to the cytoplasm of Chlamydia trachomatis  

Mcsc is a small acidic protein with a predicted mass of 18.8 kDa and an 

isoelectric point of 4.1.  Although this protein has no known homologues outside of the 

Chlamydiaceae, modeling of the primary amino acid sequence in a protein folding 

program known as PHYRE (www.sbg.bio.ic.ac.uk/~phyre/) predicts that this protein 

will fold in manner similar to the Salmonella secretion chaperone protein, SigE (Bennett-

Lovsey, 2008).  Modeling of folding was done with I-TASSER (Zhang, 2008).  Using the 

protein modeling software CCP4 (www.ccp4.ac.uk) , ribbon structures of SigE and Mcsc 

were superimposed on each other (Collaborative, 1994) and rendered using the PyMol 

Molecular Graphing System (www.pymol.org) (Fig. 14A).  Overlay of SigE on the Mcsc 

dimer model indicates that with the exception of an extra α-helix at the C-terminal of 

Mcsc and the lack of well defined β sheets, these models extensively overlap (Fig. 

14B&C).   

http://www.sbg.bio.ic.ac.uk/%7Ephyre/
http://www.pymol.org/
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Figure 14:  Protein modeling of Mcsc and comparison overlays 

A. Models of SigE (purple) and Mcsc (yellow) monomers.  B. SigE dimer (blue 
and silver) overlaid with the Mcsc monomer (yellow).  The image on left is a 
view of the overlay rotated 180° around the X axis.  C.  Model of Mcsc  dimer 
(yellow and tan).  The image on the right overlays the SigE dimer (blues) on to 
the Mcsc dimer (yellow).  These figures were created using the PyMol Molecular 
Graphing System (DeLano, W. L. 2002)(www.pymol.org). 
 

To characterize this putative T3S chaperone, we raised specific antibodies and 

determined that Mcsc is expressed throughout the infection cycle.  By immunoblots 

Mcsc was detected 24 hours after initial infection.  These results likely are reflective of 
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the relative number of bacteria present at the time of sample collection since similar 

increases are seen for all of chlamydial proteins (Fig. 15A).   

To determine whether Mcsc is present in all developmental forms, we subjected 

lysates of density gradient purified RBs and EBs to immunoblot analysis.  We probed 

these samples with antibodies against Mcsc and other chlamydial proteins.  Cap1 and 

IncA, which are not expressed until Chlamydia switches to the RB form and are mostly 

exported to the inclusion membrane, were found predominantly in the RB lysate.  

MOMP (major outer membrane protein) was present in both RBs and EBs, as previously 

reported (Newhall, 1987).  CdsJ, a component of the T3S apparatus(Fields et al, 2003), 

was also equally represented in both fractions. Similarly, Mcsc was found in both RBs 

and EBs (Fig. 15B), although Mcsc levels appear to be higher in EBs overall.  

 

Figure 15:  Characterizing the expression of Mcsc  

A.  Lysate samples were prepared from HeLa cells infected with C. trachomatis 
serovar L2 at an MOI of 5 for the indicated times and normalized for total protein 
concentration by Bradford assay.  The samples were separated by SDS-PAGE 
and immunoblot analysis was done to assess the levels of Mcsc, Cap1, IncA,  and 
MOMP in the samples.  Samples were probed for tubulin as a loading control. B.  
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Lysates samples were prepared from gradient purified RBs and EBs and 
separated on a 14-20% Tris-HCl acrylamide gel.  Immunoblot analysis against the 
bacterial proteins Mcsc, CdsJ, MOMP, IncA and Cap1 were done to assess the 
distribution of these proteins.   
 
To determine the subcellular localization of Mcsc, we preformed indirect 

immunofluorescence on Chlamydia infected HeLa cells.  We observed that RBs and EBs 

inside the inclusion were labeled with the MCSC antibody at all time points tested (Fig. 

16A).  Mcsc staining in RBs can clearly be seen surrounded by a ring of LPS in a closer 

view of the 12 hour sample (Fig. 16B).  Mcsc was not detected outside of the bacteria at 

any time point examined.  Overall, these results suggest that Mcsc is expressed in both 

developmental forms and localizes to the bacterial cytoplasm.   

 

Figure 16: Mcsc localization is restricted to the cytoplasm of the RBs and EBs  
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A. HeLa cells were seeded on a glass coverslip and infected with C. trachomatis 
serovar L2 at MOI of 10.  Cells were incubated with LPS monoclonal mouse 
antibodies and Mcsc polyclonal rabbit antibodies.  Primary antibodies were 
detected with anti-mouse antibodies conjugated to Alexa-488 (green) or anti-
rabbit antibodies conjugated to Alexa-555 (red).  Cells were also stained with 
DAPI to mark the nucleus and the inclusion.  B.  Closer view of a 12 hour 
inclusion containing RBs co-labeled for LPS and Mcsc.  Mcsc was only detected 
to be present within the RBs and EBs at the tested time points tested.    
 

  To confirm these findings, we determined the localization of Mcsc by separating 

chlamydial outer membrane complexes (COMC) from the cytoplasmic and inner 

membrane associated proteins (Caldwell et al, 1981).  We took purified EBs and 

subjected them to the COMC extraction protocol.  This extraction method partially 

permeabilizes the bacteria allowing the cytoplasm and inner membranes proteins to be 

solubulized.  The outer membrane proteins, which are often found as large complexes 

due to the extensive amount of covalent bonding, remain insoluble and are readily 

pelleted by centrifugation.   The protein samples prepared from this protocol were 

analyzed by immunoblot analysis and the distribution of three control proteins and 

Mcsc.  MOMP, an outer membrane protein, CdsJ, an inner membrane protein and 

Hsp60, a cytoplasmic chaperone protein partitioned as expected for this assay (Betts et 

al, 2007).  Mcsc was only found to be present in the supernatant fraction suggesting that 

it is not present in the outer membrane of Chlamydia (Fig. 17).   



 

112 

 

Figure 17: COMC extraction of purified EBs 

Density gradient purified EBs were subjected to the COMC extraction protocol.  
The collected fractions were run on a 14-20% Tris-HCl Acrlyamide gel along with 
lysates prepared from an equivalent amount of EBs used in the extraction 
protocol.  Samples were probe with anti-Mcsc.  Blots against MOMP, CdsJ and 
Hsp60 were included as controls.     

5.3.2 Recombinant Mcsc forms a dimer 

Class 1 T3S chaperones function as dimers  (Parsot et al, 2003).  Since Mcsc has 

several characteristics of a T3S chaperone and our YTH screen indicates that it can 

interact with itself, we wanted to determine if Mcsc formed a dimer.  We purified 6xHis 

tagged Mcsc (Fig. 18A) and did chemical crosslinking studies using DSP.  We observed 

that Mcsc readily forms a dimer in the presence of as little as 0.25mM DSP.  When the 

samples are treated with 50mM DTT all of the Mcsc complexes are reduced and run at 

the size of a monomer (Fig. 18B).     
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Figure 18: Chemical crosslinking studies confirms that Mcsc is capable of 
forming a dimer 

A.  BL21 (DE3) E coli strain was induced with 0.5 mM IPTG to express the 6xHis-
Mcsc protein.  The lysates from these cells were passed over Ni++-NTA agarose 
beads.  Samples taken from the wash and elution fractions were assessed for 
protein content by coomassie staining.  B.  6xHis-Mcsc was dialyzed in HEPES 
buffer pH 7.4 to remove imidazole.  The dialyzed Mcsc was split into equal 
fractions and treated with DMSO or DSP at final concentrations of 0.25 mM or 1 
mM.  Immunoblot analysis using the 6xHis antibody was done to detect Mcsc 
protein.  The bands representing the monomeric and dimeric Mcsc are labeled.  
Samples treated with DTT are marked with a “+”.  In the presence of DTT only 
monomeric Mcsc was detected.      

5.3.3 Recombinant CT618 and Cap1 bind to Mcsc 

We observed Mcsc interacting with three known effector proteins by YTH 

analysis.  We decided to focus on characterizing the interaction of Mcsc with the effector 

proteins Cap1 and CT618.  We created a bicistronic expression plasmid to express Mcsc 
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and 6xHis-tagged Cap1 or CT618 and purified the 6xHis tagged proteins on Ni++-NTA 

agarose beads (Fig. 19A).  Protein samples prepared from the wash and elution fractions 

were separated by SDS-PAGE and stained with SYPRO Orange.  An image of the gel 

was taken on a Typhoon Phospho-imager.  6xHis-CT618 is able to pull-down a protein 

of the appropriate size corresponding to Mcsc.  Mcsc also co-purified with 6xHis-Cap1 

(Fig. 19B).  The identity of Mcsc was confirmed by immunoblots with anti-Mcsc 

antibodies.  Analysis of the pixel intensity observed from Mcsc and Cap1 or CT618 

bands suggested that they are in a 2:1 ratio.   

 

Figure 19:  Mcsc co-purifies with 6xHis tagged Cap1 and CT618 

A.  Layout of bicistronic vector. RBS stands for ribosomal binding site. An IPTG 
inducible promoter is upstream of the Mcsc gene. B. The bicistronic constructs 
were induced using 0.5 mM IPTG.  Lysates were made form the induced cultures 
and passed of Ni++-NTA Agarose beads.  Beads were washed several times with a 
phosphate buffer containing 10 mM imidazole.  Bound proteins were eluted in 
phosphate buffer containing 150 mM imidazole.   Proteins samples were 
prepared from the wash and elution fractions.  They were resolved on 4-20% 
acrylamide gel and stain with Sypro Orange.   
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Since we observed that Mcsc is readily capable of forming a dimer and co-

fractionates with Cap1 or CT618, we determined the size of the complexes formed as a 

result of these interactions.  This was accomplished by taking 6xHis-Mcsc, 6xHis-

Cap1/Mcsc or 6xHis-CT618/Mcsc fractions eluted from nickel agarose columns and 

separating these proteins by gel filtration chromatography on a 16/60 Sephacryl S-100 

HR column.  The different protein samples were passed over this column in three 

separate runs under same pressure, flow rate and volume collection size.  The samples 

collected were analyzed by immunoblot using the anti-6xHis or the anti-Mcsc.  Mcsc, in 

the absence of Cap1 or CT618, eluted in fraction 22 which corresponds to a 34 kDa 

complex which is consistent with size of a Mcsc dimer.  In the presence of the effector 

protein, Mcsc eluted in two peaks, one consisting of the dimer and the other in the same 

fractions as CT618 and Cap1, further supporting the observation that these proteins are 

bound as a complex.  Both Cap1 and Mcsc were observed to elute in fraction 19 which 

corresponds to a size of 66-78 kDa.  CT618 and Mcsc were observed to elute from the 

column in fraction 18 which corresponds to a size of 54-65 kDa (Fig. 20).  These results 

suggest are consistent with complexes composed of one effector protein and a Mcsc 

dimer.   
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Figure 20:  Mcsc co-fractionates with Cap1 and CT618 by HPLC at sizes 
indicative of a secretion chaperone/effector protein complex 

Purified 6xHis-Mcsc, Mcsc/6xHis-Cap1 and Mcsc/6xHis-CT618 were fractionated 
on a 16/60 Sephacryl S-100 HR column.  Low molecular weight gel filtration 
protein standards were run under the same conditions to determine the relative 
size of the eluted proteins based.  Samples from each of the fractions collected, 
separated by SDS-PAGE and probe for the presence of Mcsc, 6xHis-Cap1 and 
6xHis-CT618 using the Mcsc or 6xHis antibodies.  The maximal peak for 
Cap1/Mcsc elution was detected in fraction 18 and for CT618/Mcsc fraction 19.  
Mcsc eluted in fraction 22 in the absence of an effector protein. A low molecular 
weight sizing standards was separated on the column under the same 
conditions. 
 

5.3.4 Recombinant Mcsc interacts with Cap1 from infected lysates 

Since recombinant Mcsc and Cap1 form a complex, we wanted to determine if 

the Cap1 from infected cells could interact with purified Mcsc.  To verify this we 

incubated purified 6xHis-Mcsc with lysates from infected and uninfected HeLa cells and 

bound isolated using Ni++-NTA beads.  Immunoblot analysis revealed that Cap1 bound 

to nickel beads in the presence of Mcsc (Fig. 21).  In contrast bacterial IncA and host 
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Actin did not bind to the beads in the presence or absence of Mcsc.  This data suggests 

that endogenous Mcsc and Cap1 could interact at some point during infection.  Similar 

analysis could not be performed for CT618 due to a lack of suitable antibodies.        

 

Figure 21 6xHis-Mcsc can pull-down Cap1 from infected HeLa cell lysates 

Lysates were prepared from HeLa cells 28 hours after initial infection with C. 
trachomatis serovar L2.  400 µg of the lysate was mixed with 50 µg of purified 
6xHis-Mcsc and incubated at 4°C for 30 min.  Ni2+-NTA Agarose beads were 
used to pulldown 6xHis-Mcsc and any proteins it bound to it.  Proteins that 
remained bound to the beads after washes were eluted and subjected to 
immunoblot analysis.  Cap1 was purified from the HeLa cell lysate only if 6xHis-
Mcsc was present.  The bacterial protein IncA and the host protein actin blotted 
for as control proteins.      
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5.3.5 Analysis of interaction between Mcsc and CdsQ 

By YTH analysis, Mcsc interacted with CdsQ a component of the T3S apparatus 

that forms the cytoplasmic base of the injectosome.  To confirm this interaction we used 

a pull-down assay to determine if Mcsc and CdsQ could bind to each other.  Purified 

proteins were separated by SDS-PAGE and stained with Sypro-Orange to assess the 

relative amounts of purified proteins (Fig. 22A).  The purified 6xHis-Mcsc was added to 

glutathione beads containing GST or GST-CdsQ.  After the beads had been thoroughly 

washed, the remaining protein were eluted and subjected to immunoblot analysis.  We 

observed that Mcsc co-eluted with GST-CdsQ.  This interaction was specific to CdsQ as 

GST alone failed to bind to any significant amount of Mcsc (Fig. 22A).   

As a secretion chaperone protein, Mcsc should be involved in targeting its 

effector cargo to the T3S apparatus.  Mcsc’s ability to bind GST-CdsQ would suggest this 

interaction allows for effector proteins to be efficiently targeted to the T3S apparatus.  To 

test our hypothesis we determined if a Mcsc/effector protein complex could still bind to 

CdsQ.  Under the same binding and elution conditions we observed the Mcsc/Cap1 

complex was specifically purified in the presence of GST-CdsQ (Fig. 22B).  This confirms 

that in the presence of an effector, Mcsc retains its ability to bind to CdsQ.  



 

119 

 

Figure 22: Recombinant CdsQ can bind to Mcsc and Mcsc/Cap1 

A.  Samples of purified Mcsc, GST and GST-CdsQ used in the pull-down 
experiment were separated by SDS-PAGE on a 15% Tris-HCl acrylamide gel and 
stained with Coomassie.  Proteins eluted from the glutathione beads were 
analyzed by Sypro Orange staining and immunoblot analysis using the 6xHis 
antibody.  B Samples of purified GST or GST-CdsQ were used to pull-down 
Mcsc/Cap1 complex.  Eluted samples were subjected to immunoblot analysis 
using the 6xHis or Mcsc antibodies.     
 

5.4 Discussion 

Mcsc is a highly conserved protein found in all species of the Chlamydiaceae 

(Griffiths et al, 2006).  Mcsc is a small, acidic protein and modeling of the protein 

suggests that it folds like SigE, a Salmonella T3S chaperone.  These observations lead us 

to postulate that Mcsc may function as a secretion chaperone.  In this study, we further 

characterized Mcsc and catalogued its similarity to other class 1 secretion chaperone 

proteins.   

A YTH screen suggested that Mcsc bound three effector proteins Cap1, CT618, 

and CT225.  However, transcriptional data from C. trachomatis suggested that de novo 
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synthesis of Mcsc occurs several hour after its putative cargos are synthesized (Belland 

et al, 2003).  Even though Mcsc is not transcribed until 8 hours after initial infection, we 

detected it throughout the Chlamydia life cycle.  This could indicate that Mcsc is a very 

stable protein that is maintained through all stages of infection, or that Mcsc made at the 

end of the infection cycle is stored in EBs.   In either case, Mcsc would be present to 

mediate early secretion events until transcription is re-initiated during the next round of 

replication. 

One characteristic common to most T3S chaperone proteins is that they are only 

found in the cytosol or transiently associated with secretion machinery on the inner 

membrane of the bacteria (Akeda & Galan, 2005; Pozidis et al, 2003; Wattiau & Cornelis, 

1993).  Through cell fractionation and fluorescence microscopy we observed that Mcsc is 

restricted to the cytoplasm and the inner membrane of the bacteria (Fig. 17&18). These 

observations suggest that Mcsc is present at the right time and is in the right place to act 

as a secretion chaperone protein for C. trachomatis.  

     Class 1 secretion chaperone proteins form very stable homodimers due to 

extensive hydrophobic interactions between the second α2 helix and β3, β4 sheets 

(Dittmann et al, 2007; Ghosh, 2004; Page, 2002; Parsot et al, 2003; Schmid et al, 2006).  

These interactions are stable at temperatures above 65°C (Birtalan & Ghosh, 2001).   

Analysis of purified Mcsc using a chemical crosslinker demonstrated that this protein is 

capable of forming homodimers.  These homodimers are fairly stable since treatment of 
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the protein samples with 1% SDS and heating at 65°C failed to complete reduce Mcsc 

back to the monomeric form even in the absence of DSP.  

The main role of a T3S chaperone protein is to bind an effector protein and assist 

in its secretion.  Effector proteins typically bind to secretion chaperones proteins by 

interacting with hydrophobic patches on the chaperone surface.  The effector protein 

wraps itself around the chaperone dimer to form a trimeric protein complex (Birtalan et 

al, 2002; Lilic et al, 2006; Parsot et al, 2003).  In the co-purification assays using the 

bicistronic expression plasmids we observed that Mcsc co-purified with both CT618 and 

Cap1.  Interactions between CT225 and Mcsc remain to be determined..     

Since Mcsc interacted with Cap1 and CT618 in vitro, we wanted to demonstrate 

that these interactions also occurred in vivo by co-immunoprecipitating the proteins.  

Our attempts to precipitate these proteins as a complex were not successful.  In theory, 

once Cap1 is made Mcsc should associate with the protein, target it to the T3S apparatus 

and then immediately disassociate to allow for secretion.  This interaction may be 

difficult to detect at steady state during infection because the complex is short lived.  

Since the 6xHis tagged Mcsc efficiently bound to the N-termini of Cap1 and 

CT618, we tested if Mcsc could pull-down full length Cap1 from infected HeLa cell 

lysates.   We found that some portion of the endogenous Cap1 protein pool is capable of 

binding to Mcsc (Fig. 21).  This suggests that Mcsc may interact with the effector protein 

Cap1 and most likely CT618 during infection.   
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Crystal structures of class 1 secretion chaperone/effector complexes indicate that 

they consist of two chaperone proteins bound to one effector protein (Birtalan et al, 2002; 

Lilic et al, 2006; Phan et al, 2004).  We used gel filtration chromatography to separate 

complexes formed by Mcsc and assessed that it was forming a trimeric complex with 

Cap1 or CT618.  

In our YTH screen we discovered that Mcsc interacted with the T3S cytoplasmic-

ring protein CdsQ.   This interaction between Mcsc and CdsQ was confirmed in a co-

purification assay using recombinant Mcsc and CdsQ.   We also demonstrated Mcsc’s 

affinity for CdsQ is not inhibited when the protein is bound to an effector protein (Fig 

22).  Since other secretion chaperones have only been observed to associate with the T3S 

ATPase of the injectosome (Akeda & Galan, 2005; Lilic et al, 2006; Pozidis et al, 2003) the 

discovery that Mcsc directly engages the secretion apparatus is novel.   

We propose that Mcsc is required to efficiently target effector proteins like Cap1 

and CT618 to the base of the T3S needle.  In this model, Mcsc dimers bind to the nascent 

effector protein in the cytoplasm, and the complex is targeted directly to the T3S system 

C-ring where it binds to CdsQ.  The Mcsc/effector complex is then engaged by the CdsQ 

associated ATPase, CdsN (Stone et al, 2008).  Hydrolysis of ATP would separate the 

chaperone/effector complex allowing Mcsc to cycle back in to the bacterial cytoplasm 

and the effector to be secreted (Fig. 23).   By specifically localizing the effector protein to 

the base of the injectosome, the time between translation and interaction with CdsN 
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would be reduced thereby increasing secretion efficiency.  Mcsc may also prime the T3S 

system and for the secretion of effector proteins.  In this situation, a Mcsc/effector 

complex would bind to the C-ring of a gated injectosome and wait for the secretion 

channel to open.   This would place the effector proteins in an ideal location for rapid 

secretion once the system becomes ungated.     

 

Figure 23: Model of how Mcsc targets effector protein for secretion 

1.  Mcsc dimer binds to effector protein in the bacteria cytoplasm.  2. The 
Mcsc/effector complex is target to the T3S apparatus and tethered through its 
interaction with CdsQ.  3.  The ATPase CdsN initiates secretion by binding to the 
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Mcsc/effector complex and hydrolyzing ATP 4.  Mcsc is cycled back to the 
bacteria cytoplasm.   
 
            In summary, we have identified a class 1b secretion chaperone protein 

encoded by C. trachomatis which we have named Mcsc.  Because this protein interacts 

with several effector proteins, we have categorized it as a class 1B chaperone.  The novel 

finding that Mcsc can interact directly with the C-ring of the T3S apparatus may provide 

a mechanism for increasing the efficiency of docking and engagement of the 

injectosome.  It is likely that this protein has an important function in regulating the 

secretion of effector proteins early or during infection.   Since Mcsc is conserved among 

all of the Chlamydiaceae, further studies characterizing the function and structure of this 

protein should elucidate mechanism of Chlamydia T3S functions.    
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6 Conclusions 

6.1 Discussion of results and future directions 

The goal of this thesis project was to identify C. trachomatis virulence factors 

either by their ability to modulate host cellular functions or by their interaction with T3S 

components.  In the absence of “loss of function” genetic approaches in Chlamydia, we 

took a “gain of function” strategy in yeast.  We expressed approximately 200 chlamydial 

specific ORFs (> 25% of all C. trachomatis genes) in yeast and screened these strains for 

growth phenotypes and tropism for eukaryotic organelles.  From this screen we 

identified 15 CT ORFs that are putative modulators of host cellular functions.     

By analyzing the function of these proteins, our laboratory is gaining new insight 

into Chlamydia biology.  For example, two chlamydial proteins which were toxic when 

expressed in yeast were also found to associate with lipid droplets, a neutral lipid 

storage organelle.  These observations suggest that CT163 and CT473 may participate in 

the acquisition of lipids from the host.  C. trachomatis incorporates cholesterol and other 

eukaryotic specific lipids like sphingolipids in to its cellular membranes (Hatch & 

McClarty, 1998; Scidmore et al, 1996a).  The mechanism by which these lipids are 

delivered to Chlamydia is unclear as there are conflicting reports as to the role of Golgi 

derived vesicle to fuse with the inclusion (Carabeo et al, 2003; Hatch & McClarty, 1998).  

Nonetheless, this appears to be a pathogen-directed process as protein synthesis is 

required to acquire host-derived lipids  (Su et al, 2004).    Research done in our 
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laboratory has determined that CT473 and CT163 are secreted during infection and that 

they bind to neutral lipid rich structures (Kumar et al, 2006).  These proteins were 

renamed Lda3 (CT473) and Lda2 (CT163) for lipid droplet associated proteins.  The 

identification of the Lda proteins through the initial yeast phenotypic screens of 

chlamydial ORFs demonstrates the versatility of these assays to identify virulence 

factors that may impact a variety of eukaryotic cellular functions.   

  The generation of a yeast-based protein expression array provided an important 

tool to examine the properties of chlamydial proteins.  To gain further insight in to the 

function of chlamydial proteins we sought to identify their binding partners.  In this 

manner we wanted to determine how Inc proteins interact with each other and the 

protein export machinery, and to identify additional effector proteins that may have 

been missed in the yeast phenotypic screens.  We used YTH analysis to identify protein 

interactions among Inc proteins and Chlamydia specific ORFs.   This screen identified 

twenty-one interactions between the Incs and other CT ORFs.   We focused on 

characterizing the interaction between CT223 and CT229.  Since CT229 had been 

demonstrated to interact with Rab4a (Rzomp et al, 2006), a GTPase involved in 

membrane trafficking between the early endosome and the plasma membrane 

(McCaffrey et al, 2001), we wanted to determine if CT223 and CT229 might be involved 

in  membrane trafficking events as a complex.  Although we were able to demonstrate 

that the C-terminal tails of CT223 and CT229 could interact and that endogenous CT223 



 

127 

formed a 52 kDa complex in vivo, the protein composition of that complex remained 

unresolved.    

The secretion of virulence factors is accomplished by a T3S system employed by 

a number of Gram-negative bacterial like Yersinia, Shigella and Salmonella species 

(Ghosh, 2004).  Genes for T3S system components are present in all sequenced genomes 

of the Chlamydiaceae (Kalman et al, 1999; Stephens et al, 1998; Thomson et al, 2008) however, 

there has been very little physical characterization done on the putative components of 

the chlamydial T3S apparatus.  We used YTH analysis to develop a protein interaction 

map of the chlamydial T3S and determined that the architecture of the secretion 

apparatus is conserved between C. trachomatis and other species that use an injectosome.   

To search for novel components of the T3S apparatus, CT ORFs of unknown 

function that interacted with conserved components of this protein secretion system and 

discovered an additional thirteen proteins that interacted with T3S components. One of 

the notable findings from this screen was the identification of a protein that connected 

three proteins known to be present on the inclusion membrane to the T3S basal 

component CdsQ.  We hypothesized that this protein, Mcsc, was potentially a T3S 

chaperone protein.  Subsequent characterization confirmed that it had many properties 

of a class 1B T3S chaperone.   

Mcsc’s ability to bind the C-ring component of the secretion apparatus is a 

characteristic that has not been observed for other T3S chaperone proteins.  Mcsc also 
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was able to bind to Cds Q even when complexed with an effector protein.  This led us to 

propose that Mcsc increases secretion efficiency by targeting and maintaining its effector 

cargo at the base of the injectosome.  Modeling of Mcsc using protein folding algorithms 

like PHYRE (Bennett-Lovsey, 2008) indicates that it folds in a similar manner to SigE.  

An extra α helix is present at the C-terminal of Mcsc that is not found in other secretion 

chaperones.  This α helix may mediate interactions with CdsQ and provide targeting 

information to this secretion chaperone.  Whether this mechanism is Chlamydia specific 

or a more common characteristic of class 1B secretion chaperones in other T3S remains 

to be determined.   

6.2 Concluding remarks 

For intracellular pathogens, secretion of virulence factors is essential for 

establishing infection.   The central role T3S apparatus of C. trachomatis has in enabling 

the bacteria to successfully invade a host cell underscores the importance of identifying 

the proteins that compose or regulate this molecular machine.  By initiating a search for 

novel virulence proteins we identified a new secretion chaperone protein and several 

novel effector proteins.  The unusual finding that Mcsc can bind to the C-ring 

component of the T3S system opens a new aspect on how T3S chaperone target effector 

proteins for secretion.           
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