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Abstract 

Chlamydia trachomatis is the leading cause of non-congenital blindness and the causative 

agent of the most common sexually transmitted infection of bacterial origin. Upon 

entering a host cell, C. trachomatis resides within a membrane bound vacuole, the 

inclusion. Inclusion membrane proteins (Incs) are embedded within the inclusion 

membrane and possess cytosolic tails that can mediate interactions between the inclusion 

with host molecules and organelles. These interactions include the formation of 

membrane contact sites (MCS) between the inclusion and the host cell endoplasmic 

reticulum (ER), referred to as ER-Inclusion MCS. These contact sites are proposed to 

play an important role in C. trachomatis development through the non-vesicular 

trafficking of host cell lipids to the inclusion.  

Overall, my thesis work has focused on how the C. trachomatis inclusion interacts 

with the host cell environment to establish and maintain a replicative niche. I first sought 

to better understand the formation and function of ER-inclusion MCS during C. 

trachomatis infection by determining their molecular composition. I used a proximity 

labeling approach to isolate and identify bacterial and host cell components of ER-

inclusion MCS and identified six host glycolytic enzymes (Chapter 2). I demonstrated 

that host glycolytic enzymes, while not specific to ER-inclusion MCS, localize to the 

inclusion membrane. Additionally, I showed that the host glycolytic enzyme Aldolase A 

plays a role in C. trachomatis intracellular development (Chapter 3).  These findings 

indicate that, in addition to interactions with host organelles, C. trachomatis relies on host 

cell metabolism for proper intracellular development.   
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 Our lab had previously shown that the interaction of the C. trachomatis Inc 

protein IncV with the ER-resident protein VAP acts as a tether to support the 

formation/maintenance of ER-inclusion MCS. I next sough to identify cellular 

determinants that promote the assembly of this bacterial tether. In chapter 4, we 

demonstrated that the host kinase CK2 is recruited to the inclusion and that multiple 

layers of host cell kinase-mediated phosphorylation events govern the assembly of the 

IncV-VAP tethering complex and the formation of ER-inclusion MCS. 

Finally, in chapter 5, I discuss how my findings shed light on the interplay 

between host and bacterial metabolism during C. trachomatis pathogenesis and provide 

insights into the general biology of MCS. Overall, my work could contribute to the 

identification of novel therapeutic targets and combat the blindness and infertility that can 

arise from chlamydial infections. 
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Chlamydia  

Chlamydia species are gram negative, obligate intracellular pathogens belonging to the 

Chlamydiaceae family of bacteria (1). The Chlamydiaceae family includes the causative 

agents of several diseases affecting humans, livestock, and other animals (1). The 

majority of Chlamydia species infect animals, including the mouse pathogen C. 

muridarum, which causes respiratory and genital tract infections in infected mice (2, 3). 

There are currently four Chlamydia species that are known to infect humans: C. 

trachomatis, C. pneumoniae, C. psittaci, and C. abortus (4). C. pneumoniae typically 

infects the lungs and can cause respiratory tract infections such as pneumonia and several 

inflammatory conditions including chronic obstructive pulmonary disease (COPD) (5, 6). 

C. psittaci most commonly infects birds, but can infect humans and cause psittacosis, a 

flu-like respiratory illness, or pneumonia (7). C. abortus most commonly infects 

ruminants and is the most common cause of infectious abortion in sheep and goats (8, 9). 

Although rare, C. abortus has been shown to infect humans and can cause respiratory 

illness and infectious abortion (8).  

C. trachomatis is the major human pathogenic species and can cause sexually 

transmitted infections, eye infections, and pneumonia (10, 11). C. trachomatis serovars 

are categorized into three main biovars based on the type of disease they cause: 1) the 

trachoma biovar, 2) the genital biovar, and 3) the Lymphogranuloma biovar (12). These 

biovars are further broken down into 15 distinct serovars based on the surface antigen 

that the immune system recognizes. Serovars A-C cause the ocular infection trachoma, 

which is the leading cause of non-congenital blindness worldwide (13). Serovars D-K 

cause the genital tract infection known as Chlamydia, the most common sexually 
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transmitted infection of bacterial origin (11). Serovars L1-L3, although also transmitted 

sexually, cause a systemic infection Lymphogranuloma venereum (LGV) that 

disseminates to the lymph nodes (14, 15).  

 

Treatment and pathogenesis of C. trachomatis infections 

Currently, the treatment recommended by the CDC is Doxycycline administered orally 

twice a day for seven days, or a single dose of Azithromycin administered orally (16). 

Doxycycline is not recommended for treatment of pregnant women after the first 

trimester, thus Azithromycin is the treatment of choice in pregnant women (17). 

Although C. trachomatis can be treated with antibiotics, an effective vaccine has yet to be 

developed. The development of a vaccine is especially important due to the high amount 

of asymptomatic infections associated with C. trachomatis (18-21). Over 80% of C. 

trachomatis infections are asymptomatic in women and asymptomatic infection rates in 

men can be as high as 50% (20, 22). Due to the high rates of asymptomatic infection, C. 

trachomatis infections often go untreated, resulting in severe sequalae. In the case of 

trachoma, lack of treatment can result in blindness (13), and untreated genital tract 

infections are associated with pelvic inflammatory disease, ectopic pregnancy, and 

infertility (11, 23). Additionally, untreated C. trachomatis infections in pregnant women 

can lead to vertical transmission during delivery and cause conjunctivitis or C. 

trachomatis-associated pneumonia in infants (24).  
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Chlamydia developmental cycle 

Chlamydiae species primarily infect epithelial cells (25) and all Chlamydiae species share 

a unique biphasic developmental cycle (Figure 1.1) (26). Throughout the developmental 

cycle, Chlamydia transitions between two developmental forms, the non-dividing 

infectious form, known as the elementary body (EB), and the non-infectious replicative 

form, referred to as the reticulate body (RB) (26-28). Upon inducing its own endocytosis 

into the host cell, the infectious EBs remain within a membrane bound vacuole called the 

inclusion (27-29). The inclusion then traffics along microtubules to the microtubule 

organizing center (MTOC) near the nucleus (30, 31) and the EBs transition into the 

replicative RB form (28). If more than one EB enters the cell, they will initially form 

individual inclusions that will later fuse to form a single inclusion (32). The RBs will 

continue to replicate and divide within the inclusion. At 24-48 hours post-infection, the 

RBs will begin to asynchronously transition back into infectious EBs (28). At 48-72 

hours post-infection, the bacteria can exit the cell either through lysis of the host cell or 

extrusion (33, 34). Once released, the infectious EBs are able to infect neighboring host 

cells.  
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Figure 1.1. Chlamydia life cycle. Upon entry into the host cell, the infectious elementary body 

(EB, dark brown) is enclosed in a membrane-bound vacuole termed the inclusion. The inclusion 

traffics along microtubules to the microtubule organizing center (MTOC) near the nucleus. By 8 

hours post-infection, the infectious EB transitions into a replicative reticulate body (RB, light 

brown). If more than one EB enters the cell, the individual inclusions will fuse between 12-28 

hours post-infection. The RBs continue to replicate and divide within the inclusion. At 24-48 

hours post-infection the RBs will begin to asynchronously transition back into infectious EBs. At 

48-72 hours post-infection the bacteria exit the host cell, either through extrusion or host cell lysis 

and to begin the cycle again. N = nucleus. Figure courtesy of Rebecca Murray.  
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Central carbon metabolism 

Throughout its intracellular life cycle, Chlamydia must influence and interact with host 

cell central carbon metabolism to establish an intracellular niche. Central carbon 

metabolism is the collection on enzymatic processes by which carbohydrates are 

converted to metabolic intermediates that are used to generate energy and biomass. 

Central metabolism is comprised of three main metabolic pathways: glycolysis (also 

referred to as the Embden–Meyerhof–Parnas pathway), and the tricarboxylic acid (TCA) 

cycle (also referred to as the Krebs cycle or citric acid cycle), and the pentose phosphate 

pathway (PPP) (Figure 1.2A).  

 In glycolysis, a series of ten enzymatic reactions convert one six-carbon molecule 

of glucose into two three-carbon molecules of pyruvate, generating two molecules of 

adenosine triphosphate (ATP) and two molecules of nicotinamide adenine dinucleotide 

(NADH). Pyruvate generated by glycolysis can then be converted to acetyl-CoA and 

enter into the TCA cycle. The TCA cycle is a series of enzymatic reactions that serve to 

generate NADH and flavin adenine dinucleotide (FADH2) as well as important metabolic 

intermediates that feed biosynthetic pathways, such as the synthesis of amino acids. The 

NADH and FADH2 generated by glycolysis and/or the TCA cycle can donate electrons to 

the mitochondrial electron transport chain to drive ATP production, a process referred to 

as oxidative phosphorylation. In oxygen limiting conditions, however, pyruvate is 

converted to lactate by the enzyme lactate dehydrogenase.  

 Glycolytic intermediates can also supply other pathways important for cellular 

growth. Most notably, the glycolytic intermediate glucose-6-phosphate is used to drive 

the pentose phosphate pathway. The pentose phosphate pathway leads to the generation 
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of NADPH and ribose-5-phosphate. Ribose-5-phosphate is a building block for nucleic 

acid synthesis and NADPH provides reducing power for the synthesis of fatty acids, 

sterols, nucleotides and non-essential amino acids. 

 

C. trachomatis metabolism 

As an obligate intracellular pathogen with a reduced genome (35-37), C. trachomatis was 

thought for many years to be an energy parasite, relying on the host cell for energy 

production (38-41). Early studies were not able to detect glycolytic enzyme activity or 

electron transport chain components necessary for oxidative phosphorylation (27). 

Additional studies found that treatment of C. trachomatis infected fibroblast with 

inhibitors of mitochondrial function resulted in a reduction of the number of bacteria 

recovered (40), suggesting that C. trachomatis depends on mitochondrial ATP. Some of 

the strongest support for the energy parasite hypothesis was the identification and 

characterization of a chlamydial ATP-ADP translocase, which would allow Chlamydia to 

exchange ADP for host cell ATP (41).   

However, sequencing of the C. trachomatis genome has provided new insight into 

the metabolic capacity of Chlamydia. Genome sequencing revealed that C. trachomatis 

possesses components of the electron transport chain and ATP synthase complex, 

suggesting that C. trachomatis can drive a minimal electron transport chain to produce 

ATP through oxidative phosphorylation (37). C. trachomatis also has an intact pentose 

phosphate pathway and a partial TCA cycle (37, 42)(Figure 1.2B). Additionally, C. 

trachomatis possess a nearly complete glycolytic pathway (37). Genomic data revealed 

that C. trachomatis only lacks the gene for Hexokinase, the first enzyme of the pathway 
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responsible for converting glucose to glucose-6-phosphate (37). Instead, glucose-6-

phosphate is taken directly from the host cell via the UhpC antiporter produced by 

Chlamydia (43, 44) (Figure 1.2B). The functionality of the C. trachomatis glycolytic 

enzymes was confirmed through heterologous expression in E. coli mutants (45). 

However, saturated EMS mutagenesis resulted in a loss-of-function mutation in bacterial 

glucose-6-phosphate isomerase (pgi), the enzyme responsible for shuttling glucose-6-

phosphate into the glycolytic pathway, thus the enzymes are proposed to be expendable 

(46).  

Early studies showed that RBs are capable of RNA, DNA, and protein synthesis 

during infection (47-49), but are reliant on molecular ATP in assays of host free protein 

synthesis (47). However, these same activities were not observed in EBs, leading to EBs 

being described as metabolically inert. More recent studies, however, have determined 

that bacterially encoded glycolytic enzymes are present in both RBs and EBs (50, 51). 

Work by Omsland et al. suggests that while RBs are strictly dependent on ATP as an 

energy source, EBs preferentially require glucose-6-phosphate (52).  

While studies continue to shed light on the metabolic capacity of C. trachomatis, 

many questions remain regarding the interplay between host and bacterial metabolism 

and the full extent to which host metabolism plays a role in C. trachomatis intracellular 

development.  
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Figure 1.2 Central Carbon Metabolism. A) A schematic representation of central carbon 

metabolism. Glucose is metabolized by glycolysis (orange arrows) and the pentose phosphate 

pathway (PPP, blue arrows). Pyruvate generated by glycolysis can be converted into acetyl-CoA 

and enter the tricarboxylic acid (TCA) cycle (purple arrows). B) Schematic representation of C. 
trachomatis central carbon metabolism. Glucose-6-Phosphate (Glucose-6P) is directly imported 

via the UhpC transporter and is metabolize by glycolysis and the PPP. C. trachomatis possess a 

partial TCA cycle and phosphoenolpyruvate (PEP) carboxylase (PckA) connects the partial TCA 

with glycolysis (green arrow). 
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Manipulation of host metabolism by C. trachomatis 

Although it is now clear that Chlamydia is not merely an energy parasite, Chlamydia is 

still reliant on the host cell to meet its metabolic needs. For example, Chlamydia obtains 

nucleotides, amino acids, and iron from the host cells and lipids by vesicular and non-

vesicular trafficking from the ER (12). Additionally, a genome wide RNA interference 

screen and identified two glycolytic enzymes, glucose-6-phosphate isomerase and 6-

phosphofructokinase, as potentially involved in Chlamydia progeny production (53). 

Metabolite profiling of central carbon metabolism following C. trachomatis infection 

revealed increased levels of pyruvate, lactate, and glutamate (53). The upregulation of 

these metabolites is indicative of Warburg metabolism, commonly exhibited by cancer 

cells, in which metabolism is altered to favor anaerobic glycolysis over oxidative 

phosphorylation (54-56). This hyper metabolic state results in the accumulation of 

glycolytic intermediates that can be shuttled into the pentose phosphate pathway and used 

for ribonucleotide synthesis. These findings suggest that C. trachomatis infection shifts 

the cell into this hypermetabolic state, effectively forcing the host cell to generate 

anabolic substrates that the bacteria can then scavenge from the host.  

 

Chlamydia inclusion membrane proteins 

Chlamydia species possess a needle-like apparatus, called a type III secretion system 

(T3SS), that allows for the injection of bacterial effectors directly into the host cell 

cytosol (Figure 1.3A) (57-61). Chlamydia utilizes the T3SS to translocate effectors that 

can interact with, and manipulate, the host cell (29, 62). One major group of these type 

three secreted effectors is the inclusion membrane proteins (Incs) (Figure 1.3B). Inc 
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proteins are integral membrane proteins that are translocated through the Chlamydia 

T3SS and embedded within the inclusion membrane (29, 62-65). Inc proteins are 

characterized by one or more bi-lobed transmembrane domains and cytosolic tails that are 

available to interact with host molecules and organelles (63). Inc proteins are thus well 

positioned to mediate interactions between the inclusion and the host cell. Inc proteins 

have been shown to serve numerous functions throughout infection, including modulating 

host cell vesicular trafficking, controlling inclusion membrane stability and host cell 

death, modulating the Golgi and the host cell cytoskeleton, interactions with the ER, and 

controlling chlamydial exit from host cells (62). The purposed functions and host 

interacting partners of known Inc proteins are summarized in Table 1.1. 
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Table 1.1 Interacting partners and proposed function of experimentally validated C. 

trachomatis Inc proteins 

Annotated Name 

D/L2 

Common 

Name 

Host Interacting 

Partner(s) 

Proposed Function(s) References 

CT005/ CTL0260 IncV VAPA/B Formation of ER-inclusion 

MCS 

(66-69) 

CT006/ CTL0261 - Unknown Interactions with LDs (67) 

CT101/ CTL0356 MrcA ITPR3 Promotion of chlamydial 

extrusion 

(66, 70, 71) 

CT115/ CTL0370 IncD CERT Formation of ER-inclusion 

MCS; non-vesicular lipid 

trafficking 

(72-74) 

CT116/ CTL0371 IncE SNX5/6 Modulation of retromer-

dependent trafficking 

(67, 72, 73, 75-

77) 

CT117/ CTL0372 IncF Unknown  Inc-Inc interactions (67, 72, 73, 78) 

CT118/ CTL0373 IncG 14-3-3β Associates with LDs (72, 73, 79, 80) 

CT119/ CTL0374 IncA VAMP3/7/8 Homotypic inclusion fusion; 

regulation of host cell 

vesicular trafficking; 

associates with LDs 

(69, 72, 73, 81-

87) 

CT134/ CTL0389 - Unknown Unknown (67) 

CT135/ CTL0390 - Unknown Important for chlamydial 

virulence in a mouse 

infection model. 

(67, 88, 89) 

CT147/ CTL0402 - Unknown Unknown (67, 72, 90) 

CT179/ CTL0431 - Unknown Unknown (67) 

CT192/ CTL0444 - Unknown Unknown (67) 

CT222/ CTL0475 - Unknown Inc-Inc interactions (66, 67, 70, 78) 

CT223/ CTL0476 IPAM CEP170 

 

Modulation of the 

microtubule network; 

inhibition of host cell 

cytokinesis 

(63, 66, 67, 72, 

91, 92) 

CT224/ CTL0477 - Unknown Inhibition of host cell 

cytokinesis 

(66, 67, 92) 

CT225/ 

CTL0477A 

- Unknown Inhibition of host cell 

cytokinesis 

(66, 72, 92) 

CT226/ CTL0478 - Unknown Unknown (66, 67, 72, 93) 

CT227/ CTL0479 - Unknown Unknown (66, 67) 

CT228/ CTL0480 - MYP1 Inhibition of chlamydial 

extrusion 

(66, 72, 94, 95) 

CT229/ CTL0481 CpoS Small GTPase 

RAB proteins 

Control of inclusion 

membrane stability and/or 

host cell death, and of host 

cell vesicular trafficking 

(63, 66, 67, 72, 

96-99) 

CT232/ CTL0484 IncB Unknown Unknown (67, 70, 72) 

CT233/ CTL0485 IncC Unknown Control of inclusion 

membrane stability 

(63, 67, 72, 99) 

CT249/ CTL500A - Unknown Unknown (66, 72, 100) 

CT288/ CTL0540 - CCDC146 Unknown (63, 67, 72, 

101) 

CT345/ CTL0599 - Unknown Unknown (67) 

CT358/ CTL0612 - Unknown Unknown (72) 
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CT383/ CTL0639 - Unknown Modulation of inclusion 

membrane stability 

(67, 99) 

CT440/ CTL0699 - Unknown Unknown (72) 

CT442/ CTL0701 CrpA Unknown Unknown (63, 67, 72, 

102) 

CT449/ CTL0709 - Unknown Unknown (67) 

CT483/ CTL0744 - Unknown Unknown (66) 

CT565/ CTL0828 - Unknown Unknown (66) 

CT618/ CTL0882 - Unknown Associates with LDs (72, 80, 103) 

CT813/ CTL0184 InaC 14-3-3 proteins, 

ARF1/4, VAMP7/8 

Modulation of post-

translational modification of 

microtubules, and of F-actin 

and Golgi redistribution 

around the inclusion 

(46, 66, 72, 84, 

104, 105) 

CT850/ CTL0223 - DYNLT1 Inclusion positioning at the 

centrosomal region 

(66, 70) 
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Figure 1.3 Type III secretion systems and inclusion membrane proteins. A) Schematic of a 

bacterial Type III secretion system (T3SS) (blue/purple). Proteins generated by the bacteria (red) 

are translocated through the T3SS into the cytosol of the eukaryotic host cell. B) Schematic of a 

C. trachomatis inclusion within an epithelial cell. Inclusion membrane proteins (Inc) (red) are 

translocated through the C. trachomatis T3SS (blue/orange) and are embedded within the 

inclusion membrane. Inc proteins are characterized by the presence of two or more bi-lobbed 

transmembrane domains and cytosolic tails. RB, reticulate body (tan). EB, elementary body 

(brown). The schematic in A was created with BioRender.com and the schematic in B is courtesy 

of Rebecca Murray.  
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C. trachomatis interactions with host cell factors and organelles 

As an intracellular pathogen, C. trachomatis must be able to interact with multiple host 

cell factors and organelles in order to establish and maintain a replicative niche. C. 

trachomatis T3SS effectors, especially the Inc proteins, play a major role in facilitating 

interactions with the host cell (29, 62). In fact, the inclusion has been shown to interact 

with a wide range of host factors and organelles throughout development including, the 

host cytoskeleton, mitochondria, Golgi apparatus, and the endoplasmic reticulum (12, 

26).  

 

Interactions with the host cytoskeleton 

The host actin cytoskeleton plays a major role throughout the C. trachomatis 

developmental cycle. Following initial attachment of C. trachomatis to the cell surface, 

the Chlamydia T3SS effector translocated actin-recruiting phosphoprotein (TarP) is 

secreted into the host cytosol and induces actin nucleation and pedestal formation that 

facilitates internalization of the bacterium (106). In addition to its role in internalization, 

actin has been shown to play a role in stabilizing the inclusion throughout development 

(107, 108). The inclusion becomes surrounded by a cage of actin and intermediate 

filaments, and disruption of this actin cage was shown to result in loss of inclusion 

integrity (107). The formation of this actin cage around the inclusion is mediated by host 

factors, such as RhoA, ARF GTPases, septins, EGFR signaling, and the Inc protein InaC 

(46, 105, 109-112). 

Microtubules also play a role in C. trachomatis development, particularly early in 

the developmental cycle. Following internalization, inclusions traffic along microtubules 
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to the Microtubule Organizing Center (MTOC) (30, 31). Similar to what has been 

observed for actin and intermediate filaments, post-translationally modified microtubules 

have been shown to encase the inclusion and have been purposed to function in the 

redistribution of the Golgi around the inclusion (105, 113). Several Inc proteins (MrcA, 

CT222, IPAM, CT224, CT228, IncB, IncC, CT288, CT850) have been shown to localize 

to areas of the inclusion in contact with host centrosomes and have been predicted to act 

as a platform for interactions with the centrosome, microtubules, and the actin 

cytoskeleton (70, 91, 94, 114). 

 

Interactions with the Golgi apparatus 

For proper development, C. trachomatis relies on acquisition of host lipids, such as 

sphingomyelin, that are synthesized in the Golgi (115-117). During C. trachomatis 

development the Golgi apparatus is fragmented into “mini-stacks” that are redistributed 

around the inclusion membrane (118). Golgi-fragmentation and redistribution were 

purposed to play a role in Chlamydia growth by allowing for an increase in 

sphingomyelin acquisition (118). However, more recent studies have shown that, 

although lipid acquisition from the Golgi is essential for normal C. trachomatis 

development, fragmentation of the Golgi is not (119). This redistribution of the Golgi 

around the inclusion requires the Inc protein InaC, host ARF GTPases, and the presence 

of intact F-actin filaments, however an InaC mutant strain of C. trachomatis is not 

deficient in sphingolipid trafficking (46, 105). Overall, while the acquisition of lipids 

from the Golgi is important for C. trachomatis normal development, the role of Golgi 

fragmentation in development is not fully understood. 
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Interactions with Mitochondria 

Mitochondria have been shown to associate with the C. pssitaci inclusion but have not 

been shown to directly associate with C. trachomatis or C. pneumoniae inclusions (120, 

121). Although there is not a direct physical association of mitochondria with the 

inclusion, C. trachomatis infection has been shown to regulate mitochondrial dynamics to 

promote intracellular survival and replication (122, 123). Work by Chowdhury et al. 

(2017) showed that C. trachomatis infection resulted in the upregulation of the 

microRNA miR-30c. This miRNA is linked to the downregulation of the mitochondrial 

fission protein Drp. Upon depletion of miR-30c, C. trachomatis growth was severely 

decreased and mitochondria appeared fragmented, indicating that C. trachomatis actively 

protects mitochondrial integrity to support it infection and replication (122). Further 

study has indicated that C. trachomatis modulation of mitochondrial dynamics is 

dependent on stage of infection, with mitochondria being elongated in early stages of 

infection and fragmented at later stages of infection (123).  

 

Direct interactions with the Endoplasmic Reticulum 

Direct interaction between the C. trachomatis inclusion and the endoplasmic reticulum 

(ER) was first observed by election microscopy in 1988, where both smooth and rough 

ER vesicles were shown to be in close contact with the inclusion (124). Since this 

finding, similar observations have been made, and these direct interactions are now 

referred to as ER-inclusion MCS and pathogen synapses (74, 125-128). Our lab identified 

patches of the ER maintained in close proximity (10-20nm) to the inclusion without 

membrane fusion (Figure 1.4) (74). Due to the morphological and molecular similarities 
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to membrane contact sites (MCS) that form between the ER and many cellular organelles, 

these sites have been termed ER-Inclusion membrane contact sites (MCS) (74, 129). Both 

MCS and ER-Inclusion MCS are discussed in more detail in the following “Membrane 

contact sites” and “ER-Inclusion membrane contact sites” sections. Pathogen synapses 

were first identified by electron and immunolabeling microscopy as areas of the inclusion 

membrane that were closely opposed to rough ER structures and appeared to be 

connected by ordered arrays of T3SS complexes (127, 128). Currently, the function and 

molecular composition of pathogen synapses are not well understood, and it remains 

unknown if ER-inclusion MCS and pathogen synapses are describing the same structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 19 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Figure 1.4 ER-Inclusion membrane contact sites. A) Schematic representation of ER-inclusion 

membrane contact sites (MCS) that form between the C. trachomatis inclusion and the host 

endoplasmic reticulum (ER) (green). RB, reticulate body (tan). EB, elementary body (brown). B) 

Transmission electron micrograph depicting a tubule of the ER in close apposition to the 

inclusion membrane (arrowheads). Scale bar, 500nm. RB, reticulate body. Schematic in A is 

adapted from Derré, 2015 and Figure B is courtesy of Isabelle Derré. 
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Membrane contact sites 

While vesicular trafficking is responsible for the majority of lipid transport between 

membranes throughout the cell, non-vesicular trafficking allows for lipid transport in the 

absence of membrane trafficking to help to maintain membrane lipid homeostasis (130).  

Most non-vesicular trafficking is thought to occur at membrane contacts formed 

throughout the cell. MCS are zones of close apposition (10-30nm) between two 

organelles, with no membrane fusion occurring (129, 131), and serve as platforms for the 

non-vesicular lipid transfer, cell signaling, and ion exchange (132). In mammalian cells, 

the ER is known to form MCS with many cellular organelles such as mitochondria, 

endosomes, the Golgi, and the plasma membrane (132, 133)(Figure 1.5).  
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Figure 1.5 Cellular membrane contact sites. The endoplasmic reticulum (grey) forms 

membrane contact sites with most other cellular organelles. ER contacts with mitochondria (tan), 

the plasma membrane (green), endosomes (purple), and the Golgi (pink) are represented. Proteins 

enriched at each MCS are depicted with black ovals. Figure Created with BioRender.com.  

 

 

 

 

 

 

 

 

 

 

 

Nucleus 



 22 

Membrane contact site components 

Originally, proteins present at MCS were categorized as either functional components, 

that function in lipid transfer and ion exchange, or structural components, which serve to 

tether the two membranes together and aid in the formation and maintenance of MCS 

(134). However, as the field continues to advance and more MCS are discovered, so does 

our understanding of their components. More recently, four classes of MCS components 

have been described: 1) structural proteins, 2) functional proteins, 3) sorter proteins, and 

4) regulator proteins (131). Structural proteins often act as tethers to maintain the 

organelles in close proximity (131). For example, the ER integral membrane proteins 

oxysterol-binding protein (OSBP)-related protein 5 (ORP5) and ORP8 tether the ER to 

the plasma membrane through interactions with phosphatidylinositol 4-phosphate (PI4P) 

in the plasma membrane (135). Functional proteins are largely responsible for performing 

ion, protein, lipid, or metabolite exchange at MCS (131). Such functional components 

include ion channels, lipid transfer proteins, or metabolite channels/transporters. The 

lipid transfer activity of the ceramide transfer protein (CERT) places CERT in this class 

(136). Sorter proteins serve to define the protein and lipid composition at MCS through 

recruitment of proteins to the MCS or modifying membrane lipids (131). 

Phosphatidylinositol transfer proteins, for example, could be classified as sorter proteins, 

due to the ability of these proteins to define the lipid composition of membranes (137). 

Regulator proteins function dynamically to regulate the extent and activity of proteins at 

membrane contact sites (131). For example, phosphorylation of the tether protein Vps39 

by an unidentified kinase at mitochondria–vacuole contact sites (vCLAMPS) in yeast 

regulates the tethering and formation of these contact sites (138). Kinases may often 
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serve as regulator proteins at MCS as post-translational modification has been recognized 

to play a major role in the regulation of protein interactions (139). For example, post-

translation modification of CERT, can up- or down-regulate the interaction of CERT with 

ER-resident VAMP-associated proteins (VAPs) (140).  It is important to note that these 

classifications are not mutually exclusive and MCS proteins may fall into more than one 

class (131). 

 

Functions of ER-containing MCS 

ER-containing MCS can have a large variety of functions throughout the cells, some of 

the most notable being the exchange of lipids and calcium (Ca2+). The presence of lipid 

transfer proteins at many cellular MCS allows for the non-vesicular trafficking of lipids 

that occurs at these sites. Different lipid transfer proteins can localize to specific MCS 

depending on the lipids and proteins present for the lipid transfer proteins to interact with 

(129). In general, lipid transfer proteins function through extracting lipids from one 

membrane and transfer them to another membrane (141). For example, the cytosolic lipid 

transfer protein CERT contains domains that allow for interaction with the Golgi and ER, 

facilitating the localization of CERT to ER-Golgi MCS (142). Once localized to ER-

Golgi MCS, the ceramide binding domain of CERT facilitates the transfer of ceramide 

from the ER to the Golgi (142).  

The transfer of Ca2+ across membranes provides a major source of signaling 

throughout the cell. Thus, intracellular Ca2+ levels are carefully regulated through the 

presence of Ca2+-permeable channels on the plasma membrane and ER. The 

concentration of Ca2+ is kept low in the cytosol, and the ER stores the majority of Ca2+ in 
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mammalian cells (143). ER-MCS help to direct Ca2+ exchange to maintain Ca2+ 

homeostasis. For example, ER-plasma membrane MCS play a central role in store-

operated Ca2+ entry (144-146). At steady state, the ER Ca2+ sensor stromal interaction 

molecule 1 (STIM1) is bound to Ca2+ and localized to the ER. Upon depletion of ER Ca2+ 

stores, STIM1 is no longer bound to calcium and oligomerizes and localizes to ER-

plasma membrane MCS (147). At ER-plasma membrane MCS, STIM1 interacts with the 

Orai1 Ca2+ channel to facilitate the influx of Ca2+ and replenish the ER Ca2+ store (148). 

 

Formation of ER-containing MCS 

Contact sites with the ER are commonly formed through the interaction of the ER-

resident VAP-family proteins with partner proteins on the opposing organelle (149) 

(Figure 1.5). Two of the VAP-family proteins, VAPA and VAPB, are highly homologous 

and are commonly referred to together as VAP (149). VAP protein interactions play a 

role in the formation of a significant proportion of ER-MCS, however the presence of 

ER-MCS in the absence of VAP indicated that additional proteins act to form ER-MCS 

(150, 151). In line with these observations, recent studies have revealed three new 

homologs of VAP, motile sperm domain-containing proteins MOSPD1, MOSPD2, and 

MOSPD3, thus adding to the list of VAP-family proteins (152, 153).  

The VAP-family proteins are known to interact with FFAT motif containing 

proteins. FFAT, two phenylalanines (FF) in an Acidic Tract, motifs are linear peptide 

motifs typified by an E1-F2-F3-D4-A5-X6-E7 consensus core sequence (154, 155). While 

most of the seven core elements can have significant derivation from this core sequence, 

the residue in position two is considered essential and must be either a phenylalanine (F) 
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or a tyrosine (Y) (149, 156). Importantly, the core of the FFAT motif is flanked by 

adjacent acidic residues to create an acidic tract (154). It is increasingly recognized that 

FFAT motifs can have significant variation (157). Recent work by Di Miatta et al. has 

identified FFAT motifs where the residue in the fourth position is a phosphorylatable 

serine or threonine residue, termed Phospho-FFAT motifs, and shown that the 

phosphorylation of this residue is required to interact with VAP (158). Additionally, 

MOSPD1 and MOSPD3 have been shown to favor FFAT motifs where the residues 

flanking the core of the FFAT motif are neutral amino acids rather than acidic and are 

referred to as FFNT (two phenylalanines (FF) in a Neutral Tract) motifs (153). 

 

ER-Inclusion membrane contact sites 

Our lab’s work to characterize the molecular composition of ER-Inclusion MCS has 

shown that ER-inclusion MCS are enriched in C. trachomatis Inc proteins and host 

effectors (Figure 1.6). The C. trachomatis Inc protein IncD interacts with the lipid 

transfer protein CERT, which in turn interacts with VAP on the ER (74, 159).  The 

IncD/CERT/VAP complex is proposed to function in the non-vesicular trafficking of host 

lipids to the inclusion (74, 126). Depletion of CERT or VAP resulted in a significant 

decrease in inclusion size and infectious progeny production, indicating the importance of 

these ER-inclusion MCS during C. trachomatis development (74, 126). Another 

Chlamydia Inc protein, IncV, interacts directly with VAP through the presence of two 

core FFAT motifs and functions as a structural tether between the inclusion and the ER 

(68). The host ER calcium sensor STIM1 also localizes to ER-inclusion MCS (160). 
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STIM1 has been proposed to play a role in C. trachomatis host cell exit by extrusion (71), 

however, the role of the STIM1 at ER-inclusion MCS remains unknown. 
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Figure 1.6 Current model of the molecular composition of ER-Inclusion membrane contact 

sites. The Inc protein IncD (orange) interacts with the lipid transfect protein CERT (pink), which 

interacts with the ER-resident protein VAP (yellow). The IncD/CERT/VAP complex is purposed 

to function in lipid acquisition. The Inc protein IncV (blue) also interact with VAP and functions 

in the tethering of the two organelles. The ER calcium sensor STIM1 (grey) also localizes to ER-

inclusion MCS. The function of STIM1 at ER-inclusion MCS is not currently understood. 

Inclusion, C. trachomatis inclusion (light grey); RB, reticulate body (light orange); ER, 

endoplasmic reticulum (green). Figure courtesy of Rebecca Murray. 
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Research Goals and Significance 

Overall, my research projects have sought to provide insight into how C. trachomatis is 

able to manipulate the host cell environment in order to establish and maintain a 

replicative niche, by identifying novel interactions of the inclusion with host factors and 

elucidating the regulation of a tether at ER-inclusion MCS. 

Identification of additional ER-inclusion MCS components could provide 

important information regarding their molecular composition and further elucidate the 

role that ER-inclusion MCS play in the chlamydial developmental cycle and 

pathogenesis. When I started my thesis research, few components of ER-inclusion MCS 

had been identified, thus my first goal was to isolate and identify novel bacterial and host 

cell components of ER-Inclusion MCS (Chapter 2).  

A proximity labeling screen for ER-inclusion MCS components identified several 

of host glycolytic enzymes. This potential localization of host glycolytic enzymes to the 

inclusion was of interest as relatively few studies in the field have addressed the 

mechanisms by which Chlamydia manipulates host cell metabolism. Thus, my second 

goal was to determine how Chlamydia hijacks host metabolism, specifically glycolysis, 

and shed light on the interplay between host and bacterial metabolism during C. 

trachomatis pathogenesis (Chapter 3). 

Lastly, our lab previously identified a complex at ER-Inclusion MCS, consisting 

of the Chlamydia Inc protein IncV and the host ER-resident protein VAP, that is 

responsible for tethering and maintaining the two organelles in close proximity. My third 

goal was to characterize the regulation of the IncV-VAP interaction (Chapter 4). Through 

the characterization of the IncV-VAP interaction we can gain valuable insight into the 



 29 

mechanisms controlling the formation and maintenance of ER-inclusion MCS. 

Additionally, since pathogens often co-opt cellular processes, the mechanisms uncovered 

for the regulation of ER-inclusion MCS may apply to the regulation of cellular MCS.  

Overall, my work could contribute to the identification of novel therapeutic 

targets and combat the blindness and infertility that can arise from chlamydial infections. 
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Chapter 2: 

APEX proximity labeling to identify host and 

bacterial factors at ER-Inclusion MCS 
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Abstract 

 

Our lab has shown that the endoplasmic reticulum (ER) forms membrane contact sites 

with the C. trachomatis inclusion (ER-inclusion MCS). It is proposed that these contact 

sites play a role in the non-vesicular trafficking of host cell lipids to the inclusion, a 

process required for proper bacterial growth. However, the overall function of these 

contact sites and how they are formed is not well understood. We sought to identify and 

characterize the molecular composition of ER-inclusion MCS. Our previous work has 

shown that the bacterial protein IncV interacts with the ER resident protein VAP and 

overexpression of IncV increases the amount of ER-inclusion MCS per inclusion. We 

utilized the IncV-VAP interaction coupled with BioID or APEX2 proximity labeling to 

isolate proteins at ER-inclusion MCS. Fusion of BioID to IncV disrupted the catalytic 

activity of the BioID proximity labeling enzyme and expression of an IncV-APEX2 

fusion protein was not detected. However, a Myc-APEX2-VAPA fusion construct was 

recruited to the inclusion membrane in HeLa cells infected with an IncV overexpressing 

strain of C. trachomatis and was able to biotinylate proteins at the inclusion membrane 

when biotin-phenol was provided. Under the same conditions, there was an increase in 

biotinylated proteins pulled down with streptavidin beads. Moreover, the Myc-APEX2-

VAPA construct was able to biotinlyate itself and its interacting partner IncV, a known 

ER-inclusion MCS component. We were also able to generate an APEX2 proximity 

labeling construct using CERT, another known host component of ER-inclusion MCS. 

These data were consistent with the APEX system being an effective approach for 

isolating novel components of ER-inclusion MCS. Given these results, we performed a 
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pilot screen comparing the proteomes identified by the VAP and CERT proximity 

labeling constructs. 

 

Introduction 

Our lab has shown that the ER forms membrane contact sites with the C. trachomatis 

inclusion (ER-inclusion MCS) and have characterized several bacterial and host effectors 

enriched at these contact sites (68, 74, 126, 159). However, the overall function of these 

contact sites and how they are formed is not well understood. To address these questions, 

we sought to identify and characterize the proteome of ER-inclusion MCS.  

Traditional biochemical approaches, such as affinity purification, can only 

identify direct interacting partners of a protein of interest and do not allow for global 

mapping of MCS proteomes. However, proximity labeling approaches allow for the 

labeling and identification of neighboring as well and interacting proteins and are 

promising approaches for determining the proteome of MCS (161-163). Proximity 

labeling approaches rely on the use of enzymes that are capable of catalyzing the transfer 

of biotin or other derivatives to protein within a certain proximity to the enzyme. These 

enzymes are fused to a protein of interest to direct the enzyme to a particular subcellular 

localization and upon addition of exogenous biotin, the enzyme can biotinylate proteins 

that are interacting with, or in close proximity to, the protein of interest. The biotinylated 

proteins can then be isolated by streptavidin beads and identified via subsequent mass 

spectrometry (Figure 2.1). 

Currently, the major proximity labeling approaches are BioID and APEX2 (161-

163). The BioID approach utilizes a biotin ligase enzyme, BirA, from E. coli with a 
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catalytic site mutation that alters substrate specificity and makes it promiscuous (164, 

165). The APEX2 approach utilizes the soybean ascorbate peroxidase enzyme APEX2 

(166). Rather than biotin, the substrate biotin-phenol is provided for the APEX2 enzyme 

(166, 167). In the presence of Hydrogen peroxide, a biotin phenoxyl radical is generated 

that can then covalently attach to surrounding proteins. The APEX2 approach does 

possess some key advantages compared to BioID in that the APEX2 enzyme is smaller in 

size (27 versus 35 kDa) and has a significantly shorter labeling time (minutes versus 

hours) (167). This faster labeling allows for analysis of more dynamic changes in protein-

protein interactions.  

Both BioID and APEX2 approaches have been used to identify novel MCS 

components (168, 169), and both approaches have also been used in the context of 

Chlamydia infection (170-175). The BioID approach has been used to determine if 

specific eukaryotic proteins are recruited to the chlamydial inclusion and to demonstrate 

interactions between chlamydial effectors and eukaryotic proteins (170-172). However, 

because these studies did not use T3SS effectors, it is unknown if fusion of the BioID 

enzyme can interfere with proper translocation through the chlamydial T3SS. On the 

other hand, recent studies have successfully utilized Inc-APEX2 fusions to identify 

potential binding partners of these Inc proteins, define the proteome of the inclusion 

membrane at different stages developmental cycle, and establish APEX2 as powerful 

approach to identify protein interactions at the inclusion membrane (173-175). In all of 

these studies, Inc-APEX2 fusion proteins were shown to be properly translocated by the 

chlamydial T3SS (173-175). Thus, BioID and APEX2 are promising approaches to 

identify ER-inclusion MCS components. 
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We utilized the previously characterized IncV-VAPA tethering interaction at ER-

inclusion MCS (68) and BioID or APEX2 proximity labeling approaches to isolate and 

identify additional bacterial and host cell effectors that localize to C. trachomatis ER-

inclusion MCS.  
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Figure 2.1 Schematic of proximity labeling approach. The expression of a biotin ligase 

enzyme (BL) fused to a protein of interest (Protein X) results in the biotinylation of proteins 

interacting with, and proximal to, the protein in interest when exogenous biotin (red dot) is 

provided. Following cell lysis, biotinylated proteins can be affinity purified and identified by 

mass spectrometry. Adapted from Roux et al, 2012 courtesy of Clayton Bishop.  
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Results 

In order to isolate and identify novel host and bacterial factors present at ER-inclusion 

membrane contact using a proximity labeling approach, we first wanted to identify a 

protein of interest that is known to localize to ER-inclusion MCS and would remain 

functional after being fused a proximity labeling enzyme. Our lab had previously 

identified an interaction between the bacterial Inc protein IncV and the ER-resident 

protein VAPA at ER-Inclusion MCS (68). Overexpression of IncV has been shown to 

significantly increase the formation of ER-Inclusion MCS (68). Thus, IncV was an ideal 

protein of interest, as overexpression of IncV could be used to increase our ability to 

identify factors present at ER-inclusion MCS. Fusion of a proximity labeling enzyme 

(BioID or APEX2) to IncV, which we refer to as the bacterial effector approach, was the 

favored approach due to its specificity to ER-inclusion MCS (Figure 2.2A). As a 

complementary approach, we also used a host effector approach where we fused a 

proximity labeling enzyme to VAPA, the interacting partner of IncV (Figure 2.2B). 
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Figure 2.2 Proximity labeling approaches to identify proteins at ER-Inclusion MCS. A) 

Schematic of the bacterial effector approach of fusing a biotin ligase proximity labeling enzyme 

(green) to the bacterial effector IncV (Pink). B) Schematic of the host effector approach of 

attaching a biotin ligase proximity labeling enzyme (green) to the host effector VAPA (yellow). 
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Bacterial effector approach 

An IncV-BioID fusion protein is expressed by C. trachomatis and localized to the 

inclusion membrane 

Using the bacterial effector approach, we first determined if an IncV-BirA fusion protein 

was expressed in C. trachomatis and localized to the inclusion membrane. HeLa cells 

were infected at a MOI of 0.5 with a strain of C. trachomatis expressing mCherry 

constitutively and IncV-BirA-HA under the control of an aTc inducible promoter. At 20h 

post-infection (pi), IncV-BirA-HA expression was induced by addition of 20ng/mL aTc. 

At 24h pi, the cells were fixed, immuno-stained with anti-HA antibody, and processed for 

fluorescence microscopy. Upon induction, IncV-BirA-HA was expressed and localized to 

the inclusion membrane (Figure 2.3A), indicating that fusion of BirA to IncV did not 

disrupt expression or proper localization of IncV to the inclusion membrane.  

 

An IncV-BioID fusion protein is biotinylation-deficient 

To verify that IncV and the BioID enzyme both remain fully functional following 

translation fusion, we next determine if IncV-BirA-HA was still able to interact with 

VAPA and if the BioID enzyme was able to biotinylate proximal proteins. HeLa cells 

expressing YFP-VAPA were infected with the IncV-BirA-HA overexpressing strain of C. 

trachomatis. At 18h pi, media containing 0.5ng/mL aTc and 50 μM biotin was added. 

Following overnight incubation with aTc and biotin, the cells were fixed at 24h pi, 

stained with fluorescent streptavidin labeled conjugate, and processed for fluorescence 

microscopy. YFP-VAPA was recruited to the inclusion indicating that IncV-BirA-HA 

was still able to interact with VAPA (Figure 2.3B, middle panel). However, streptavidin 
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staining to detect biotinylated proteins resulted in no detectable signal, indicating that the 

fusion of the BioID enzyme to IncV interfered with the biotinylation of proximal proteins 

(Figure 2.3B, right panel).   
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Figure 2.3 Expression and functionality of a C. trachomatis IncV-BioID fusion protein. A) 

Single plane fluorescence micrographs of HeLa cells infected with a C. trachomatis strain 

expressing mCherry constitutively (left panel and red in merge panel) and induced to express 

IncV-BirA-HA (middle panel and green in merge panel). Scale bar, 5 μm. B) Single plane 

fluorescence micrographs of HeLa cells expressing YFP-VAPA (middle panel) and infected with 

a C. trachomatis strain expressing mCherry constitutively (left panel), induced to express IncV-

BirA-HA, and stained to detect biotinylated proteins (right panel). Scale bar, 10 μm. 
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Expression of an IncV-APEX fusion protein by C. trachomatis is not detected 

Since the BioID enzyme was not functional following fusion to IncV, we looked for 

alternative proximity labeling enzymes. As previous studies had successfully used Inc-

APEX2 fusion proteins (173-175), we next sought to determine whether an IncV-APEX2 

fusion protein was expressed by C. trachomatis and localized to the inclusion membrane. 

HeLa cells were infected with a strain of C. trachomatis expressing mCherry 

constitutively and IncV-FLAG-APEX under the control of an aTc inducible promoter. At 

20h pi, IncV-FLAG-APEX expression was induced by addition of 20ng/mL aTc. At 24h 

pi, the cells were fixed, immuno-stained with anti-FLAG antibody, and processed for 

fluorescence microscopy. Following induction, no FLAG signal was detected, indicating 

that the IncV-FLAG-APEX2 fusion protein was not being properly synthesized by the 

bacteria (Figure 2.4).  
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Figure 2.4 Expression of a C. trachomatis IncV-APEX fusion protein is not detected. Single 

plane fluorescence micrographs of HeLa cells infected with a C. trachomatis strain expressing 

mCherry constitutively (left panel and red in merge panel) and induced to express IncV-FLAG-

APEX2 (middle panel and green in merge panel). Merge is on the right. Scale bar, 20 μm.  
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An APEX2-VAPA fusion protein is recruited to the inclusion and biotinylates 

protein at the inclusion membrane 

Using the host effector approach, we first determined if an IncV-APEX fusion protein 

was recruited to the inclusion membrane and able to biotinylate proximal proteins. HeLa 

cells expressing Myc-APEX2-VAPA were infected with a strain of C. trachomatis 

expressing mCherry constitutively and IncV-3xFLAG under the control of an aTc 

inducible promoter. At 20h pi, IncV-3xFLAG expression was induced by addition of 

20ng/mL aTc for 4 hours. Following induction, the infected cells were incubated in 

media containing biotin-phenol for 30 min and biotinylation was catalyzed with hydrogen 

peroxide as previously described (167, 173). The cells were then fixed, immuno-stained 

with anti-Myc antibody and fluorescent streptavidin labeled conjugate, and processed for 

confocal microscopy. The Myc-APEX2-VAPA construct was recruited to the inclusion 

upon induction of IncV, indicating that the fusion of the APEX2 enzyme did not disrupt 

the IncV-VAPA interaction (Figure 2.5A, middle panel). Additionally, streptavidin 

staining revealed the presence of biotinylated proteins at the inclusion membrane, 

indicating that fusion of the APEX2 enzyme to VAPA did not interfere with APEX2 

catalytic function (Figure 2.5A, right panel). Using the same experimental setup as above, 

except that following fixation the cells were immuno-stained with anti-FLAG antibody to 

detect IncV, we observed that the signal corresponding to biotinylated proteins appeared 

to co-localize with IncV at the inclusion membrane (Figure 2.5B). This co-localization 

with IncV indicated that the Myc-APEX2-VAPA construct could be utilized to 

biotinylate proteins at ER-Inclusion MCS. 
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An APEX2-VAPA fusion protein can be used to identify novel components of ER-

inclusion MCS 

Since the host effector approach resulted in biotinylation of proteins at the inclusion 

membrane, we next wanted to determine if this approach was biotinylating proteins at 

ER-inclusion MCS specifically. HeLa cells expressing Myc-APEX2-VAPA were 

infected with a strain of C. trachomatis expressing mCherry constitutively and IncV-

3xFLAG under the control of an aTc inducible promoter. At 7h pi, IncV-3xFLAG 

expression was induced by addition of 0.5ng/mL aTc overnight. At 24h pi, the infected 

cells were incubated in media containing biotin-phenol for 30 min and biotinylation was 

catalyzed with hydrogen peroxide as previously described (167, 173). Following 

biotinylation, the cells were lysed and the lysate was incubated with streptavidin 

sepharose beads to pulldown biotinylated proteins. The protein-bound beads were then 

subjected to western blot analysis using, Streptavidin-HRP, anti-Myc antibodies, or anti-

FLAG antibodies. As expected, the addition of exogenous biotin resulted in an increase 

in biotinylated proteins pulled down with streptavidin beads (Figure 2.5C, Streptavidin-

HRP). Additionally, the Myc-APEX2-VAPA construct was able to self-biotinylate 

(Figure 2.5C, αMyc) and biotinylate a known VAP interacting partner, IncV (Figure 

2.5C, αFlag). Overall, these results indicated that we were able to successfully isolate 

biotinylated proteins and that the Myc-APEX2-VAPA construct was able to biotinylate at 

least two known ER-inclusion MCS components. 

Pulldown samples for the condition in which IncV-3xFLAG expression was not 

induced and no exogenous biotin was provided, and the condition in which IncV-

3xFLAG expression is induced and exogenous biotin was provided were then sent for 
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mass spectrometry analysis to identify the biotinylated proteins (data not shown). In order 

to increase the specificity of our screen, we also generated a CERT-FLAG-APEX2 

construct that is recruited to the inclusion upon overexpression the Inc protein IncD. 

Since CERT known to interact with IncD at ER-inclusion MCS (74, 159), candidate 

proteins identified by both the Myc-APEX2-VAPA and the CERT-FLAG-APEX2 

constructs have a high likelihood of being ER-inclusion MCS components. The CERT-

FLAG-APEX2 construct was shown to be recruited to, and biotinylate proteins at, the 

inclusion membrane upon overexpression on IncD and samples were sent for mass 

spectrometry as was done for the Myc-APEX2-VAPA construct (data not shown). 

Comparison of mass spectrometry results preliminarily identified several host pathways, 

including several of the host glycolytic enzymes that are further explored in Chapter 3.   
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Figure 2.5 A VAP-APEX fusion protein can biotinylate proteins at ER-inclusion MCS. A-B) 

Single plane confocal micrographs of HeLa cells expressing Myc-VAPA-APEX2 (blue in A) and 

infected with a C. trachomatis strain expressing mCherry constitutively (red), induced to express 

IncV-3xF (blue in B), and stained to detect biotinylated proteins (yellow). The merged images are 

shown on the right. Scale bar, 5 μm. C) Pulldown of biotinylated proteins from lysates of HeLa 

cells expressing Myc-APEX2-VAPA and infected with C. trachomatis expressing IncV-3xFlag 

(ON), or not (OFF) in the presence (+) or absence (-) of exogenous biotin-phenol.  
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Discussion 

Although fusion of the BioID proximity labeling enzyme to IncV was expressed by C. 

trachomatis, localized to the inclusion membrane, and did not disrupt the interaction of 

IncV with the host protein VAP as previously described (68), we observed that the BioID 

enzyme was not able to biotinylate proximal proteins (Figure 2.3). We believe that this is 

most likely due to the topology of the IncV cytosolic domain preventing access to the 

catalytic site of the proximity labeling enzyme. However, it is difficult to determine 

exactly how the catalytic activity of the proximity labeling enzymes is being obscured as 

the topology and function of Inc protein C-terminal domain is not well understood.  

 As other labs had been successful at generating functional fusions of the APEX2 

proximity labeling enzyme with Chamydia Inc proteins (173-175), we sought to generate 

a C. trachomatis strain expressing an IncV-APEX2 fusion protein. However, we 

observed that C. trachomatis was not able to express an IncV-APEX2 fusion protein 

(Figure 2.4). We have not had previous issues with the expression of IncV-3xFLAG 

fusion proteins by C. trachomatis, indicating that fusion of the APEX2 enzyme 

specifically is interfering with IncV expression. The lack of IncV-APEX2 expression 

appears to be IncV specific, however only three other Inc proteins have been fused to 

APEX2. Inc proteins have variation in the timing of their expression during the 

Chlamydia developmental cycle, and this may affect the ability of the different Inc 

proteins to be expressed as APEX2 fusion proteins (62, 66, 90, 176, 177). Overall, this 

may indicate that the ability to fuse APEX to Inc proteins may be Inc dependent and will 

need to be tested on an individual basis.  
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We were successful in generating APEX2-VAPA and -CERT constructs that were 

able to localize to, and biotinylate proteins at, the inclusion membrane (Figure 2.4). 

However, there are caveats to using this host effector approach that must be considered. 

VAP is a host ER-resident protein that is present throughout the host cell and at 

membrane contact sites formed between the ER and other host organelles (178), and 

CERT is a largely cytosolic protein that is also known to localize to ER-Golgi MCS (179, 

180). Thus, the VAP- and CERT-APEX2 constructs are not specific to the inclusion and 

can biotinylate proteins at sites other than ER-Inclusion MCS. By inducing the 

expression of IncV or IncD and were able to recruit a large portion of the APEX2-VAP 

or -CERT constructs to the inclusion, effectively increasing the amount of APEX2-VAP 

and -CERT localized at ER-inclusion MCS (Figure 2.5 A). As a result, the signal 

corresponding to the biotinylated proteins appeared strongly localized to the inclusion 

membrane (Figure 2.5 B).  

We have increased the specificity of our screen for ER-inclusion MCS 

components by using two different host effectors known to localize to ER-inclusion 

MCS.  While both VAP and CERT localize to ER-inclusion MCS, they have largely 

different localizations outside of these membrane contact sites, with VAP localized to the 

ER and CERT in the cytosol. This allows us to effectively compare the candidates 

identified by both constructs. Any candidates that were identified by both constructs can 

be prioritized, while candidates that are only identified in one of the screens can be 

attributed to VAP or CERT localization outside of ER-inclusion MCS.  It is important to 

note, however, that both the VAP and CERT constructs could identify ER proteins that 

are not specific to ER-inclusion MCS, as both VAP and CERT can localize to ER- golgi 
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MCS. Overall, our screen is still rather preliminary and analysis of mass spectrometry 

results will need to consider that some of the host cell proteins identified will be a result 

of APEX construct localization outside of ER-inclusion MCS. Thus, identified proteins 

will need to be validated on an individual basis and the screen repeated and optimized as 

further discussed in Chapter 5. 

 

Materials and Methods. 

Ethics statement. 

All genetic manipulations and containment work were approved by the UVA Biosafety 

Committee and are in compliance with the section III-D-1-a of the National Institutes of 

Health guidelines for research involving recombinant DNA molecules. 

Cell lines and bacterial strains. 

HeLa cells (ATCC CCL-2) were maintained in DMEM high glucose (Gibco) containing 

10% heat-inactivated fetal bovine serum (Gibco) at 37˚C and 5% CO2. Chlamydia 

trachomatis Lymphogranuloma venereum, type II (ATCC L2/434/Bu VR-902B) was 

propagated in HeLa cells as previously described (181). All cell lines and Chlamydia 

strains are routinely tested for mycoplasma contamination. 

Plasmid construction. 

Inserts were generated by PCR using the primers (IDT) listed in Table 2.1, and the 

Herculase DNA polymerase (Stratagene). The inserts were cloned as described below 

using restriction enzymes (NEB) and T4 DNA ligase (NEB).  

Vectors for expression in mammalian cells. 
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The Myc-APEX2-VAPA plasmids was constructed by cloning the APEX2 open reading 

frame (ORF) into pMyc-BioID-VAPA, using NheI and XhoI restriction sites.  

Vectors for expression in C. trachomatis. 

All the constructs to express the various IncV constructs from the aTc inducible promoter 

were generated by overlapping PCR and cloned into KpnI and NotI of the p2TK2-SW2 

mCh(Gro) vector (182). The Tet-IncV-3xFLAG construct was previously described (68).  

C. trachomatis transformation. 

Wild type C. trachomatis was transformed using our previously described calcium-based 

Chlamydia transformation procedure (182). 

DNA transfection. 

Cells were transfected with mammalian construct DNA according to manufacturer 

instructions with X-tremeGENE 9 DNA Transfection Reagent (Roche). 

SDS-PAGE. 

Biotinylated proteins were purified as described in the immunoprecipitation and protein 

purification sections then suspended in a final concentration of 1x Laemmli buffer with 

10mM DTT. Protein samples were separated using SDS-PAGE. 

Immunoblotting. 

After SDS/PAGE, proteins were transferred onto nitrocellulose membranes (GE 

Healthsciences). Prior to blocking, membranes were stained with Ponceau S in 5% acetic 

acid and washed in dH2O. Membranes were incubated for 1 hour with shaking at room 

temperature in blocking buffer (5% skim milk in 1x PBS with 0.05% Tween). Membranes 

were then incubated with primary and secondary (HRP-conjugated) antibodies diluted in 

blocking buffer overnight at 4˚C and 1 hour at room temperature, respectively, with 
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shaking. ECL Standard western blotting detection reagents (Amersham) were used to 

detect HRP-conjugated secondary antibodies on a BioRad ChemiDoc imaging system. For 

membranes incubated with Streptavidin-HRP conjugates, the blocking buffer contained 

5% bovine serum albumin (BSA) instead of skim milk. Membranes were incubated with 

the Streptavidin-HRP conjugates for one hour and room temperature, shaking, and 

developed with ECL Standard western blotting detection reagents as described above.  

Antibodies. 

The following antibodies were used for immunofluorescence microscopy (IF) and 

immunoblotting (WB): mouse monoclonal anti-FLAG [1:1,000 (IF); 1:10,000 (WB); 

Sigma], mouse monoclonal anti-Myc [1:1,000 (IF), 1:1,000 (WB), Cell Signaling], mouse 

monoclonal anti-HA (1:1000 for IF; BioLegend), HRP-conjugated goat anti-mouse IgG 

[1:10,000 (WB); Jackson], HRP-conjugated Streptavidin [1:2000 for WB; Invitrogen], 

Alexa Fluor 488-, or Pacific Blue-conjugated goat anti-mouse IgG [1:500 (IF); 1:10,000 

(WB); Molecular Probes], Alexa Fluor 488-, or Pacific Blue-conjugated Streptavidin 

[1:500 (IF); Molecular Probes]. 

DNA transfections and infections for microscopy. 

HeLa cells were seeded onto glass coverslips and transfected with Myc-APEX2-VAPA the 

following day. 18 hours post-transfection, cells were infected with the indicated strain of 

C. trachomatis at a MOI of 0.5. 7h pi, media containing 0.5ng/mL aTc (final concentration) 

was added overnight to induce expression of IncV-3xFLAG.  

Immunofluorescence and confocal microscopy. 

HeLa cells seeded on glass coverslips and infected with C. trachomatis were fixed with 

4% paraformaldehyde in 1x PBS for 20 minutes at room temperature then washed with 1x 
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PBS three times. The coverslips were sequentially incubated with primary and secondary 

antibodies in 0.1% Triton X-100 in 1x PBS for 1 hour at room temperature. Coverslips 

were washed with 1x PBS three times then mounted with glycerol containing DABCO and 

Tris pH 8.0. 

Non-confocal fluorescent images were obtained with a Nikon epifluorescence microscope. 

Confocal images were obtained using an Andor iXon ULTRA 888BV EMCCD camera 

and a Yokogawa CSU-W1 Confocal Scanner Unit attached to a Leica DMi8 microscope. 

1 μm thick Z slices covering the entirety of the cell were captured. Image analysis was 

performed using the Imaris software. All the micrographs within a given figure panels are 

at the same scale. 

Detection of biotinylated proteins  

50,000 HeLa cells were seeded onto glass coverslips and transfected with Myc-APEX2-

VAPA the following day. 24 hours post-transfection, cells were infected with the indicated 

strain of C. trachomatis at a MOI of 0.5. 20h pi, media containing 20ng/mL aTc (final 

concentration) was added to induce expression of IncV-3xFLAG. At 24h pi, the infected 

cells were incubated with 1.5 mM biotinyl-tryamide (biotin-phenol) (Chemodex) for 30 

min at 37°C and 5% CO2. At 24.5h pi, biotinylation was catalyzed by the addition of 3 

mM H2O2 in PBS for 1 min at RT with gentle rocking. The reaction was quenched by 3 

washes at RT with 10 mM sodium ascorbate, 10 mM sodium azide, and 5 mM Trolox in 

PBS. Coverslips were removed and fixed for immunofluorescence and microscopy.  

Purification of biotinylated proteins from cells infected with C. trachomatis. 

250,000 HeLa cells were seeded into one well of a six-well plate (Falcon) and transfected 

the following day with Myc-APEX2-VAPA. 24 hours post-transfection, cells were infected 
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with C. trachomatis at a multiplicity of infection (MOI) of 1. 7h pi, media containing 

0.5ng/mL anhydrotetracycline (aTc) was added to the infected cells. At 24h pi, the infected 

cells were incubated with 1.5 mM biotinyl-tryamide (biotin-phenol) (Chemodex) for 30 

min at 37°C and 5% CO2. At 24.5h pi, biotinylation was catalyzed by the addition of 3 

mM H2O2 in PBS for 1 min at RT with gentle rocking. The reaction was quenched by 3 

washes at RT with 10 mM sodium ascorbate, 10 mM sodium azide, and 5 mM Trolox in 

PBS. The quenching solution was removed and 500μL of lysis buffer (20 mM Tris pH 7.5, 

150 mM NaCl, 2 mM EDTA, 1% Triton X-100, protease inhibitor mixture EDTA-free 

(Roche)) was added per well. Cells were lysed for 20 minutes at 4˚C with rotation. Lysates 

were centrifuged at 16,000xg for 10 minutes at 4˚C to pellet nuclei and unlysed cells. 

Cleared lysates were incubated with 10μL of Streptavidin sepharose beads (GE Healthcare) 

for 2 hours at 4˚C with rotation. The beads were washed with lysis buffer three times. The 

beads were resuspended in a final concentration 1x Laemmli buffer with 10mM DTT and 

0.5mM biotin to elute biotinylated proteins. 
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Chapter 3: 

 

Host and Bacterial Glycolysis During 

Chlamydia trachomatis Infection 

 

This Chapter is a modified version of the previously published article, 

“Host and Bacterial Glycolysis during Chlamydia trachomatis Infection” 

Ende, R. J., & Derré, I. (2020). Infection and immunity, 88(12), e00545-20. 

 

 

All data presented in this chapter generated by R. Ende 
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Abstract  

With a reduced genome, C. trachomatis is dependent on its host for survival, in part due 

to a need for the host cell to compensate for incomplete bacterial metabolic pathways. 

However, relatively little is known regarding how C. trachomatis is able to hijack host 

cell metabolism. In this study, we show that two host glycolytic enzymes, Aldolase A and 

Pyruvate Kinase, as well as Lactate Dehydrogenase, are enriched at the C. trachomatis 

inclusion membrane during infection. Inclusion localization was not species specific, as a 

similar phenotype was observed with C. muridarum. Time course experiments showed 

that the number of positive inclusions increased throughout the developmental cycle. 

Additionally, these host enzymes co-localized to the same inclusion and their localization 

did not appear dependent on sustained bacterial protein synthesis, or intact host actin, 

vesicular trafficking, or microtubules. Depletion of the host glycolytic enzyme Aldolase 

A resulted in decreased inclusion size and infectious progeny production, indicating a 

role for host glycolysis in bacterial growth. Finally, quantitative PCR analysis showed 

that expression of C. trachomatis glycolytic enzymes inversely correlated with host 

enzymes localization at the inclusion. We discuss potential mechanisms leading to 

inclusion localization of host glycolytic enzymes and how it could benefit the bacteria. 

Altogether, our findings provide further insight into the intricate relationship between 

host and bacterial metabolism during Chlamydia infection. 
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Introduction 

As an obligate intracellular pathogen with a small genome (1Mb compared to 5Mb 

genome of E. coli), C. trachomatis is strictly dependent on the host cell to complete its 

developmental cycle. Upon entering epithelial cells, C.  trachomatis resides within a 

membranous vacuole, the inclusion. In the lumen of the inclusion, the bacteria undergo a 

biphasic developmental cycle, alternating between the infectious elementary body (EB) 

form and the replicative reticulate body (RB) form (27, 28). After entry, the EBs 

differentiate into RBs and the RBs continue to replicate within the inclusion until the 

asynchronous differentiation of RBs back to EBs begins approximately 24 h pi (28). The 

EBs are then released from the host cell through extrusion or host cell lysis, allowing for 

infection of neighboring cells (33, 34, 94).  

It is still unclear how much C. trachomatis relies on the host cell for energy 

production throughout development. For almost 40 years, C. trachomatis was thought to 

be an energy parasite (38-41). However, sequencing of the C. trachomatis genome 

revealed that the bacteria possess components of the electron transport chain and 

adenosine triphosphate (ATP) synthase complex, suggesting that C. trachomatis can 

drive a minimal electron transport chain to produce ATP through oxidative 

phosphorylation (37). Additionally, C. trachomatis was found to have an intact pentose 

phosphate pathway and a partial citric acid (TCA) cycle (37, 42). While these findings 

indicate that C. trachomatis is not merely an energy parasite, there is evidence to suggest 

that C. trachomatis is in part dependent on the host cell for energy production. For 

example, the nucleotide transporters Npt1 and Npt2 are highly expressed in Chlamydia 
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RBs (50, 51), indicating that Chlamydia is reliant on scavenging ATP and NAD+ from 

the host (44, 183).  

In addition to oxidative phosphorylation, glycolysis is another major source of 

cellular energy. Glycolysis relies on the function of 10 different enzymes to sequentially 

convert glucose into pyruvate and NAD+ to NADH, producing ATP in the process (184). 

Sequencing of the C. trachomatis genome identified a nearly full set of glycolytic 

enzymes, lacking only the gene for hexokinase, the first enzyme of the pathway 

responsible for converting glucose to glucose-6-phosphate (37). Instead, glucose-6-

phosphate is taken directly from the host cell via the UhpC antiporter produced by 

Chlamydia (43). Heterologous expression of C. trachomatis glycolytic enzymes in E. coli 

confirmed their functionality (45). However, the C. trachomatis glycolytic enzymes were 

proposed to be expendable, as saturated ethyl methanesulfonate (EMS) mutagenesis 

resulted in a loss-of-function mutation in bacterial glucose-6-phosphate isomerase (pgi), 

the enzyme responsible for shuttling glucose-6-phosphate into the glycolytic pathway 

(46). 

More recently, a genome-wide RNA interference screen performed by Rother et 

al. suggested that two host glycolytic enzymes, glucose-6-phosphate isomerase and 6-

phosphofructokinase, were potentially involved in Chlamydia progeny production (53). 

However, these results were not validated. The same study also profiled metabolites of 

central carbon metabolism following Chlamydia infection and observed elevated levels of 

pyruvate, lactate, and glutamate. An increase of these metabolites is indicative of 

Warburg metabolism, a metabolic state commonly observed in cancer cells that is 

characterized by the increased utilization of glycolysis rather than oxidative 



 58 

phosphorylation, resulting in the increased production of lactate (54-56). In this 

metabolic state, the upregulation of glycolysis leads to an accumulation of glycolytic 

intermediates that can be shuttled into the pentose phosphate pathway and used for 

ribonucleotide synthesis. Thus, Rother et al. concluded that, much like what occurs in 

cancer cells, Chlamydia is able to shift the host cell into a hypermetabolic state in order 

to meet the high energetic demand of bacterial replication. However, whether this 

upregulation of host glycolysis is influenced by the localization of host glycolytic 

enzymes in relation to the C. trachomatis inclusion remains unknown.  

In the present study, we showed that several of the host glycolytic enzymes 

localized at the inclusion membrane and that the number of positive inclusions increased 

as the developmental cycle progressed. Moreover, knockdown of the host glycolytic 

enzyme Aldolase A resulted in reduced inclusion size and decreased infectious progeny 

production, suggesting a role for host glycolysis in bacterial development. Lastly, 

quantitative PCR analysis of C. trachomatis glycolytic enzymes showed their down-

regulation throughout the developmental cycle. These novel findings further shed light on 

host and bacterial metabolism throughout Chlamydia development. 

 

Results 

Host glycolytic enzymes localize at the Chlamydia inclusion membrane. 

In order to investigate how Chlamydia hijacks host metabolism, specifically glycolysis, 

we generated 3xFLAG-tagged constructs of two host enzymes involved in glycolysis 

(Aldolase A and Pyruvate Kinase) and one acting directly on the end product of 

glycolysis (Lactate Dehydrogenase) that were originally identified in a preliminary 
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proximity labeling screen for ER-inclusion MCS components (described in Chapter 2). In 

HeLa cells transfected with these constructs, the enzymes exhibited diffuse expression 

throughout the cytosol with enrichment at the leading edge of the cell (Figure 3.1). 

However, when HeLa cells expressing these constructs were infected with a strain of 

C. trachomatis serovar L2 expressing mCherry (mCherry CtL2) for 24 h, the signal 

corresponding to the enzymes appeared enriched as a ring around the inclusion (Figure 

3.2A). Quantification of this enrichment revealed that the enzymes were enriched by 40% 

at the inclusion compared to the surrounding cytosol (Figure 3.2B). Moreover, 

quantification of the number of positive inclusions revealed that, for all three enzymes, 

60% of the inclusions were positive (Figure 3.2C).  

To determine if the enzymes were localized specifically at the inclusion 

membrane or simply to the periphery of the inclusion, HeLa cells expressing the 

3xFLAG-tagged enzymes were infected with the mCherry CtL2 strain for 24h and 

stained with the IncA antibody to denote the inclusion membrane (82, 185). Confocal 

imaging and line intensity scan analysis showed that enrichment of the host glycolytic 

enzymes overlap with the IncA staining, indicating that the host glycolytic enzymes are 

localizing at the inclusion membrane (Figure 3.2D and E). Additionally, localization of 

host glycolytic enzymes extends to other Chlamydia species as the 3xFLAG-tagged 

enzymes were localized at Chlamydia muridarum inclusions at 24h pi (Figure 3.2F). 

Altogether, these results indicate that host glycolytic enzymes are localized at the 

Chlamydia inclusion membrane and that this localization is not species specific. 
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Figure 3.1 Expression of tagged host glycolytic enzymes in uninfected cells. Confocal 

micrographs of HeLa cells expressing 3xFLAG-tagged Aldolase A (AldoA), Pyruvate Kinase 

(PKM2), or Lactate Dehydrogenase (LDHA) (green). The cells were fixed at 42 h post-

transfection and stained with anti-FLAG antibodies. N: Nucleus. Scale bar: 10μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 61 

 

Figure 3.2 Host glycolytic enzymes are enriched at the Chlamydia inclusion membrane. (A) 

Confocal micrographs of HeLa cells expressing 3xFLAG-tagged Aldolase A (3xF-AldoA), 

Pyruvate Kinase (3xF-PKM2), or Lactate Dehydrogenase (3xF-LDHA), infected for 24 h with the 

mCherry CtL2 strain (red), and immunostained with anti-FLAG antibodies (green). The merge is 

shown on the right. Scale bar: 10μm. (B-C) For each of the indicated 3xFLAG-tagged host 

enzymes, quantification of the percent enrichment at the inclusion (B) and percentage of positive 

inclusions (C). Quantification methods are described in the Materials and Methods. Data show 

the mean and standard deviation of a combination of three independent experiments. (D) 

Confocal micrographs of HeLa cells expressing the indicated 3xFLAG-tagged enzyme, infected 

for 24 h with the mCherry CtL2 strain (red) and co-immunostained with anti-FLAG (yellow) and 

anti-IncA (blue) antibodies. The merge is shown on the right. Scale bar: 5μm. (E) Line intensity 

scan analyses of micrographs depicted in D, indicating the coincidence of 3xFLAG-tagged host 

enzyme constructs (yellow lines) and the inclusion membrane protein IncA (blue lines). (F) 

Confocal micrographs of HeLa cells expressing the indicated 3xFLAG-tagged enzyme, infected 

for 24 h with a C. muridarum strain expressing mCherry (red) and stained with anti-FLAG 

(yellow) antibodies. The merge is on the right. Scale bar: 10μm.  
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Host glycolytic enzymes localize together at the C. trachomatis inclusion membrane. 

We next determined if the host glycolytic enzymes were localized together at the same 

inclusions. HeLa cells were co-transfected to express both HA tagged Aldolase A and 

3xFLAG-tagged Pyruvate kinase, or Lactate Dehydrogenase (Figure 3.3A). 

Approximately 60% of inclusions were positive for both the HA- and 3xFLAG-tagged 

enzymes, matching the level of localization observed for the individual enzymes in 

Figure 3.2C. Less than 10% of inclusions were positive for only one enzyme, while 

approximately 30% of inclusions were negative (Figure 3.3B). These results indicate that 

host glycolytic enzymes are localized together at the same inclusions. 
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Figure 3.3 Host glycolytic enzymes localize together at the inclusion membrane. (A) 

Confocal micrographs of HeLa cells co-expressing HA-tagged AldoA (yellow) and 3xFLAG-

tagged, PKM2, or LDHA (blue) and infected with the mCherry CtL2 strain (red). The infected 

cells were fixed at 24h pi and co-immunostained with anti-HA and anti-FLAG antibodies. The 

merge is shown on the right. Scale bar: 5μm. (B) Quantification of the percentage of inclusions 

positive for both the HA- and 3xFLAG-tagged enzyme (green bars), neither enzyme (white bars), 

the 3xFLAG-tagged enzyme alone (cyan bars), or the HA-tagged enzyme alone (yellow bars). 

Data show the mean and standard deviation of a combination of three independent experiments. 
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Figure 3.4 Inclusions are negative for Aldolase A at 8h pi. Confocal micrographs of HeLa 

cells expressing 3xFLAG-tagged Aldolase A (AldoA), infected for 8h with the mCherry CtL2 

strain (red), and immunostained with anti-FLAG antibodies (green). The merge is shown on the 

right. Scale bar: 10μm. 
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The percentage of Aldolase A positive inclusions increases over time and is not due 

to nutrient deprivation or sustained de novo bacterial protein synthesis. 

We next characterized the inclusion localization of the host glycolytic enzymes over 

time. Since our data showed that all three enzymes behaved similarly (Figure 3.2), we 

chose to focus on Aldolase A for further experiments. HeLa cells expressing 3xFLAG-

Aldolase A were infected with the mCherry CtL2 strain and, at the indicated timepoint (8, 

18, 24, or 32 h) pi, the cells were fixed, immunostained with anti-Flag antibodies, and 

processed for confocal microscopy. Inclusions were negative for Aldolase A at 8h pi 

(Figure 3.4). However, the number of positive inclusions steadily increased over time, 

with 48%, 66%, and 81% of inclusions exhibiting inclusion localization at 18, 24, and 

32h pi respectively (Figure 3.5A). An increase in the number of positive inclusions over 

time was still observed when infection was performed in the presence of cycloheximide 

to inhibit eukaryotic protein synthesis (Figure 3.5A), ruling out that the phenotype was an 

artifact of increased overexpression of the Aldolase A over time. Moreover, 

overexpression of two metabolic enzymes involved in the purine biosynthesis pathway, 

and unrelated to glycolysis, (i.e. GFP-tagged Glycinamide ribonucleotide transformylase 

(GART) and Phosphoribosylaminoimidazole carboxylase (PAICS)) did not result in 

inclusion localization of these enzymes (Figure 3.6). 

Since we observed an increase in the number of positive inclusions over time, we 

wondered if this increase could be due to depletion of nutrients as the bacteria and cells 

continued to grow and divide. To answer this question, HeLa cells expressing 3xFLAG-

Aldolase A were infected with the mCherry CtL2 strain for 18 h, at which point nutrients 

were replenished, or not, by the addition of fresh media. The infected cells were fixed at 
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24h pi and the number of Aldolase A positive inclusions was determined (Figure 3.5B). If 

nutrient deprivation played a significant role in host glycolytic enzyme inclusion 

localization, we expected that at 24h pi, the percentage of positive inclusions in the media 

replacement condition would be that of an 18h infection. However, the number of 

positive inclusions did not significantly differ from conditions in which the media was 

not replaced (Figure 3.5B, 24h vs 24h*). 

We next wanted to determine if continuous de novo bacterial protein synthesis 

was required to maintain Aldolase A localization at the inclusion. HeLa cells expressing 

3xFLAG-Aldolase A were infected with the mCherry CtL2 strain for 24 h followed by 8 

h of treatment with 40 µg/ml chloramphenicol to halt bacterial protein synthesis. At 32h 

pi, the cells were fixed and processed for confocal microscopy. Untreated cells, fixed at 

24h pi, served as a control. Treatment with chloramphenicol did not result in a decrease 

in the number of positive inclusions compared to the untreated control (Figure 3.5C).  

Together, these results indicate that the number of Aldolase A positive inclusions 

increases throughout the development cycle and that this increase is not due to the 

depletion of nutrients. Moreover, continuous de novo bacterial protein synthesis is not 

required for sustained localization of Aldolase A at the inclusion. 
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Figure 3.5 The percentage of Aldolase A positive inclusions increases over time and is not 

due to nutrient deprivation or sustained de novo bacterial protein synthesis. HeLa cells 

expressing 3xFLAG-tagged AldoA were infected with the mCherry CtL2 strain then fixed and 

stained with anti-FLAG antibodies at the indicated time pi. (A) Quantification of the percentage 

of inclusions positive for 3xFLAG-AldoA at 8, 18, 24, and 32h pi in the absence or presence of 

1µg/mL Cycloheximide (CHX). (B) Quantification of the percentage of 3xFLAG-AldoA positive 

inclusions at 18h, 24h, or 24h pi with media replacement at 18h pi (24*). (C) Quantification of 

the percentage of 3xFLAG-AldoA positive inclusions at 24h pi (- CHL) or, following an 

additional 8h incubation with 40µg/mL chloramphenicol and fixed at 32h pi (+ CHL). Data show 

the mean and standard deviation of a combination of three independent experiments. **P < 0.01, 

*** P < 0.001, ****P < 0.0001, ns: not statistically significant. Student’s t-test (Shapiro-Wilk 

normality test) or one-way ANOVA with multiple comparisons. 
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Figure 3.6 GFP-tagged purine biosynthesis enzymes do not localize at the inclusion 

membrane. Representative confocal micrographs of HeLa cells expressing GFP-tagged 

Glycinamide ribonucleotide transformylase (GART) or Phosphoribosylaminoimidazole 

carboxylase (PAICS) (green) and infected for 24 h with the mCherry CtL2 strain (red). No 

inclusion localization was detected for these constructs. The merge is shown on the right. Scale 

bar: 5μm. 
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F-actin, host cell microtubule dynamics, and vesicular trafficking do not play a role 

in Aldolase A localization at the inclusion. 

Since sustained active bacterial protein synthesis did not appear to play a role in Aldolase 

A localization at the inclusion, we tested if host cell factors were responsible. Aldolase A 

has been previously shown to bind F-actin (186, 187). It has also been shown that 

Chlamydia inclusions are encased within a cage of F-actin filaments (107). To determine 

if host cell actin played a role in Aldolase A localization at the inclusion, HeLa cells 

expressing 3xFLAG-Aldolase A were infected with the mCherry CtL2 strain. At 23.5h 

pi, infected cells were incubated with or without Cytochalasin D to inhibit actin 

polymerization (Figure 3.8A). The cells were fixed at 24h pi, immunostained with anti-

Flag antibodies, and the percentage of Aldolase A positive inclusions was determined. 

Treatment with Cytochalasin D did not significantly decrease the percentage of positive 

inclusions (Figure 3.7A). However, Cytochalasin D can affect cell morphology and have 

a confounding effect on quantification. Thus, we addressed a possible role for actin with 

two additional approaches. First, we utilized the R42A and R148A mutants of Aldolase A 

that have been previously shown to have minimal binding to F-actin (187). HeLa cells 

expressing either WT, R42A, or R148A Aldolase A were infected with the mCherry 

CtL2 strain. At 24h pi, the cells were fixed, immunostained with anti-Flag antibodies, and 

imaged by confocal microscopy (Figure 3.9A). The R42A and R148A mutants did not 

result in a significant decrease in the percentage of positive inclusions compared to the 

WT enzyme (Figure 3.7B). Second, we tested if actin cage formation is required for 

localization of Aldolase A to the inclusion by using an inaC::aadA mutant strain of C. 

trachomtais. It was previously shown that the bacterial inclusion membrane protein InaC 
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modulates F-actin assembly around the inclusion, and that inaC mutant inclusions lack 

actin cages (46, 105). Aldolase A still localized to inaC::aadA mutant inclusions (Figure 

3.9B) and no significant difference in the percentage of positive inclusions was observed 

between WT and inaC::aadA mutant inclusions (Figure 3.7C). Next, we addressed 

whether other major host cell factors could be mediating the localization of Aldolase A at 

the inclusion. Short treatment with Nocodazole to inhibit microtubule polymerization 

(Figure 3.8B) or overnight treatment with Brefeldin A to inhibit vesicular trafficking 

(Figure 3.8C) had no observable effect on the percentage of inclusions positive for 

Aldolase A (Figure 3.7D and E). Altogether, these results indicate that the actin 

cytoskeleton or microtubules are not required for sustained localization of Aldolase A at 

the inclusion and that vesicular trafficking or the Chlamydia actin cage do not mediate 

the inclusion localization of Aldolase A.  
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Figure 3.7 F-actin, host cell microtubule dynamics, and vesicular trafficking do not play a 

role in the localization of Aldolase A at the inclusion. HeLa cells expressing 3xFLAG-AldoA 

and infected with the mCherry CtL2 strain were fixed at 24h pi and immunostained with anti-

FLAG antibodies. (A, D, E) Quantification of the percentage of inclusions postive for 3xFLAG-

AldoA following treatment with 1µM Cytochalasin D (Cyto D) at 23.5h pi (A), 33µM 

Nocodazole at 23.5h pi (D), or 1µg/mL Brefeldin A at 6h pi (E). (B) Quantification of the 

percentage of inclusions postive for 3xFLAG- AldoA in HeLa cells expressing wild-type 

3xFLAG-AldoA (WT), or point mutants no longer able to bind actin 3xFLAG-R42A AldoA 

(R42A) and 3xFLAG-R148A AldoA (R148A). (C) Quantification of the percentage of inclusions 

positive for 3xFLAG-AldoA in HeLa cells infected with wild-type C. trachomatis (WT) or an 

inaC mutant strain (inaC::aadA). Data show the mean and standard deviation of a combination of 

three independent experiments. ns: not statistically significant (Shapiro-Wilk normality test, 

Students t-test). 
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Figure 3.8 Validation of Cytochalasin D, Brefeldin A, and Nocodazole drug treatments.  (A) 

Confocal micrographs of HeLa cells infected with the mCherry CtL2 strain (red) and fixed at 24 h 

pi following the absence (Mock, left panel) or presence of 1µM Cytochalasin D at 23.5h pi 

(Treated, right panel) and immunostained with Phalloidin (green). (B) Confocal micrographs of 

HeLa cells infected with the mCherry CtL2 strain (red) and fixed at 24h pi following the absence 

(Mock, left panel) or presence of 33µM Nocodazole at 23.5h pi (Treated, right panel) and 

immunostained with anti-α-tubulin antibodies (green). (C) Confocal micrographs of HeLa cells 

expressing YFP-Golgi (green), infected with the mCherry CtL2 strain (red), and fixed at 24h pi 

following the absence (Mock, left panel) or presence of 1µg/mL Brefeldin A at 6h pi (Treated, 

right panel). Scale bar: 20μm. 
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Figure 3.9 Host actin does not affect localization of Aldolase A at the inclusion membrane. 

(A) Confocal micrographs of HeLa cells expressing wild-type 3xFLAG-AldoA (WT, top panels), 

or point mutants no longer able to bind actin 3xFLAG-R42A AldoA (R42A, middle panels) and 

3xFLAG-R148A AldoA (R148A, bottom panels) (green), infected with the mCherry CtL2 strain 

(red) and fixed at 24h pi. (B) Confocal micrographs of HeLa cells expressing 3xFLAG-AldoA 

(green) and infected with wild-type C. trachomatis (WT, left panel) or an inaC mutant strain 

(inaC::aadA, right panel) that were fixed at 24h pi. The asterisk indicates the inclusion. N: 

Nucleus. Scale bar: 10μm. 
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Aldolase A confers a developmental advantage to C. trachomatis. 

To determine if Aldolase A played a role in C. trachomatis intracellular growth and 

development, we first assessed whether Aldolase A inclusion localization was associated 

with larger inclusion size. HeLa cells expressing 3xFLAG-Aldolase A were infected with 

the mCherry CtL2 strain. At 24h pi, the cells were fixed, immunostained with anti-Flag 

antibodies, and the size of Aldolase A positive and negative inclusions was determined. 

Aldolase A positive inclusions were significantly larger than Aldolase A negative 

inclusions (Figure 3.10A). 

We next assessed whether depletion of host Aldolase A had an impact on C. 

trachomatis intracellular growth or infectious progeny production. Aldolase A was 

depleted by 4 independent siRNA duplexes, each of which exhibited greater than 90% 

efficacy of Aldolase knockdown (Figure 3.10B). Although duplex 2 exhibited over 90% 

efficacy, it was consistently the least efficient of the duplexes. In order to determine the 

effect of host Aldolase A depletion on inclusion establishment and bacterial replication, 

we assessed inclusion size. HeLa cells were treated with independent siRNA duplexes for 

three days prior to infection with the mCherry CtL2 strain. At 32h pi, the cells were 

fixed, imaged, and inclusion size was determined by computer-assisted image analysis. 

We noted that Aldolase A depletion affected cell number, and since cell density affects 

the multiplicity of infection and inclusion size, each siRNA duplex condition was 

matched to a control with equal cell number. Compared to mock treated cells, Aldolase A 

depletion lead to a significant, albeit modest, decrease in inclusion size for 3 of the 4 

independent Aldolase A siRNA duplexes (duplex 1, duplex 3, and duplex 4) (Figure 

3.10C).  
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Next, we wanted to determine if depletion of host Aldolase A affected infectious 

progeny production. HeLa cells depleted of host Aldolase A were infected with the 

mCherry CtL2 strain for 48 h. At 48h pi, lysates from infected cells were used to infect a 

fresh monolayer of HeLa cells to determine the number of infectious bacteria. The 

number of infectious bacteria recovered at 48h pi was significantly reduced following 

Aldolase A depletion compared to mock treated cells (Figure 3.10D). We note that 

AldoA siRNA duplex 2 did not significantly decrease inclusion size and had the smallest 

impact on infectious progeny production. We attribute this to the lower efficacy of this 

duplex compared to the other three. Nonetheless, we observed significant decrease in 

inclusion size and infectious progeny production with 3 independent siRNA duplexes, 

indicating that the observed phenotypes are specifically due to Aldolase A depletion. 

Altogether, our data shows that host Aldolase A plays a role in inclusion development 

and infectious progeny production, suggesting that host glycolysis is important for 

C. trachomatis intracellular growth. 
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Figure 3.10 Aldolase A confers a developmental advantage to C. trachomatis. (A) HeLa cells 

expressing 3xFLAG-tagged AldoA were infected with the mCherry CtL2 strain and the area of 

3xFLAG-AldoA positive and negative inclusions (Arbitrary Units, each circle represents data 

from a single inclusion) was quantified at 24h pi. (B-D) HeLa cells were transfected with 

individual Aldolase A siRNA duplexes or siRNA buffer alone (Mock) for 3 days. (B) Immuno-

blots of the corresponding lysates were probed using antibodies against endogenous Aldolase A 

(top blot) and actin (bottom blot). The knockdown efficacy of each duplex targeting Aldolase A is 

indicated. (C-D) HeLa cells treated with the indicated siRNA duplexes targeting Aldolase A were 

infected with C. trachomatis. For each condition, the total area of the inclusions (Arbitrary Units, 

each circle represents data from a single inclusion) at 32h pi (C) and the number of infectious 

bacteria (IFUs/mL) at 48h pi (D) was determined. The cell density of the mock treated conditions 

was matched to the cell density of the siRNA treated conditions. Data in A show the mean and 

SEM of a representative experiment. Data in C show the mean and SEM of a combination of 

three independent experiments. Data shown in D is a representative experiment. Error bars are 

Standard Deviation. ****P < 0.0001 (Student’s t-test).  
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Bacterial glycolytic enzyme expression is decreased during development. 

Having shown that host glycolytic enzymes play a role in C. trachomatis intracellular 

growth, and knowing that C. trachomatis possesses its own glycolytic enzymes, we 

wanted to determine the pattern of bacterial glycolytic enzyme expression throughout 

infection. Three bacterial glycolytic enzymes, Glucose-6-Phosphate Isomerase (pgi), 

Fructose-bisphosphate aldolase (dhnA), and Pyruvate Kinase (pykF), were selected based 

on their respective positions at the beginning, middle and end of the glycolytic pathway. 

The mid- to late-cycle gene omcA served as a control. Gene expression of the bacterial 

enzymes was measured at 8, 12, 24, 36, and 48h pi by quantitative reverse transcription 

PCR (RT-qPCR). The expression of each gene was normalized to Chlamydia 16S 

ribosomal RNA (rRNA) and relative to expression at 8h pi. As expected, omcA 

expression was strongly upregulated at 36 and 48h pi (Figure 3.11, omcA). Although gene 

expression of the bacterial glycolytic enzymes was detected throughout the time course of 

infection, the mRNA levels of all three enzymes were significantly decreased over time 

(Figure 3.11, pgi, dhnA, pykF). Interestingly, the decreased gene expression of bacterial 

glycolytic enzymes over time correlated with the increase in the number of inclusions 

that were positive for the host glycolytic enzyme Aldolase A (Figure 3.5A).  
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Figure 3.11 Chlamydia glycolytic enzyme mRNA levels are decreased during development. 

Relative gene expression, determined by RT-qPCR, of a subset of C. trachomatis glycolytic 

enzymes (Glucose-6-Phosphate Isomerase, pgi; Aldolase A, dhnA; Pyruvate Kinase, pykF) at 12, 

24, 36, and 48h pi of HeLa cells. Gene expression was normalized to 16S rRNA levels and the 

expression at 8h pi (dotted line). The late expressed gene encoding the outer membrane protein 

OmcA (omcA) was included as a control. Y axis is a log scale. Data show the mean and standard 

deviation of a combination of three independent experiments. *P < 0.05, **P < 0.01, *** P < 

0.001, ****P < 0.0001 (Student’s t-test comparing to 8h pi). 
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Discussion 

Host glycolytic enzymes support C. trachomatis intracellular growth and replication. 

In the present study, we showed that Aldolase A positive inclusions were significantly 

larger than Aldolase A negative inclusions and that depletion of host Aldolase A resulted 

in smaller inclusions and decreased infectious progeny production (Figure 3.10). These 

results suggest that the specific inclusion localization of Aldolase A is beneficial for 

C. trachomatis, however, we cannot rule out that Aldolase A function in general (i.e. 

Glycolysis) is responsible for the phenotype observed. Determining if an siRNA-resistant 

form of Aldolase A targeted to specific organelles or the plasma membrane can rescue 

the growth defect could address this question.  

In line with our results, a recent study described a genome-wide RNA interference 

screen to identify host factors essential for C. trachomatis growth and identified the host 

glycolytic enzymes glucose-6-phosphate isomerase and phosphofructokinase as high 

confidence hits in the primary screen (53). Although not validated, these results further 

support the reliance of C. trachomatis on host glycolysis for propagation and growth. 

Moreover, systematic depletion of glycolytic enzymes will be required to unequivocally 

determine that host glycolysis is essential for Chlamydia intracellular development. The 

same study also profiled metabolites of central carbon metabolism and observed 

upregulation of pyruvate, lactate, and glutamate, features indicative of Warburg 

metabolism (54-56). During Warburg metabolism, pyruvate is converted into lactate and 

glycolytic intermediates are shuttled into the pentose phosphate pathway where they are 

converted to ribonucleotides. Thus, Rother et al. suggested that by shifting the cell into 

this hypermetabolic state, C. trachomatis is effectively forcing the host cell to generate 
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anabolic substrates that the bacteria can then scavenge from the host. This was supported 

by the observed upregulation of carbon flux through the pentose phosphate pathway upon 

C. trachomatis infection. The authors concluded that C. trachomatis is able to modulate 

host cell metabolism in order to meet the high energetic demand of bacterial replication.  

 

Localization of host glycolytic enzymes at the inclusion membrane. 

We showed that at least three different glycolytic enzymes localized at the Chlamydia 

inclusion (Figure 3.2). One of the limitations of our study is the overexpression of tagged 

constructs. While antibodies against eukaryotic glycolytic enzymes are widely available 

and successfully detect their targets via Western Blot, we were unable to determine the 

conditions that would allow for detection by immunofluorescence. This technical 

limitation precluded us from performing an important control and validating that 

endogenous enzymes localize at the Chlamydia inclusion. However, our results are 

strengthened by the fact that inclusion localization did not extend to other enzymes 

outside of the glycolytic pathway (Figure 3.6) and was not a result of increased 

expression of the construct over time (Figure 3.5A). 

Our data also indicate that enzymes localized together at the same inclusions 

(Figure 3.3). The co-localization of multiple glycolytic enzymes is in line with the 

hypothesis that glycolytic enzymes form localized, multi-enzyme complexes. Although 

this hypothesis has existed for many years (188), it has lacked direct experimental 

evidence (189, 190). More recently, a model in which three separate glycolytic 

subcomplexes come together to form an active glycolytic complex has been proposed 

(191) and supports a dynamic complex formation.  
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Further supporting glycolytic enzyme complex formation, Kinetoplastid parasites, 

such as Trypanosoma brucei, possesses a glycosome, a membrane-bound organelle that 

specifically contains the majority of the enzymes of the glycolytic pathway (192-194). 

Glycosomes, and hence the compartmentalization of glycolytic enzymes, has also been 

shown to be essential for trypanosomatid metabolic regulation and viability (195). These 

glycosomes provide evidence that the compartmentalization of glycolytic enzymes can be 

advantageous to survival within a host. Although the localization of host glycolytic 

enzymes at the inclusion likely differs from that of the glycosomes, in that the glycolytic 

enzymes are not clustered within small membrane bound organelles, it is possible that the 

host enzymes may become bound to the surface of the inclusion membrane or associate 

with inclusion bound factors.  

Additionally, work by Jang et al. demonstrated that under conditions of energy 

depletion or high energetic demand, the glycolytic enzymes of C. elegans neurons 

redistribute from a diffuse cytosolic localization to puncta localized to the presynaptic 

sites of neurons (196). Moreover, disrupting the localization of the glycolytic enzyme 

phosphofructokinase to the presynaptic sites fails to restore a phosphofructokinase mutant 

phenotype, indicating that localization of glycolytic enzymes to the presynaptic sites of 

neuron is necessary to meet the energy demands at C. elegans synapses. Similarly, the 

localization, and thus compartmentalization, of glycolytic enzymes at the C. trachomatis 

inclusion membrane could facilitate efficient channeling of substrates through the 

sequential enzymes of the pathway. 

Mechanism of host glycolytic enzyme localization at the inclusion. 
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In the present study, we inhibited three major host cells factors that could be reasonable 

contributors to host glycolytic enzyme localization at the inclusion, the actin 

cytoskeleton, microtubules, and vesicular trafficking. Based on our results, we ruled out a 

role for the Chlamydia actin cage and for vesicular trafficking (Figure 3.7B, C and E). 

Moreover, host cell actin and microtubules were not necessary for sustained localization 

at the inclusion membrane (Figure 3.7A and D). 

The results presented in Figure 3.5C indicate that sustained bacterial protein 

synthesis is not necessary to maintain inclusion localization of Aldolase A. However, it is 

possible that treatment with chloramphenicol at 24h pi may not affect the involvement of 

stable bacterial factors synthesized prior to treatment. Unfortunately, because Aldolase A 

did not localize to the inclusion at early time points (Figure 3.5A, Figure 3.4) and because 

inhibition of bacterial protein synthesis would halt the developmental cycle, this 

hypothesis could not be tested. Of particular interest would be the Inclusion membrane 

proteins (Incs), a family of C. trachomatis T3SS translocated effector proteins that are 

inserted into the inclusion membrane to allow for the interaction of the inclusion with 

host molecules and organelles (46, 68, 71, 74-76, 79, 94-99, 101, 114, 159, 197, 198). 

A pulldown of 3xFLAG-tagged Pyruvate Kinase or Aldolase A to identify 

interacting partners that could play a role in inclusion localization of the host glycolytic 

enzymes did not identify any candidates (data not shown). However, we have only tested 

two of the glycolytic enzymes, and given that the enzymes could form individual 

subcomplexes that come together through interaction of these subcomplexes (191), it is 

difficult to predict which of the host enzymes could be interacting with bacterial and/or 

host factors at the inclusion. Therefore, testing each of the host glycolytic enzymes 
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systematically would be necessary to completely rule out a role for bacterial and/or host 

factors in the localization of host glycolytic enzymes at the inclusion.  

Finally, it is also possible that inclusion localization of the enzymes is not actively 

mediated by inclusion localized bacterial or host factors. This hypothesis is harder to test 

because the cell biology of the glycolytic pathway has not been investigated and the tools 

are underdeveloped. However, one could envision a host response, where sensing of the 

depletion of glycolytic substrates (discussed below) in the proximity of the inclusion 

brings the host glycolytic enzymes together.  

 

Potential role for host glycolytic enzyme localization at the Chlamydia inclusion. 

The mRNA levels of C. trachomatis glycolytic enzymes were significantly decreased 

past 24h pi (Figure 3.11), when RBs are known to asynchronously transition into EBs 

(182, 199). The overall decrease in mRNA of bacterial glycolytic enzymes at mid-

developmental cycle is consistent with previous RT- and quantitative RT-PCR data (45, 

200). However, we do note that our data differ from previous publications in that we saw 

the highest level of gene expression at 8h pi rather than 24h pi. These differences could 

be due to differences in cell lines and normalization conditions used. Moreover, the 

reduced levels of mRNA are in line with the quantitative measurements of C. trachomatis 

encoded glycolytic enzymes indicating that they are more abundant in RBs than EBs 

(50). If the abundance of bacterial glycolytic enzymes is indicative of the pathway’s 

activity, the above results would suggest that RBs rely more on bacterial glycolytic 

pathway than EBs. However, this hypothesis would have to be reconciled with the energy 

source requirements of purified RBs and EBs in axenic media, where RBs exclusively 
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used ATP and EBs preferentially required G6P, suggesting that RB are not reliant on 

substrate level phosphorylation and scavenge ATP from the host (52). One possibility is 

that energy source requirements differ in axenic media and in vivo, and that during 

infection RBs utilize both G6P and cellular ATP. The latter could be provided and made 

more readily accessible by the localization of host glycolytic enzymes at the inclusion. As 

bacteria transition into EBs their metabolic demand may be met by importing and using 

host G6P for substrate level phosphorylation by producing glycolytic enzymes, although 

at a lower level than RBs, or by using enzymes previously transcribed and translated by 

the RB form of the bacteria. 

If Chlamydia can utilize its own glycolytic pathway, why would host glycolytic 

enzymes localize to the inclusion? One possibility mentioned above is that an increased 

local concentration of ATP around the inclusion could facilitate ATP import across the 

inclusion membrane for utilization in the lumen of the inclusion and in the cytosol of the 

bacteria. It is also possible that the ATP generated by host glycolysis is used at the 

surface of the inclusion to fuel the myriad of reactions that mediate host-inclusion 

interactions (12). The glycolytic pathway also generates glycolytic intermediates which 

are shuttled into the pentose phosphate pathway and converted to ribonucleotides. If these 

reactions were to occur in the close proximity of the inclusion, it would also increase the 

local pool of host synthesized nucleotides that Chlamydia relies on for replication. 

Alternatively, Chlamydia may directly use intermediate glycolytic substrates. While it is 

not clear whether these specific host metabolic intermediates can be taken up by the 

bacteria, there are examples that demonstrate Chlamydia’s ability to acquire metabolites 

from the host cell. As discussed above, the glycolytic intermediate G6P must be obtained 
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from the host and is imported via the bacterial UhpC antiporter (43). Additionally, work 

by Mehlitz et al. demonstrated that the TCA derived dicarboxylate malate is also taken up 

and metabolized by C. trachomatis (42). Moreover, while the inclusion membrane was 

originally thought to be impermeable to low-molecular weight compounds, such as 

microinjected fluorophores greater than 520 Da (201), further studies showed that the 

inclusion membrane is permeable to ions (202). Thus, host metabolites such as glycolytic 

substrates, which are smaller than 520 Da, may also be able to passively enter the 

inclusion. Further experiments would be required to validate that it is indeed the case and 

if and how these metabolites can be used to support bacterial growth. 

Altogether, our study further highlights the complex and elaborate metabolic 

relationship between Chlamydia and its host and reveal that the spatial and temporal 

distribution of host glycolytic enzymes around the inclusion may facilitate the 

intracellular development of this obligate intracellular pathogen and therefore identify 

potential routes for future therapeutic drug development. 

 

Materials and Methods 

Ethics Statement. 

All genetic manipulations and containment work were approved by the University of 

Virginia Biosafety Committee and are in compliance with the section III-D-1-a of the 

NIH guidelines for research involving recombinant DNA molecules. 

Cell Lines and Bacterial Strains. 

HeLa cells were obtained from the ATCC (CCL-2) and cultured at 37°C with 5% CO2 in 

high-glucose Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented 
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with 10% heat-inactivated fetal bovine serum (FBS; Invitrogen). C. 

trachomatis lymphogranuloma venereum (LGV) type II was obtained from the ATCC 

(L2/434/Bu VR-902B). C. trachomatis propagation and infection were performed as 

previously described (181). C. muridarum was obtained from Michael Starnbach 

(Harvard Medical School, Boston, MA). mCherry expressing C. trachomatis (mCherry 

CtL2) and C. muridarum strains were described previously (182). 

Plasmid construction. 

Restriction enzymes and T4 DNA ligase were obtained from New England BioLabs 

(Ipswich, MA). PCR was performed using Herculase DNA polymerase (Stratagene). 

PCR primers were obtained from Integrated DNA Technologies. 

Vectors for Expression in Mammalian Cells. 

DNA fragments corresponding to Pyruvate Kinase, Aldolase A, and the R42A and 

R148A mutants of Aldolase A were amplified by PCR and cloned into the BamHI 

and XhoI restriction sites of pCDNA 4/TO 3xFLAG. Lactate dehydrogenase was cloned 

into the EcoRI and XhoI restriction sites of pCDNA 4/TO 3xFLAG. HA-Aldolase A was 

cloned into the KpnI and NotI restriction sites of pCDNA3.1+. Pyruvate Kinase, Aldolase 

A and Lactate dehydrogenase DNA fragments were amplified using uninfected HeLa cell 

cDNA as template and the primers are listed in Table 3.1. 

DNA Transfection. 

DNA transfection was performed using X-tremeGENE 9 DNA Transfection Reagent 

(Roche), according to the manufacturer’s recommendations. 

Immunofluorescence and Confocal Microscopy. 
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All steps were performed at room temperature. At the indicated times, HeLa cells seeded 

on glass coverslips were fixed with 4% paraformaldehyde in 1× PBS for 30 min. 

Coverslips were sequentially incubated with primary and secondary antibodies diluted in 

0.1% Triton X-100 in 1× PBS for 1 h. Coverslips were washed with 1× PBS and mounted 

with DABCO antifade-containing mounting media. Imaging was performed using the 

Leica DMi8 microscope equipped with the Andor iXon ULTRA 888BV EMCCD camera 

and the confocal scanner unit CSU-W1, and driven by the IQ software. Images were 

processed using the Imaris software (Bitplane, Belfast, United Kingdom). Line intensity 

scan analyses presented in Figure 3.2E were performed using ImageJ (NIH). 

Antibodies. 

The following primary antibodies were used for immunofluorescence microscopy (IF) 

and immunoblotting (Western blot): mouse monoclonal anti-FLAG (1:1,000 for IF; 

Sigma), rabbit polyclonal anti-C. trachomatis IncA (1:200 for IF; kindly provided by T. 

Hackstadt, Rocky Mountain Laboratories), rabbit polyclonal anti-HA (1:100 for IF; 

Sigma), mouse monoclonal anti-Aldolase A (1:1,000 for Western blot; Santa Cruz), 

rabbit polyclonal anti-actin (1:10,000 for Western blot; Sigma), mouse monoclonal anti-

α-tubulin (1:2000 for IF; Sigma), Alexa Fluor 514-conjugated Phalloidin (1:200 for IF; 

Invitrogen). The following secondary antibodies were used: Alexa Fluor 488-, Alexa 

Fluor 514-, or Pacific Blue-conjugated goat anti-mouse antibody (1:500 for IF; Molecular 

Probes), Pacific Blue-, or Alexa Fluor 514-conjugated goat anti-rabbit antibody (1:500 

for IF; Molecular Probes), peroxidase-conjugated goat anti-mouse IgG (1:10,000 for 

Western blot; Jackson ImmunoResearch), peroxidase-conjugated goat anti-rabbit IgG 

(1:10,000 for Western blot; Jackson ImmunoResearch). 
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Quantification of host glycolytic enzyme enrichment at the inclusion. 

HeLa cells were transfected with the indicated 3xFLAG-tagged enzyme construct 18 h 

before infection with the mCherry CtL2 strain. The samples were processed for confocal 

microscopy and analyzed using the Imaris imaging software. For each inclusion, the 

quantification was performed on a 1μm slice located in the middle of the inclusion. 

Three-dimensional reconstructions of the raw signal corresponding to the enzyme signal 

at the inclusion and to the enzyme signal in the surrounding cytosol were generated using 

the Imaris imaging software. The average intensity of these three-dimensional objects 

was calculated using Imaris imaging software. The average intensity of the enzyme signal 

at the inclusion divided by the average intensity of the surrounding cytosol was used to 

determine the percent enrichment of the enzyme at the inclusion. Each experiment was 

performed in triplicate. Fifteen to 30 inclusions were analyzed per condition. The graphs 

were generated using GraphPad Prism. Average and standard deviation (SD) are shown. 

A Student’s t test was performed and statistical significance was set to P < 0.05. 

Quantification of the percentage of inclusion positive for a given enzyme. 

HeLa cells were transfected with the indicated 3xFLAG-tagged enzyme construct 18 h 

before infection with the mCherry CtL2 strain. The samples were processed for 

immunofluorescence microscopy and analyzed using an epifluorescence microscope. 

Transfected cells were scored for the presence (positive) or absence (negative) of a ring 

of enzyme enrichment at the inclusion (as seen in Figure 3.2A). One hundred inclusions 

were analyzed per condition. The average percent of positive inclusions and SD from 

three replicate experiments is presented. A Student’s t test was performed and statistical 

significance was set to P < 0.05. 
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Quantification of the graph presented in Figure 3.3B was performed as described above, 

except that HeLa cells were co-transfected with HA-Aldolase A and the indicated 

3xFLAG-tagged enzyme construct 18h before infection with the mCherry CtL2 strain. 

Inclusions in co-transfected cells were scored for the presence or absence the HA and 

3xFLAG-tagged constructs.  

Quantification of the graph presented in Figure 3.7B was performed as described above, 

except that the cells were transfected with the R42A, R148A, or WT Aldolase A.   

Quantification of the graph presented in Figure 3.7C was performed as described above, 

except that the cells were infected the inaC::aadA mutant or corresponding WT C. 

trachomatis strain.  

Inhibition of eukaryotic protein synthesis. 

HeLa cells were transfected with the 3xFLAG-tagged Aldolase A construct 18h before 

infection with the mCherry CtL2 strain. At the time of infection, cells were incubated in 

the presence or absence of 1µg/mL cycloheximide for 18, 24, or 32h. At the indicated 

time point, the samples were processed for confocal microscopy and the percentage of 

positive inclusions was determined. One hundred inclusions were analyzed per condition. 

The average percent of positive inclusions and SD from three replicate experiments is 

presented. A one-way ANOVA with multiple comparisons was performed and statistical 

significance was set to P < 0.05. 

Inhibition of C. trachomatis protein synthesis. 

HeLa cells were transfected with the 3xFLAG-tagged Aldolase A construct 18 h before 

infection with the mCherry CtL2 strain. At 24h pi, infected cells were incubated in the 

presence of 40μg/ml of chloramphenicol for 8h. At 32h pi, the samples were processed 
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for confocal microscopy and the percentage of positive inclusions was determined. One 

hundred inclusions were analyzed per condition. The average percent of positive 

inclusions and SD from three replicate experiments is presented. A Student’s t test was 

performed and statistical significance was set to P < 0.05. 

Drug treatments. 

HeLa cells were transfected with the indicated 3xFLAG-tagged enzyme construct 18h 

before infection with the mCherry CtL2 strain. For Cytochalasin D and Nocodazole 

treatment, at 23.5h pi, infected cells were incubated in the presence of 1µM Cytochalasin 

D or 33µM Nocodazole for 30 min. For Brefeldin A treatment, at 6h pi, infected cells 

were incubated in the presence of 1µg/mL Brefeldin A overnight. At 24h pi the samples 

for all drug treatments were processed for confocal microscopy and the percentage of 

positive inclusions was determined. One hundred inclusions were analyzed per condition. 

The average percent of positive inclusions and SD from three replicate experiments is 

presented. A Student’s t test was performed and statistical significance was set to P < 

0.05. 

inaC mutant generation 

An inaC::aadA mutant was generated in our lab C. trachomatis LGV L2 strain 

background using TargeTron, as described by previous studies (46, 105). Using PCR, the 

GrpII intron was retargeted for C. trachomatis 434/Bu inaC using primers CTL0184 129 

130 IBS1/2, CTL0184 129 130 EBS1/delta, and CTL0184 129 130 EBS2 designed by the 

TargeTron computer algorithm (TargeTronics) (Primer sequences are listed in Table 3.1). 

The resulting PCR product was digested with BsrGI and HindIII and cloned into the 

BsrGI/HindIII site of the pDFTT3-aadA suicide vector (203). C. trachomatis serovar L2 
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was transformed with pDFTT3-aadA-inaC following our calcium-based transformation 

protocol as previously described (182). Following three passages, transformants were 

plaque purified and amplified. Genomic DNA was prepared using an illustra bacteria 

genomicPrep Mini Spin Kit (GE Healthcare), according the manufacturer 

recommendations. The inaC open reading frame was amplified from WT or 

inaC::aadA mutant genomic DNA by PCR using primers CTL0184 Up and CTL0184 

Dwn (Table 3.1). The resulting PCR products were analyzed by DNA gel electrophoresis 

and sequenced to verify proper insertion of the group II intron (Figure 3.12). 
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Figure 3.12 Validation of group II intron insertion in the C. trachomatis inaC::aadA mutant. 

(A) PCR analysis of the inaC::aadA mutant. The inaC ORF was amplified from genomic DNA 

extracted from WT C. trachomatis (WT) or the inaC::aadA mutant and the corresponding PCR 

products were resolved on a 1% DNA agarose gel stained with ethidium bromide. Lane 1: 

molecular weight marker; lane 2: WT; lane 3: inaC::aadA mutant. The marker sizes are listed in 

kilo base pairs to the left. (B) The site of insertion of the group II intron was determined by 

Sanger sequencing. A translation of the resulting InaC truncated peptide is presented. The asterisk 

denotes the early stop codon introduced by insertion of the group II intron (black: InaC, red: 

group II intron). 
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Aldolase A depletion. 

The protocol for siRNA transfection has been described previously (181). Aldolase A 

depletion was performed by transfection of four independent siRNA duplexes. The 

sequences of the Aldolase A siRNA duplexes were: Duplex 1 

(GGACAAAUGGCGAGACUAC), Duplex 2 (UUGAAGCGCUGCCAGUAUG), 

Duplex 3 (GGCGUUGUGUGCUGAAGAU), Duplex 4 

(UGACAUCGCUCACCGCAUC).  

Immunoblotting. 

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

membranes. The membranes were blocked for 1h at room temperature in 1xPBS 

containing 0.05% Tween and 5% fat-free milk. Primary and HRP-conjugated secondary 

antibodies were diluted in 1xPBS containing 0.05% Tween and 5% fat-free milk and 

incubated overnight at 4°C and 1h at room temperature, respectively. Proteins were 

detected using the Amersham ECL immunoblotting detection reagent, as per 

manufacturer recommendation, and a Bio-Rad ChemiDoc imaging system. Immunoblots 

were quantified using ImageJ (NIH) software.  

Inclusion size quantification and computer-assisted image analysis. 

HeLa cells were transfected with the indicated 3xFLAG-tagged enzyme construct 18-24h 

before infection with the mCherry CtL2 strain. The samples were processed for 

immunofluorescence microscopy and imaged using an epifluorescence microscope. 

Computer-assisted image analysis, using the analytical tools of the MetaExpress 

software, was used to determine the area of each Aldolase A positive and negative 

inclusion. One hundred inclusions were analyzed per condition. 
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For quantification of the graph presented in Figure 3.10C, siRNA treated cells were 

infected with the mCherry CtL2 strain and fixed 32h pi. The nuclei were labeled with the 

DNA dye Hoechst. The cells were subjected to automated fluorescence microscopy using 

an ImageXpress automated system to capture images corresponding to the cell nuclei and 

the inclusion. Computer-assisted image analysis, using the analytical tools of the 

MetaExpress software, was used to determine the number of nuclei and the total area of 

each inclusion. 

Infectious progeny production. 

HeLa cells incubated with the indicated siRNA duplexes for 3 days were collected 48h 

pi, lysed with water and dilutions of the lysate were used to infect fresh HeLa cells. The 

cells were fixed 24h pi and the number of inclusion forming units (IFUs) was determined 

after assessment of the number of infected cells by automated imaging using an 

ImageXpress automated system.  

Real-time PCR analysis of bacterial glycolytic gene expression. 

At the indicated time point, infected cells were homogenized with TRIzol (Thermo Fisher 

Scientific) to extract RNA from infected cells. Each RNA sample was treated with DNase 

following the TURBO DNA-free kit protocol (Thermo Fisher Scientific). 

Complementary DNA (cDNA) was synthesized using SuperScript II reverse transcriptase 

(Thermo Fisher Scientific), following the manufacturer’s protocol. Samples were primed 

using random primers (Thermo Fisher Scientific). mRNA levels were determined by 

quantitative real‐time PCR using the Universal Probe Library (Roche Biochemicals, 

Indianapolis, IN) and Luna Universal qPCR master mix (New England Biolabs). Thermal 

cycling was carried out using a Light Cycler 96 instrument (Roche Diagnostics) under the 
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following conditions: 95°C for 5 min and 45 cycles of 95°C for 10 s and 56°C for 25 s. 

Cq values were derived using the LightCycler 96 software and fold changes were 

calculated using Ct 16S rRNA for normalization (204, 205). Statistical analysis was 

performed by Student’s t test and statistical significance was set to P < 0.05. PCR primers 

used for quantitative real-time PCR were obtained from Integrated DNA Technologies. 

Primer sequences and corresponding probes are listed in Table 3.2 in the supplemental 

material.  
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Abstract 

Membrane contact sites (MCS) are crucial for non-vesicular trafficking-based inter-

organelle communication. ER-organelle tethering occurs in part through the interaction of 

the ER resident protein VAP with FFAT-motif containing proteins. FFAT motifs are 

characterized by a seven amino acidic core surrounded by acid tracks. We have 

previously shown that the human intracellular bacterial pathogen Chlamydia trachomatis 

establishes MCS between its vacuole (the inclusion) and the ER through expression of a 

bacterial tether, IncV, displaying molecular mimicry of eukaryotic FFAT motif cores. 

Here, we show that multiple layers of host cell kinase-mediated phosphorylation events 

govern the assembly of the IncV-VAP tethering complex and the formation of ER-

Inclusion MCS. Via a C-terminal region containing three CK2 phosphorylation motifs, 

IncV recruits CK2 to the inclusion leading to IncV hyperphosphorylation of the non-

canonical FFAT motif core and serine-rich tracts immediately upstream of IncV FFAT 

motif cores. Phosphorylatable serine tracts, rather than genetically-encoded acidic tracts, 

accommodate T3SS-mediated translocation of IncV to the inclusion membrane, while 

achieving full mimicry of FFAT motifs. Thus, regulatory components and post-

translational modifications are integral to MCS biology, and intracellular pathogens such 

as C. trachomatis have evolved complex molecular mimicry of these eukaryotic features. 
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Introduction 

In naïve cells, membrane contact sites (MCS) are points of contact between the 

membrane of two adjacent organelles (10-30 nm apart). They provide physical platforms 

for the non-vesicular transfer of lipids and ions, and cell signaling events important for 

inter-organelle communication and organelle positioning and dynamics (206). Since their 

discovery and implication in cell homeostasis, MCS dysfunction has been linked to 

several human diseases (207-209). At the molecular level, depending on the contacting 

organelles [endoplasmic reticulum (ER)-Golgi, ER-mitochondria, ER-plasma membrane 

(PM), etc…], each MCS is enriched in specific proteinaceous factors that contribute to 

the specialized biological function of a given MCS (206). By bridging the membrane of 

apposed organelles, either via protein-protein or protein-lipid interactions, MCS 

components also form tethering complexes that increase the affinity of one organelle to 

another and thereby keep their membranes in close proximity (131, 206, 210). Although 

the overall molecular composition of each MCS is different, one integral ER protein, the 

vesicle-associated membrane protein (VAMP)-associated protein (VAP) (211), engages 

in tethering complexes at several MCS. This is accomplished by interaction of the 

cytosolic major sperm protein (MSP) domain of VAP with proteins containing two 

phenylalanine (FF) in an acidic tract (FFAT) motifs (154, 211). FFAT motif containing 

proteins include soluble proteins, such as lipid transfer proteins that contain an additional 

domain for targeting to the opposing membrane, and transmembrane proteins anchored to 

the contacting organelle (178). The molecular determinants driving the VAP-FFAT 

interaction have been investigated at the cellular and structural level. A consensus of the 

FFAT motif core was first defined as seven amino acids, E1F2F3D4A5x6E7; however, the 
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core motif of many identified VAP interacting proteins deviates from this canonical 

sequence (154, 178). In addition to the core, acidic residues surrounding the core motif 

are proposed to facilitate the VAP-FFAT interaction through electrostatic interactions 

(212). 

In addition to their critical role in inter-organelle communication, MCS are 

exploited by intracellular pathogens for replication (213-216). One example is the 

obligate intracellular bacterium Chlamydia trachomatis, the causative agent of the most 

commonly reported bacterial sexually transmitted infection. Upon invasion of the genital 

epithelium, C. trachomatis replicates within a membrane-bound vacuole called the 

inclusion (26). Maturation of the inclusion relies on Chlamydia effector proteins that are 

translocated across the inclusion membrane via a bacterially encoded T3SS (217). A 

subset of Chlamydia T3SS effector proteins, known as the inclusion membrane proteins 

(Inc), are inserted into the inclusion membrane and are therefore strategically positioned 

to mediate inclusion interactions with host cell organelles (29, 62, 64, 65). These 

interactions include points of contact between the ER and the inclusion membrane, 

without membrane fusion (74, 127), which are referred to as ER-Inclusion MCS based on 

their similarities to MCS between cellular organelles (74, 160). 

Characterization of the protein composition of ER-Inclusion MCS led to the 

identification the Inc protein IncV, which constitutes a structural component that tethers 

the ER membrane to the inclusion membrane through interaction with VAP (68). The 

IncV-VAP interaction relies on the presence of two FFAT motifs in the C-terminal 

cytosolic tail of IncV. The core sequence of one of the motifs (286E1Y2M3D4A5L6E7
292) is 

similar to the canonical sequence, whereas a second motif (262S1F2H3T4P5P6N7
268) 
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deviates significantly and was originally defined as a non-canonical FFAT. Similar to 

eukaryotic FFAT, the residue in position 2 in each motif (Y287 and F263, respectively) are 

essential for the IncV-VAP interaction during infection. However, it remains unclear 

whether additional determinants promote the assembly of this bacterial tether. 

Here, we show that multiple layers of host cell kinase-mediated phosphorylation 

govern the assembly of the IncV-VAP tethering complex and ER-Inclusion MCS 

formation. IncV phosphorylation supports the IncV-VAP interaction through FFAT 

motifs displaying core domains immediately downstream of phosphorylation-mediated 

acidic tracts. Since the substitution for genetically encoded acidic tracts interfered with 

IncV translocation, we propose that Chlamydia evolved a post-translocation 

phosphorylation strategy in order to accommodate proper secretion via the T3SS, while 

achieving full mimicry of eukaryotic FFAT motifs. 

 

Results 

IncV is modified by phosphorylation 

When subjected to anti-FLAG western blot analysis, we noticed that lysates of HEK293 

eukaryotic cells infected with wild type C. trachomatis expressing IncV-3xFLAG 

displayed a doublet consisting of a 50kDa and 60 kDa band (Figure 4.1A, middle lane, 

293 + Ct). By contrast, IncV-3xFLAG ectopically expressed in HEK293 cells had an 

apparent molecular weight that was shifted toward the 60k Da band of the doublet 

(Figure 4.1A, left lane, 293), while IncV-3xFLAG expressed in E. coli had an apparent 

molecular weight equivalent to the 50 kDa band of the doublet (Figure 4.1A, right lane, 
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Ec). This result led us to hypothesize that IncV is post-translationally modified by a host 

factor.  

To determine if phosphorylation could account for the increase in the apparent 

molecular weight of IncV, we performed a phosphatase assay. IncV-3xFLAG was 

immunoprecipitated, using anti-FLAG-conjugated Sepharose beads, from lysates of 

HEK293 cells infected with C. trachomatis expressing IncV-3xFLAG. Following the 

release of IncV-3xFLAG from the beads by FLAG peptide competition, the eluate was 

treated with lambda (λ) phosphatase or phosphatase buffer alone, and subsequently 

subjected to anti-FLAG western blot analysis (Figure 4.1B). In the absence of λ 

phosphatase, the apparent molecular weight of IncV-3xFLAG was approximately 60 kDa 

(Figure 4.1B, left lane). Upon phosphatase treatment, we observed a decrease in the 

apparent molecular weight of IncV-3xFLAG to approximately 50 kDa, similar to what 

was observed when IncV-3xFLAG was expressed in E. coli (Figure 4.1B, right lane). 

Altogether, these results demonstrate that IncV is phosphorylated by a host cell kinase. 

 

The host kinase CK2 phosphorylates IncV 

We next focused on identifying the host cell kinase(s) responsible for phosphorylating 

IncV. All three subunits of Protein Kinase CK2 were identified as potential interacting 

partners of IncV in an Inc-human interactome (198). To determine if CK2 associated with 

IncV at ER-Inclusion MCS, HeLa cells transfected with YFP-CK2α or YFP-CK2β 

constructs and infected with C. trachomatis wild type expressing mCherry under a 

constitutive promoter and IncV-3xFLAG under the aTc-inducible promoter were 

analyzed by confocal immunofluorescence microscopy (Figure 4.2). In the absence of 
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IncV-3xFLAG expression, YFP-CK2α and YFP-CK2β were undetectable at the inclusion 

(Figure 4.2A and B, -aTc). However, upon expression of IncV-3xFLAG, YFP-CK2α and 

YFP-CK2β were recruited to the inclusion membrane and colocalized with IncV (Figure 

4.2A and B, +aTc). To confirm that this phenotype was not the result of overexpression 

of the CK2 subunits, we used antibodies that recognized the endogenous CK2β subunit 

and showed that endogenous CK2β colocalized with IncV at the inclusion, when IncV-

3xFLAG expression was induced (Figure 4.1C). Altogether, these results demonstrate 

that CK2 is a novel component of ER-Inclusion MCS that is recruited to the inclusion in 

an IncV-dependent manner.  

Having established that IncV is phosphorylated and that CK2 localizes to ER-

Inclusion MCS in an IncV-dependent manner, we next tested if CK2 phosphorylates 

IncV. We performed an in vitro kinase assay using recombinant CK2 and the cytosolic 

domain of IncV (amino acids 167-363 of IncV) fused to GST (GST-IncV167-363) or GST 

alone, purified from E. coli. To detect phosphorylation, we used ATPγS, which can be 

utilized by kinases to thiophosphorylate a substrate, followed by an alkylation reaction of 

the thiol group to generate an epitope that is detected using an antibody that recognizes 

thiophosphate esters (218). When GST alone was provided as a substrate, there was no 

detectable phosphorylation, regardless of the presence of CK2 and ATPγS (Figure 4.1D, 

lanes 1 and 2). A similar result was observed with GST-IncV167-363 in the absence of CK2 

and/or ATPγS (Figure 4.1D, lanes 3 - 5). However, in the presence of both ATPγS and 

CK2, GST-IncV167-363 was phosphorylated (Figure 4.1D, lane 6). Altogether, these results 

demonstrate that CK2 directly phosphorylates IncV in vitro. 
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Figure 4.1 CK2 localize to the inclusion and phosphorylates IncV. (A) Western blot of IncV-

3xFLAG from lysates of HEK293 cells expressing IncV-3xFLAG (293), HEK293 cells infected 

with C. trachomatis expressing IncV-3xFLAG (293 + Ct), or E. coli expressing IncV-3xFLAG 

(Ec). (B) Western blot of IncV-3xFLAG purified from lysates of HEK293 cells infected with C. 

trachomatis expressing IncV-3xFLAG and treated with lambda (λ) phosphatase (+) or 

phosphatase buffer alone (-). (C) 3-dimensional reconstruction of confocal images of HeLa cells 

infected with C. trachomatis expressing mCherry constitutively (red) and IncV-3xFLAG (blue) 

under the control of an anhydrotetracycline (aTc)-inducible promoter in the absence (-aTc) or 

presence (+aTc) of aTc and stained to detect endogenous CK2β (Yellow). The merge is shown on 

the right. Scale bar is 5μm. (D) In vitro kinase assay using GST or GST-IncV167-363 purified from 

E. coli as a substrate in the presence (+) or absence (-) of recombinant CK2 and in the presence 

(+) or absence (-) of ATPγS. The top panel shows phosphorylated proteins detected with anti-

Thiophosphate antibodies and the bottom panel is the same membrane stained with Ponceau S to 

detect total proteins. Data generated by Rebecca Murray.  
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Figure 4.2 IncV recruits CK2 to the inclusion membrane. (A-B) 3-dimensional reconstruction 

of confocal images of HeLa cells overexpressing YFP-CK2α (A) or YFP-CK2β (B) (yellow) and 

infected with C. trachomatis expressing mCherry constitutively (red) and IncV-3xFLAG (blue) 

under the control of an anhydrotetracycline (aTc)-inducible promoter in the absence (-aTc) or 

presence (+aTc) of aTc. The merge is shown on the right. Scale bar is 5μm. Data generated by 

Rebecca Murray. 
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Phosphorylation of IncV is necessary and sufficient to promote the IncV-VAP 

interaction in vitro 

We have previously reported an IncV-VAP interaction in vitro upon incubation of 

IncV167-363 with the cytosolic MSP domain of VAP (GST-VAPMSP) purified from E. coli 

(68). However, this interaction was only detected when IncV167-363 was produced in 

eukaryotic cells, which, based on the above results, led us to hypothesize that IncV 

phosphorylation is required for the IncV-VAP interaction. We assessed the role of 

phosphorylation in the IncV-VAP interaction by performing lambda (λ) phosphatase 

dephosphorylation of IncV coupled with a GST-VAPMSP pull-down assay (Figure 4.3A). 

IncV-3xFLAG was immunoprecipitated from lysates of HEK293 cells using anti-FLAG-

conjugated Sepharose beads, released from the beads using FLAG peptide competition, 

and treated with λ phosphatase or buffer alone. Treated and untreated IncV-3xFLAG 

samples were then incubated with GST-VAPMSP or GST alone bound to glutathione 

Sepharose beads. The protein-bound beads were subjected to western blot analysis using 

an anti-FLAG antibody (Figure 4.3B). Untreated IncV-3xFLAG was pulled down by 

GST-VAPMSP but not by GST alone, demonstrating a specific interaction between IncV 

and VAP (Figure 4.3B, lanes 1 - 3). However, when the eluate containing IncV-3xFLAG 

was treated with λ phosphatase prior to incubation with GST-VAPMSP, the two proteins 

failed to interact (Figure 4.3B, lane 4), indicating that phosphorylation of IncV is 

necessary for the IncV-VAP interaction in vitro.  

We next determined if IncV phosphorylation by CK2 was sufficient to promote 

the IncV-VAP interaction in an in vitro binding assay (Figure 4.3C). MBP-tagged 

VAPMSP (MBP-VAPMSP) and GST-IncV167-363 were expressed separately in E. coli and 
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purified using amylose resin and glutathione Sepharose beads, respectively. GST-IncV167-

363 was left attached to glutathione Sepharose beads and was phosphorylated by 

incubation with recombinant CK2 and ATP before being combined with purified MBP-

VAPMSP. GST-IncV167-363 was pulled down and the samples were subjected to western 

blot using anti-MBP antibodies (Figure 4.3D). Neither the beads alone, nor GST alone 

pulled down MBP-VAPMSP, regardless of whether CK2 and ATP were present or not 

(Figure 4.3D, lanes 1 - 4). In the absence of CK2 and ATP, we observed minimal binding 

of MBP-VAPMSP to GST-IncV167-363 (Figure 4.3D, lane 5). However, when GST-IncV167-

363 was treated with CK2 and ATP prior to GST-pull-down, MBP-VAPMSP and GST-

IncV167-363 co-immuno-precipitated, indicating that phosphorylation of IncV by CK2 is 

sufficient to promote the IncV-VAP interaction in vitro (Figure 4.3D, lane 6). Altogether, 

these results demonstrate that IncV phosphorylation is necessary and sufficient for the 

IncV-VAP interaction in vitro. 
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Figure 4.3 Phosphorylation of IncV is necessary and sufficient to promote the IncV-VAP 

interaction in vitro. (A) Schematic depicting the experimental setup for results in B. (B) In vitro 

binding assay using IncV-3xFLAG purified from HEK293 lysates and treated with lambda (λ) 

phosphatase (+) or phosphatase buffer alone (-) combined with GST or GST-VAPMSP purified 

from E. coli and immobilized on glutathione beads. The top panel shows proteins detected with 

anti-FLAG anti-bodies and the bottom panel is the same membrane stained with Ponceau S to 

detect total protein. (C) Schematic depicting the experimental setup for results in D. (D) In vitro 

binding assay using GST or GST-IncV167-363 purified from E. coli, and immobilized on 

glutathione beads, as a substrate for CK2 in the presence (+) or absence (-) of CK2 and ATP, 

combined with MBP-VAPMSP purified from E. coli. The top panel was probed with anti-MBP and 

the bottom panel was the same membrane stained with Ponceau S to detect the GST construct. 

Data generated by Rebecca Murray. 
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CK2 kinase activity is required for IncV phosphorylation and IncV-VAP interaction 

at the inclusion 

We next determined the contribution of CK2 to IncV phosphorylation and the subsequent 

assembly of the IncV-VAP tether at the inclusion. We first used a genetic approach to 

deplete CK2β. Because CK2 is essential (219, 220), we favored a gene silencing 

approach over a CRISPR-based knock out approach. HeLa cells treated with individual 

siRNA duplexes targeting CSNK2B (A, B, C, or D), or a pool of all four siRNA duplexes 

(pool), were infected with a previously characterized incV mutant strain of C. trachomatis 

(68, 99), expressing IncVWT-3xFLAG from an aTc inducible promoter. The cells were 

lysed and subjected to western blot analysis. The efficacy of CSNK2B knockdown was 

confirmed by western blot, demonstrating that, in siRNA treated cells, CK2β protein 

levels ranged from 9.3% to 53.3% compared to control cells (Figure 4.4A, middle blot). 

As shown in Figure 4.1A, in control cells, IncVWT-3xFLAG appeared as a doublet 

(Figure 4.4A, top blot, left lane, ooo and o). In contrast, depletion of CK2β led to the 

appearance of additional bands of intermediate apparent molecular weight (Figure 4.4A, 

top and middle blots, pool, A, B, C, D lanes, oo). A line scan analysis of the control 

sample revealed two peaks corresponding to the top band, corresponding to hyper-

phosphorylated IncV (Figure 4.4B, black line, left peak, ooo) and to the bottom band, 

corresponding to unphosphorylated IncV (Figure 4.4B, black line, right peak, o). A 

similar analysis of the banding pattern of IncV upon CK2β depletion, with the pooled or 

individual siRNA duplexes, revealed the appearance of intermediate peaks between the 

top and bottom bands, suggesting the formation of hypo-phosphorylated species of IncV 

(Figure 4.4B, middle peaks, oo). These results provided a first indication that CK2 
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mediates IncV phosphorylation during infection. However, none of the siRNA duplex 

treatments led to a complete dephosphorylation of IncV, which could be due to the 

incomplete knockdown of CK2β (Figure 4.4A, middle blot).  

To complement the genetic approach described above, we conducted a 

pharmacological approach using the CK2-specific inhibitor CX-4945 (221). HeLa cells 

infected with a C. trachomatis incV mutant expressing IncVWT-3xFLAG under the 

control of the aTc inducible promoter were treated with increasing concentrations of CX-

4945 (0, 0.625, 10 μM) at 18h pi, prior to the induction of IncVWT-3xFLAG expression at 

20h pi. This experimental set up allowed for CK2 inhibition, prior to IncVWT-3xFLAG 

synthesis, translocation, insertion into the inclusion membrane and exposure to the host 

cell cytosol. The cells were lysed 24h pi and subjected to western blot analysis to 

determine the effect of CK2 inhibition on the apparent molecular weight of IncV. The 

apparent molecular weight of IncV decreased in a dose-dependent manner (Figure 4.4C, 

top blot), leading to an apparent molecular weight corresponding to unphosphorylated 

IncV at the 10 μM concentration. These results demonstrate that CK2 activity is essential 

for IncV phosphorylation during infection.  

We next determined whether inhibition of CK2 kinase activity affected the IncV-

dependent VAP recruitment to the inclusion and, therefore, the assembly of the IncV-

VAP tether. We used the same experimental setup as above, except that the cells 

expressed CFP-VAP. At 24h pi, the cells were fixed, immuno-stained with anti-FLAG 

antibody, and processed for confocal microscopy. Qualitative and quantitative assessment 

of the micrographs indicated that CX-4945 did not interfere with IncV translocation and 

insertion into the inclusion membrane (Figure 4.4D and Figure 4.5). The quantification 
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method is illustrated in Figure 4.6. As previously observed (68), IncVWT-3xFLAG 

expression correlated with a strong CFP-VAP association with the inclusion (Figure 

4.4D, top panels). In comparison, pre-treatment of the cells with 10µM of CX-4945 

abolished VAP recruitment to the inclusion (Figure 4.4D, bottom panels). Quantification 

of the CFP-VAP signal associated with IncV at the inclusion membrane confirmed the 

qualitative analysis and also revealed an intermediate phenotype for cells treated with 

0.625µM of CX-4945 (Figure 4.4D-E). To rule out any off-target effect of CX-4945, we 

tested an independent CK2-specific inhibitor, GO289 (222). As observed with CX-4945, 

GO289-mediated CK2 inhibition led to the dose dependent dephosphorylation of IncV 

(Figure 4.7A) and a significant reduction in the percentage of inclusions associated with 

VAP (Figure 4.7B-C). Altogether, these results demonstrate that phosphorylation of IncV 

by CK2 is required for the IncV-dependent VAP recruitment to the inclusion.  
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Figure 4.4 CK2 plays a role in the IncV-VAP interaction during infection. (A) Western blot 

of lysates of HeLa cells treated with siRNA buffer alone (-) or with siRNA duplexes targeting 

CSNK2B (pool of 4 duplexes or individual duplexes A, B, C, or D) and infected with a C. 

trachomatis incV mutant expressing IncV-3xFLAG. The top panel was probed with anti-FLAG. 

The middle panel was probed with anti-CK2β. The bottom panel was probed with anti-GAPDH. 

Relative expression levels of CK2β normalized to GAPDH loading controls are shown as a 

percentage of no siRNA control expression. (ooo) hyperphosphorylated IncV, (oo) intermediate 

hypophosphorylated IncV, (o) unphosphorylated IncV. (B) Line Scan analysis of FLAG signal 

detected in A. The peak on the left (ooo) corresponds to the hyperphosphorylated species of IncV, 

and the peak on the right (o) corresponds to the unphosphorylated species of IncV. Intermediate 

hypophosphorylated species are indicated by any peak between the left and right peaks (oo). Each 

line represents a different condition: Control, black; siRNA pool of duplexes A-D, red; siRNA 

duplex A, yellow; siRNA duplex B, green; siRNA duplex C, blue; siRNA duplex D, purple. (C-

E) HeLa cells, expressing CFP-VAP (D-E only), were infected with C. trachomatis incV mutant 

expressing IncV-3xFLAG under the control of the aTc inducible promoter and treated with 

increasing concentrations of the CK2 inhibitor CX-4945 (0, 0.625, 10 μM) for two hours at 18h 

pi and prior to the induction of IncV-3xFLAG expression at 20h pi. The samples were processed 

24h pi for western blot (C) or confocal microscopy (D-E). (C) Cell lysates were probed with anti-

FLAG (top blot), anti-mCherry (middle blot), or anti-actin (bottom blot) antibodies. (D) Single 

plane confocal micrographs of HeLa cells expressing CFP-VAP (blue), infected with incV mutant 

expressing IncV-3xFLAG (yellow) and mCherry (red). The merge is shown on the right. Scale 

bar is 5μm. (E) Quantification of the mean intensity of the CFP-VAP signal within an object 

generated from the IncV-3xFLAG signal and normalized to the mean intensity of CFP-VAP in 

the ER. Each dot represents one inclusion. Data show the mean and SEM of a combination of 



 112 

three independent experiments. One-way ANOVA and Tukey’s post hoc test was performed. ** 

P <0.01, **** P <0.0001. Data presented in A and B generated by Rebecca Murray.  
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Figure 4.5 IncV inclusion localization is not affected upon CX-4945 treatment. 

Quantification of the volume of the indicated IncV-3xFLAG signal associated with the inclusion 

normalized to the volume of an object generated from the mCherry signal of the bacteria. Each 

dot represents one inclusion. The mean and SEM are shown. One-way ANOVA and Tukey’s post 

hoc test was performed comparing drug treated cells to control cells. ns non-significant. 
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Figure 4.6 Method to quantify the inclusion association of a given marker. (A) Three-

dimensional (3D) objects were reconstructed from the raw signal corresponding to the IncV 

(blue) and the mCherry positive inclusion (red) signals. The ratio of the IncV signal over the 

inclusion signal was calculated to determine IncV association with the inclusion in arbitrary units 

[AU]. (B) The signal intensity of a given marker (VAP in yellow is shown here) within the 

reconstituted 3D IncV object (blue), and within the cytosol (deterposmined by the average of 10 

small 3D spheres throughout the ER), were determined. The IncV association of the given marker 

was determined by normalizing the signal intensity of the marker of interest within the IncV 3D 

object to the average signal intensity of the marker of interest within the ER (VAP) or cytosol 

(CK2). 
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Figure 4.7 The CK2 kinase inhibitor GO289 inhibits IncV phosphorylation and VAP 

recruitment to the inclusion. (A) Cell lysates of HeLa cells infected for 24h with a C. 

trachomatis incV mutant expressing IncV-3xFLAG under the control of the aTc inducible 

promoter and treated with increasing concentrations of the CK2 inhibitor G0289 (0, 1, 2, 4 μM) 

for two hours at 18h pi and prior to the aTc induction of IncV-3xFLAG expression at 20h pi, 

probed with anti-FLAG (top blot), anti-mCherry (middle blot), or anti-actin (bottom blot) 

antibodies. (B) Single plane confocal micrographs of HeLa cells expressing CFP-VAP (blue), 

infected with incV mutant expressing IncV-3xFLAG (yellow) and mCherry (red) and treated with 

GO289 as described in A. The merge is shown on the right. Scale bar is 5μm. (C) Quantification 

of the percentage on inclusions exhibiting VAP recruitment to the inclusion. Data show the mean 

and SEM of three independent experiments. One-way ANOVA and Tukey’s post hoc test was 

performed. **** P <0.0001.  
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CK2 kinase activity is dispensable for CK2 localization to the inclusion and 

reversing CK2 inhibition restores VAP recruitment to the inclusion 

To further investigate the sequence of events leading to the CK2- and IncV 

phosphorylation-dependent VAP recruitment to the inclusion, we first determined if CK2 

kinase activity was required for CK2 recruitment to the inclusion. HeLa cells expressing 

YFP-CK2β were infected with the C. trachomatis incV mutant expressing IncVWT-

3xFLAG. 10 µM CX-4945 was added, or not, at 18h pi, and IncV expression was 

induced at 20h pi by addition of aTc, as described in Figure 4.4D-E. At 24h pi, the cells 

were fixed, immuno-stained with anti-FLAG antibody, and processed for confocal 

microscopy. Qualitative and quantitative assessment of the micrographs indicated that 

CX-4945 did not interfere with CK2 association with the inclusion (Figure 4.8A-B). 

Thus, CK2 kinase activity is dispensable for the IncV-dependent CK2 localization to the 

inclusion.  

Altogether, our results suggest that CK2 is recruited first and that VAP 

recruitment only occurs once CK2 phosphorylates IncV. To test this model, we 

determined if reversing CK2 inhibition, after CK2 had been recruited to the inclusion, 

would restore VAP association with the inclusion (Figure 4.8C). HeLa cells expressing 

YFP-CK2β and CFP-VAP, and infected with the C. trachomatis incV mutant expressing 

IncVWT-3xFLAG, were treated with CX-4945 at 18h pi. incV expression was induced at 

20h pi by addition of aTc, in the presence of CX-4945. At 24h pi, the cells were washed 

and incubated with media containing either aTc and CX-4945 (CX-4945 replaced) or aTc 

only (CX-4945 washout) for an additional hour (25h pi). Samples where CX-4945 was 

omitted and collected at 25h pi (No CX-4945), and samples processed in the presence of 
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CX-4945 and collected at 24h pi prior to the wash (CX-4945) were used as controls. 

None of the treatment prevented IncV localization to the inclusion (Figure 4.9). 

Qualitative and quantitative assessment of the micrographs confirmed that, as observed 

before, CX-4945 had no effect on CK2 association with the inclusion but strongly 

prevented VAP recruitment (Figure 4.8D-E, compare CX-4945 to No CX-4945). A 

similar result was observed when the media was replenished with CX-4945 after the 

wash (Figure 4.8D-E, compare CX-4945 replaced to CX-4945). In comparison, CX-4945 

washout post CK2 association with the inclusion, led to a robust VAP recruitment to the 

inclusion, similar to the one observed in the absence of CX-4945 (Figure 4.8D-E, 

compare CX-4945 washout to No CX-4945). Altogether, these results indicate that the 

IncV-dependent CK2 association with the inclusion does not require CK2 kinase activity 

and precedes VAP recruitment, which requires an active CK2 kinase.  
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Figure 4.8 CK2 kinase activity is dispensable for CK2 localization to the inclusion and 

reversing CK2 inhibition allows for VAP recruitment. (A) Single plane confocal micrographs 

of HeLa cells expressing YFP-CK2β (yellow), infected with an incV mutant expressing IncV-

3xFLAG (blue) and mCherry (red), and treated with 10μM CX-4945 (bottom panels), or not (top 

panels), for two hours at 18h pi and prior to the induction of IncV-3xFLAG expression at 20h pi. 

The merge is shown on the right. Scale bar is 5μm. (B) Quantification of the mean intensity of the 

YFP-CK2β signal within an object generated from the IncV-3xFLAG signal and normalized to 

the mean intensity of YFP-CK2β in the cytosol. Each dot represents one inclusion. Data show the 

mean and SEM of a combination of three independent experiments. ns, non-significant (Student’s 

t-test). (C) Schematic depicting the experimental setup for the results in D-E. (D) Single plane 

confocal micrographs of HeLa cells expressing CFP-VAP (blue) and YFP-CK2β (yellow), 

infected with an incV mutant expressing IncV-3xFLAG under the control of the aTc inducible 

promoter and mCherry (red). Infections were performed in the absence of CX-4945 (No CX-

4945) or presence of 10μM CX-4945 for the duration of the experiment (CX-4945). 

Alternatively, CX-4945 was present until 24h pi, when the cells were washed and incubated with 

media containing either aTc and CX-4945 (CX-4945 replaced) or aTc only (CX-4945 washout) 

for an additional hour. The merge is shown on the right. Scale bar is 5μm. (E) Quantification of 

the mean intensity of the CFP-VAP signal within an object generated from the YFP-CK2β signal 

and normalized to the mean intensity of CFP-VAP in the ER. Each dot represents one inclusion. 

Data show the mean and SEM of a combination of three independent experiments. One-way 

ANOVA and Tukey’s post hoc test was performed. **** P <0.0001; ns, non-significant. 
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Figure 4.9 IncV inclusion localization is not affected upon CX-4945 replacement/washout 

treatment. Quantification of the volume of the indicated IncV-3xFLAG signal associated with 

the inclusion normalized to the volume of an object generated from the mCherry signal of the 

bacteria. Each dot represents one inclusion. The mean and SEM are shown. One-way ANOVA 

and Tukey’s post hoc test was performed comparing drug treated cells to control cells. P <0.05, 

** P <0.01. 
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Three serine residues in a C-terminal domain of IncV control CK2 and VAP 

recruitment to the inclusion, IncV hyper-phosphorylation and ER-Inclusion MCS 

formation. 

To gain further mechanistic insight about the CK2-IncV-VAP interplay, and its role in 

ER-Inclusion MCS formation, we next determined which domain of IncV was important 

for the recruitment of CK2 to the inclusion by generating a series of C-terminal truncated 

IncV constructs (Figure 4.10A). These constructs, as well as the full length IncV (FL, 1-

363), were cloned under the aTc inducible promoter and expressed from the C. 

trachomatis incV mutant strain. All IncV constructs similarly localized to the inclusion 

membrane (Figure 4.11A). HeLa cells expressing YFP-CK2β were infected with each of 

the complemented strains, and the ability of the truncated versions of IncV to recruit 

YFP-CK2β to the inclusion was assessed by confocal microscopy. Qualitative and 

quantitative analysis revealed that, compared to full length IncVFL-3xFLAG, IncV1-341-

3xFLAG was no longer capable of recruiting YFP-CK2β to the inclusion, whereas IncV1-

356-3xFLAG was moderately affected (Figure 4.12A-B). Additionally, strains expressing 

IncV1-341-3xFLAG also exhibited a significant reduction in IncV-associated VAP 

compared to IncVFL- or IncV1-356-3xFLAG (Figure 4.12C-D). Altogether, these results 

demonstrate that a C-terminal region of IncV, between amino acids 342 and 356, is 

required for the IncV-dependent CK2 recruitment to the inclusion and subsequent VAP 

association with the inclusion.  

The primary amino acid structure of the IncV domain necessary for CK2 

recruitment (342SSESSDEESSSDSS356) contains seven CK2 recognition motifs (S/T-x-x-

D/E/pS/pY) (223) (Figure 4.10A). Three of them do not require priming by 
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phosphorylation of the fourth serine or tyrosine residue and could result in the direct 

CK2-dependent phosphorylation of IncV on serine residues S345, S346, and S350, hereby 

facilitating the assembly of the IncV-VAP tether. To test this hypothesis, all three serine 

residues were substituted for unphosphorylatable alanine residues (IncVS345A-S346A-S350A 

referred to as IncVS3A). HeLa cells expressing YFP-CK2β or YFP-VAP were infected 

with C. trachomatis incV mutant strains expressing IncVWT- or IncVS3A-3xFLAG. The 

cells were fixed at 24h pi, immunostained with anti-FLAG antibody, and analyzed by 

confocal immunofluorescence microscopy. IncVWT- and IncVS3A-3xFLAG displayed 

similar inclusion localization (Figure 4.11B). However, qualitative and quantitative 

analysis revealed that in comparison to IncVWT-3xFLAG, IncVS3A-3xFLAG expression 

resulted in a significant decrease in both CK2β and VAP recruitment to the inclusion 

(Figure 4.10B-E). Altogether, these results indicate that serine residues S345, S346, and 

S350 located in a C-terminal motif of IncV, are critical for CK2 and VAP recruitment to 

the inclusion.  

To determine if IncVS3A failed to recruit VAP to the inclusion because of a lack of 

IncV phosphorylation, we assessed IncVS3A apparent molecular weight by western blot 

analysis of lysates from HeLa cells infected with a C. trachomatis incV mutant 

expressing IncVWT- or IncVS3A-3xFLAG. Compared to IncVWT-3xFLAG, which as 

previously observed ran as a doublet corresponding to both phosphorylated and 

unphosphorylated species of IncV (Figure 4.10F, lane 1), the apparent molecular weight 

of IncVS3A-3xFLAG (Figure 4.10F, lane 2), was identical to that of unphosphorylated 

IncVWT-3xFLAG upon treatment with the CK2 inhibitor CX-4945 (Figure 4.10F, lane 3). 

These results indicated that IncVS3A is unphosphorylated.  
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To more directly demonstrate that, in absence of IncV hyper-phosphorylation, the 

lack of VAP association with the inclusion membrane correlates with a defect in ER-

Inclusion MCS formation, cells infected with a C. trachomatis incV mutant expressing 

IncVWT- or IncVS3A-3xFLAG were processed for electron microscopy. Qualitative 

assessment of the micrographs revealed that the integrity of the inclusion membrane and 

ER-Inclusion MCS were preserved in both conditions, based on the intermembrane 

distance of 10-20 nm between the ER tubules and the inclusion membrane, and on the 

presence of ribosomes on the cytosolic face of the ER tubules (Figure 4.13A-B). 

However, 61.9% (39/63) of the S3A inclusion sections displayed no ER in association 

with the inclusion membrane, compared to only 6.6% (4/61) of the WT inclusion 

sections. Additionally, quantification of the proportion of inclusion membrane associated 

with the ER indicated a significant reduction of ER-Inclusion MCS formation upon 

IncVS3A expression, compared to IncVWT (Figure 4.10G-H and Figure 4.13C-D). We note 

that some levels of ER-Inclusion MCS is expected with IncVS3A because of redundant 

tethering mechanism(s) (68). Altogether, these results indicate that the CK2-dependent 

phosphorylation of IncV controls assembly of the IncV-VAP tether and ER-Inclusion 

MCS formation.  

Finally, we determined if phosphorylation of S345, S346, and S350 was sufficient to 

mediate the in vitro IncV-VAP interaction observed upon CK2 phosphorylation of IncV 

(Figure 4.1D), by substituting S345, S346, and S350 for phosphomimetic aspartic acid 

residues. The corresponding IncV construct, referred to as IncVS3D, was purified from E. 

coli and tested for VAP binding in vitro. IncVS3D did not result in a significant increase in 

VAP binding compared to IncVWT (Figure 4.14). While we cannot exclude that the 
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phosphomimetic mutations failed to mimic phosphorylation, these results indicated that, 

although critical for CK2 recruitment, IncV hyper-phosphorylation status, and assembly 

of the IncV-VAP tether at the ER-inclusion MCS, phosphorylation of S345, S346, and S350 

alone is not sufficient to promote VAP binding in vitro, suggesting that additional IncV 

phosphorylation sites are required to promote optimal interaction between IncV and 

VAP. 
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Figure 4.10 Three serine residues in a C-terminal domain of IncV mediate CK2 and VAP 

recruitment to the inclusion, IncV phosphorylation, and ER-Inclusion MCS formation. (A) 

Schematic depicting truncated IncV constructs. The numbers indicate the amino acid position 

within the IncV protein sequence. CK2 phosphorylation sites that do not require priming are 

indicated in orange. (B, D) Single plane confocal images of HeLa cells expressing YFP-CK2β 

(B) or YFP-VAP (D) (yellow), infected with a C. trachomatis incV mutant expressing mCherry 

(red) and IncVWT- (WT) or IncVS345A/S346A/S350A-3xFLAG (S3A) (blue). The merge is shown on the 

right. Scale bar is 5μm. (C, E) Quantification of the mean intensity of YFP-CK2β (C) and YFP-

VAP (E) within the IncV object normalized to the mean intensity of YFP-CK2β in the cytosol 

and YFP-VAP in the ER, respectively. Data show the mean and SEM of a combination of three 

independent experiments. ****P < 0.0001 (Student’s t-test). (F) Western blot of lysates of HeLa 

cells infected with a C. trachomatis incV mutant expressing IncVWT-3xFLAG (WT), IncVS3A-

3xFLAG (S3A), or expressing IncVWT-3xFLAG and treated with 10 μM CX-4945 as described in 

Figure 3C (WT; CX-4945 +) and probed with anti-FLAG (top blot), anti-mCherry (middle blot), 

and anti-actin (bottom blot) antibodies. (G) Transmission electron micrographs of sections of 

HeLa cells infected with a C. trachomatis incV mutant expressing IncVWT- (WT) or IncVS3A-

3xFLAG (S3A). Representative sections across a whole inclusion are shown. ER-Inclusion 
MCS are highlighted in pink. Corresponding images without the highlighted MCS are shown 

in Figure 4.13C-D. Ct: Chlamydia trachomatis; IM: inclusion membrane; hER: host 

endoplasmic reticulum; hcell: host cell cytosol. Scale bars are 1 µm. (H) Quantification of the 
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percentage of the inclusion membrane covered with host ER. Each dot represents one section 

across a whole inclusion. Data show the mean and SEM for 24 representative electron 

micrographs per condition. **** P <0.0001 (Student’s t-test). Data presented in G and H 

generated by Isabelle Coppens.  
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Figure 4.11 Truncation and alanine substitution of S245, S346 and S350 does not affect 

IncV localization to the inclusion membrane. (A-B) Quantification of the volume of the 

indicated IncV-3xFLAG signal associated with the inclusion normalized to the volume of an 

object generated from the mCherry signal of the bacteria. Each dot represents one inclusion. The 

mean and SEM are shown. One-way ANOVA and Tukey’s post hoc test (A) were performed 

Student’s t-test (B) comparing truncations to full length (A), and alanine substitution mutant to 

wild type (B). ns non-significant. Data presented in A generated by Rebecca Murray.  
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Figure 4.12 A C-terminal domain of IncV mediates VAP recruitment to the inclusion. (A) 3-

dimensional reconstruction of confocal images of HeLa cells expressing YFP-CK2β (yellow) and 

infected with a C. trachomatis incV mutant expressing mCherry constitutively (red) and IncV-

3xFLAG (full length (FL) or truncated (1-356, or 1-341) (blue). The merge is shown on the right. 

Scale bar is 5μm. (B) Quantification of the mean intensity of YFP-CK2β within an object 

generated from the IncV-3xFLAG signal and normalized to the mean intensity of YFP-CK2β in 

the cytosol. Each dot represents one inclusion. Data show the mean and SEM of a combination of 

three independent experiments. One-way ANOVA and Tukey’s post hoc test was performed 

comparing truncations to full length. ** P <0.01, **** P <0.0001. (C) 3-dimensional 

reconstruction of confocal images of HeLa cells expressing CFP-VAP (blue) and infected with a 

C. trachomatis incV mutant expressing mCherry constitutively (red) and IncV-3xFLAG (full 

length (FL) or truncated (1-356, or 1-341) (yellow). The merge is shown on the right. Scale bar is 

5μm. (D) Quantification of the mean intensity of CFP-VAP within an object generated from the 

IncV-3xFLAG signal and normalized to the mean intensity of CFP-VAP in the cytosol. Each dot 

represents one inclusion. Data show the mean and SEM of a combination of three independent 

experiments. One-way ANOVA and Tukey’s post hoc test was performed comparing truncations 

to full length. **** P <0.0001. Data generated by Rebecca Murray. 
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Figure 4.13 Ultrastructural analysis of ER-Inclusion MCS. (A-B) High magnification 

transmission electron micrographs of sections of MCS between the ER and the inclusion of C. 

trachomatis incV mutant expressing IncVWT- (WT) or IncV-S3A3xFLAG (S3A). Scale bar, 0.5 

µm. (C-D) Transmission electron micrographs of sections of HeLa cells infected with a C. 

trachomatis incV mutant expressing IncVWT- (WT) or IncVS3A-3xFLAG (S3A) as shown in 

Figure 4.10G but without the mask highlighting the ER-inclusion MCS. Section across a whole 

inclusion is shown. Scale bars are 1 µm. Ct: Chlamydia trachomatis; IM: inclusion 

membrane; hER: host endoplasmic reticulum; hcell: host cell cytosol. Data generated by 

Isabelle Coppens. 
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Figure 4.14 Phosphomimetic mutation of three serine residues in the C-terminal domain of 

IncV is not sufficient to promote the IncV-VAP interaction in vitro. (A) Schematic depicting 

the experimental setup for results in B. (B) In vitro binding assay using GST, GST-IncVWT, or 

GST-IncVS3D purified from E. coli, immobilized on glutathione beads, and combined with MBP-

VAP purified from E. coli. The top panel was probed with anti-MBP and the bottom panel was 

the same membrane stained with Ponceau S to detect the GST construct. Note that the IncV and 

VAP constructs, only include the cytosolic domain of IncV (aa 167-363) and the MSP domain of 

VAP, respectively. 
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Phosphorylation of T265 in the non-canonical FFAT of IncV contributes to the IncV-

VAP interaction 

We have previously shown that IncV displays one non-canonical (262S1F2H3T4P5P6N7
268) 

and one canonical FFAT motif (286E1Y2M3D4A5L6E7
292) (Figure 4.15A) (68). In 

agreement with position 2 of a FFAT motif being a phenylalanine or a tyrosine residue 

critical for VAP-FFAT interactions (154, 224), we had shown that alanine substitution of 

residue in position 2 of each motif, individually (IncVF263A or IncVY287A) and in 

combination (IncVF263A/Y287A), led to a partial and full reduction of the IncV-VAP 

interaction, respectively, indicating that both FFAT motifs cooperate for VAP binding 

(68). Recently, Di Mattia et al., identified a new class of FFAT motifs referred to as 

phospho-FFAT motifs in which the acidic residue in position 4 is replaced by a 

phosphorylatable residue, such as serine or threonine (158). The presence of a 

phosphorylatable threonine residue in position 4 of the non-canonical FFAT motif of 

IncV (T265) (Figure 4.15A) suggests that, as proposed by Di Mattia et al., the non-

canonical FFAT of IncV could be a phospho-FFAT motif. To test this hypothesis, T265 

was substituted for an alanine residue either individually (IncVT265A), or in combination 

with alanine mutation of the tyrosine residue in position two of the canonical FFAT 

(IncVT265A/Y287A). In parallel, a phosphomimetic mutation was generated by substituting 

both T265 to an aspartic acid residue and the proline residue at position 266 (P266) to an 

alanine residue, as described by Di Mattia et al (158), either individually (IncVT265D/P266A) 

or in combination with mutation in the canonical FFAT (IncVT265D/P266A/Y287A). HeLa 

cells expressing YFP-VAP were infected with the incV mutant strain of C. trachomatis 

expressing IncVT265A-, IncVT265A/Y287A-, IncVT265D/P266A-, or IncVT265D/P266A/Y287A-
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3xFLAG. Cells infected with incV mutant strains expressing IncVWT-, IncVY287A-, or 

IncVF263A/Y287A-3xFLAG were included as controls. The cells were fixed at 24h pi and 

immunostained with anti-FLAG antibody, followed by qualitative and quantitative 

analysis of confocal immunofluorescence microscopy images (Figure 4.15B-C). 

Although a few of the IncV constructs displayed statistically significant decreases in their 

inclusion localization (Figure 4.16A), the reduction was minor, leaving a substantial 

amount of IncV on the inclusion membrane (84-89% of the WT on average) and most 

likely accounts for very little, if any, to the phenotypes described throughout our study. 

As previously observed (68), IncVWT exhibited a strong association of YFP-VAP with 

the inclusion membrane, while IncVY287A and IncVF263A/Y287A exhibited a significant 

partial and full loss of inclusion associated YFP-VAP, respectively (Figure 4.15B-C). 

Similarly, IncVT265A and IncVT265A/Y287A exhibited partial and complete loss of VAP 

association with the inclusion, respectively (Figure 4.15B-C) indicating that substitution 

of T265 to a non phosphorylatable residue impacted the ability of the non-canonical FFAT 

motif to mediate the VAP-FFAT interaction. On the contrary, IncVT265D/P266A resulted in 

VAP inclusion association similar to IncVWT, indicating that phosphomimetic mutation 

of IncV non-canonical FFAT resulted in optimal VAP binding during infection. 

However, IncVT265D/P266A/Y287A did not result in the expected intermediate VAP 

recruitment observed with IncVY287A, suggesting that the T265D/P266A mutation of the 

non-canonical FFAT was not sufficient to rescue VAP binding in the background of an 

inactivated canonical FFAT.  

We next investigated if phosphomimetic mutation of T265 of the IncV non-

canonical FFAT (IncVT265D/P266A) was sufficient to promote the IncV-VAP interaction in 
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vitro. GST-IncVT265D/P266A failed to interact with MBP-VAPMSP in our vitro assay (Figure 

4.17), suggesting that phosphorylation of T265 is not sufficient for full VAP binding under 

these conditions.  

To further investigate if the non-canonical FFAT of IncV could function as a 

phospho-FFAT motif, we used a VAPK50L mutant. The K50L mutation resides in the 

MSP domain of VAP and has been shown to specifically affect VAP binding to phospho-

FFAT motifs, but not to canonical FFAT (158). Using a similar experimental set up as in 

Figure 4.15B-C, we investigated the ability of YFP-VAPK50L to associate with inclusions 

harboring bacteria expressing IncVWT-, IncVY287A-, or IncVT265A-3xFLAG (Figure 4.18). 

Cells expressing YFP-VAPWT and infected with bacteria expressing IncVWT- or 

IncVF263A/Y287A-3xFLAG were used as positive and negative controls, respectively. In 

comparison to these controls, IncVWT led to an intermediate recruitment of VAPK50L to 

the inclusion, presumably due to binding to the canonical FFAT only, which was 

supported by the inability of IncVY287A to recruit VAPK50L. IncVT265A also led to an 

intermediate recruitment of VAPK50L to the inclusion, which was attributed to binding to 

the canonical FFAT. However, IncVT265A displayed decreased efficiency in VAP 

recruitment compared to IncVWT , suggesting that in the context of IncV, VAPK50L may 

have low residual affinity to the non-canonical FFAT containing a phosphomimetic 

mutation of T265, and/or reduced activity towards the canonical FFAT. 

Although T265 cannot be phosphorylated by CK2, given the CK2-dependent role 

of S345, S346 and S350 in controlling the global level of phosphorylation of IncV, we 

investigated if CK2 could indirectly affect phosphorylation of T265, by testing the ability 

of the T265  phosphomimetic mutation to bypass the need for CK2 for VAP recruitment to 
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the inclusion. We generated an IncVT265D/P266A/S3A construct and quantified VAP 

recruitment to inclusions harboring bacteria expressing IncVT265D/P266A/S3A-3xFLAG 

(Figure 4.15D-E). IncVWT- and IncVS3A-3xFLAG were used as positive and negative 

controls, respectively. IncVT265D/P266A/S3A inclusion localization was not affected (Figure 

4.16B) and led to a partial rescue of VAP recruitment to the inclusion, compared to the 

controls (Figure 4.15D-E). These results indicate that CK2 and S345, S346, and S350 play an 

indirect role in the phosphorylation of T265 of the IncV non-canonical FFAT motif.  

Altogether, because of inconclusive results with the VAPK50L mutant, it remains 

unclear if IncV non-canonical FFAT acts as a phospho-FFAT. However, the above 

results indicate that phosphorylation of T265 of IncV non-canonical FFAT is indirectly 

controlled by CK2 and contributes, but is not sufficient, to mediate the IncV-VAP 

interaction, suggesting that additional residues must be phosphorylated to ensure full 

IncV-VAP interaction. 
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Figure 4.15 Phosphorylation of T265 in the non-canonical FFAT motif of IncV contributes 

to the IncV-VAP interaction. (A) Schematic depicting the IncV protein. The transmembrane 

domain, the cytosolic domain, and the non-canonical and the canonical FFAT motif cores are 

indicated in dark grey, light grey and black, respectively. The amino acid sequence of the FFAT 

motif cores is shown. Numbers 1-7 indicate the amino acid position within the FFAT motif cores, 

other numbers indicate the amino acid position within the IncV protein sequence. Residues at 

position 2 of the FFAT motif cores are in black and underlined. Threonine 265 at position 4 of the 

non-canonical FFAT is in red and underlined. (B) Single plane confocal images of HeLa cells 

expressing YFP-VAP (yellow), infected with a C. trachomatis incV mutant expressing mCherry 

constitutively (red) and IncVWT- (WT), IncVY287A- (Y287A), IncVF263A/Y287A (F263A/Y287A), 

IncVT265A- (T265A), IncVT265A/Y287A- (T265A/Y287A), IncVT265D/P266A- (T265D/P266A), or 

IncVT265D/P266A/Y287A-3xFLAG (T265D/P266A/Y287A) (blue). The merge is shown on the right. 

Scale bar is 5μm. (C, E) Quantification of the mean intensity of YFP-VAP within an object 

generated from the IncV-3xFLAG signal corresponding to the indicated IncV constructs, and 

normalized to the mean intensity of YFP-VAP in the ER. Each dot represents one inclusion. Data 

show the mean and SEM of three to six independent experiments. One-way ANOVA and 

Tukey’s post hoc test was performed. ns non-significant, * P <0.05, *** P <0.001, **** P 
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<0.0001. (D) Single plane confocal images of HeLa cells expressing YFP-VAP (yellow), infected 

with a C. trachomatis incV mutant expressing mCherry constitutively (red) and IncVWT- (WT), 

IncVS3A- (S3A) or IncVT265D/P266A/S3A-3xFLAG (T265D/P266A/S3A) (blue). The merge is shown 

on the right. Scale bar is 5μm. 
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Figure 4.16 Inclusion localization of IncV variants with amino acid substitutions in the 

canonical and/or non-canonical FFAT motifs. (A-B) Quantification of the volume of the 

indicated IncV-3xFLAG signal associated with the inclusion normalized to the volume of an 

object generated from the mCherry signal of the bacteria. Each dot represents one inclusion. The 

mean and SEM are shown. One-way ANOVA and Tukey’s post hoc test was performed 

comparing alanine or aspartic acid substitution to wild type. ns non-significant, * P <0.05, ** P 

<0.01. 
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Figure 4.17 Phosphomimetic mutation of T265 in the IncV non-canonical FFAT is not 

sufficient to promote the IncV-VAP interaction in vitro. (A) Schematic depicting the 

experimental setup for results in B. (B) In vitro binding assay using GST, GST-IncVWT, or GST-

IncVT265D/P266A purified from E. coli, immobilized on glutathione beads, and combined with MBP-

VAP purified from E. coli. The top panel was probed with anti-MBP and the bottom panel was 

the same membrane stained with Ponceau S to detect the GST construct. Note that the IncV and 

VAP constructs, only include the cytosolic domain of IncV (aa 167-363) and the MSP domain of 

VAP, respectively. 
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Figure 4.18 Recruitment of VAPWT and VAPK50L to C. trachomatis inclusions displaying 

wild-type or mutated IncV. (A) Single plane confocal images of HeLa cells expressing YFP-

VAPWT (VAPWT) or -VAPK50L (VAPK50L) (yellow), infected with a C. trachomatis incV mutant 

expressing mCherry constitutively (red) and IncVWT- (WT), IncVF263A/Y287A- (F263A/Y287A), 

IncVY287A- (Y287A), or IncVT265A-3xFLAG (T265A) (blue). The merge is shown on the right. 

Scale bar is 5μm. (B) Quantification of the mean intensity of YFP-VAP within an object 

generated from the IncV-3xFLAG signal corresponding to the indicated IncV constructs and 

normalized to the mean intensity of YFP-VAP in the ER. Each dot represents one inclusion. Data 

show the mean and SEM of three independent experiments. One-way ANOVA and Tukey’s post 

hoc test was performed. ns non-significant, * P <0.05, ** P <0.01, **** P <0.0001.  

 

 

 

 

 

 



 139 

Phosphorylation of serine rich tracts upstream of IncV FFAT motifs substitute 

typical acidic tracts and are key for the IncV-VAP interaction  

In addition to the seven amino acid core of the FFAT motif, VAP-FFAT mediated 

interactions also rely on the presence of acidic residues upstream of the core sequence, 

referred to as the acidic tract. It allows for the initial electrostatic interaction with VAP by 

interacting with the electropositive charge of the MSP domain before the FFAT core 

motif locks into its dedicated groove (212). We noted that, instead of typical acidic 

residues, the primary amino acid structures upstream of the IncV FFAT motifs are highly 

enriched in phosphorylatable serine residues (Figure 4.19A). We hypothesized that, if 

phosphorylated, these serine residues could serve as an acidic tract and facilitate the 

IncV-VAP interaction. To test this hypothesis, the 10 residues directly upstream of the 

non-canonical FFAT motif and the 8 residues directly upstream of the canonical FFAT 

motif were mutated to alanine residues (referred to as IncVS/A). The ability of IncVS/A-

3xFLAG to recruit VAP to the inclusion was assessed. HeLa cells expressing YFP-VAP 

were infected with C. trachomatis incV mutant strains expressing either IncVWT-, 

IncVF263A/Y287A-, or IncVS/A-3xFLAG under an aTc inducible promoter. The cells were 

fixed at 24h pi and analyzed by confocal immunofluorescence microscopy (Figure 

4.19B). All IncV constructs were equally localized to the inclusion membrane (Figure 

4.20). Qualitative and quantitative analysis revealed that expression of IncVS/A-3xFLAG 

resulted in a significant decrease in YFP-VAP recruitment to the inclusion as observed 

with IncVF263A/Y287A-3xFLAG and compared to IncVWT-3xFLAG (Figure 4.18B-C). To 

determine if this decrease in VAP recruitment was due to a lack of CK2 recruitment, the 

ability of these strains to recruit YFP-CK2β to the inclusion was assessed by confocal 
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microscopy (Figure 4.21). All three strains recruited CK2 to the inclusion, indicating that 

the lack of VAP recruitment upon expression of IncVS/A was not due to a lack of CK2 

recruitment. 

We next determined if phosphomimetic mutation of the serine-rich tracts of IncV 

to aspartic acid residues (referred to as IncVS/D) was sufficient to rescue the ability of the 

cytosolic domain of IncV expressed in E. coli to interact with the MSP domain of VAP in 

our VAP binding in vitro assay. As observed before, there was minimal binding of 

VAPMSP to IncVWT (Figure 4.19D, lane 2). However, we observed a 20-fold increase in 

VAPMSP binding to IncVS/D compared to IncVWT (Figure 4.19D, lane 3), indicating that 

phosphomimetic mutation of the serine-rich tracts is sufficient to promote the IncV-VAP 

interaction in vitro. Altogether, these results indicate that instead of typical acidic tracts, 

phosphorylated serine-rich tracts located upstream of IncV FFAT motifs are both 

necessary and sufficient for promoting the IncV-VAP interaction. 

In order to confirm the role of IncV serine-rich tracts in promoting the IncV-VAP 

interaction during infection, we assessed the ability of IncVS/D-3xFLAG to recruit VAP 

to the inclusion when expressed from an incV mutant strain of C. trachomatis. In 

comparison to IncVWT and all other mutated alleles used in this study, IncVS/D-3xFLAG 

remained trapped within the bacteria and did not localize to the inclusion membrane 

(Figure 4.19E). These results suggest that phosphorylatable serine residues may have 

been selected over acidic residues to allow proper Type III translocation of IncV to the 

inclusion membrane. 
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Figure 4.19 Phosphorylation of the serine tracts upstream of the IncV FFAT motifs 

facilitates the IncV-VAP interaction. (A) Schematic depicting the IncV protein. The 

transmembrane domain, the cytosolic domain, and the non-canonical and canonical FFAT motif 

cores are indicated in dark grey, light grey, and black, respectively. The amino acid sequence of 

the FFAT motif cores (Circled) and their respective upstream sequence is shown. The serine-rich 

tracts are underlined. Serine residues are in green. Numbers 1-7 indicate the amino acid position 

within the FFAT motif cores, other numbers indicate the amino acid position within the IncV 

protein sequence. (B) Single plane confocal images of HeLa cells expressing YFP-VAP (yellow), 

infected with a C. trachomatis incV mutant expressing mCherry constitutively (red) and IncVWT-

3xFLAG (WT), IncVF263A/Y287A-3xFLAG (F263A/Y287A), or IncVS/A-3xFLAG (S/A) (blue). The 

merge is shown on the right. Scale bar is 5μm. (C) Quantification of the mean intensity of YFP-

VAP within an object generated from the IncV-3xFLAG signal and normalized to the mean 

intensity of YFP-VAP in the ER. Each dot represents one inclusion. Data show the mean and 

SEM of a combination of three independent experiments. One-way ANOVA with Tukey’s post 

hoc test was performed. **** P <0.0001. (D) In vitro binding assay using GST, GST-IncVWT, or 

GST-IncVS/D purified from E. coli, and immobilized on glutathione beads and combined with 

MBP-VAP purified from E. coli. The top panel was probed with anti-MBP and the bottom panel 

was the same membrane stained with Ponceau S to detect the GST construct. Note that the IncV 

and VAP constructs, only include the cytosolic domain of IncV (aa 167-363) and the MSP 

domain of VAP, respectively. (E) Single plane confocal images of HeLa cells infected with a C. 

trachomatis incV mutant expressing mCherry consitutively (red) and IncVS/D-3xFLAG (green). 

The merge is shown on the bottom. Scale bar is 5μm. Data presented in B and C generated by 

Samantha D’Spain. 
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Figure 4.20 Alanine substitution of IncV serine tracts does not affect IncV inclusion 

localization. Quantification of the volume of the indicated IncV-3xFLAG signal associated with 

the inclusion normalized to the volume of an object generated from the mCherry signal of the 

bacteria. Each dot represents one inclusion. The mean and SEM are shown. One-way ANOVA 

and Tukey’s post hoc test was performed comparing alanine substitution to wild type. ns non-

significant. Data generated by Samantha D’Spain. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 143 

 

 

 

 

 

 

Figure 4.21 Alanine substitution of residues in position 2 of IncV FFAT motifs or of the 

serine rich tracts upstream of IncV FFAT motifs does not affect IncV-dependent CK2 

recruitment to the inclusion. (A) Single plane confocal images of HeLa cells expressing YFP-

CK2β (yellow) and infected with a C. trachomatis incV mutant expressing mCherry (red) and 

IncVWT-3xFLAG (WT), IncVF263A/Y287A-3xFLAG (F263A/Y287A), or IncVS/A-3xFLAG (S/A) 

(blue). The merge is shown on the right. Scale bar is 5μm. (B) Quantification of the mean 

intensity of the YFP-CK2β within the IncV object normalized to the mean intensity of YFP-

CK2β in the cytosol. Data show the mean and SEM of a combination of three independent 

experiments. One-way ANOVA with Tukey multiple comparisons test was performed to compare 

IncVF263A/Y287A and IncVS/A to IncVWT. ** P <0.01, ****P < 0.0001. Data generated by Samantha 

D’Spain. 
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Discussion 

IncV/CK2/VAP interplay in ER-Inclusion MCS formation 

Based on our results, we propose the following model of assembly of the IncV-VAP 

tether leading to ER-Inclusion MCS formation during Chlamydia infection (Figure 4.22). 

Unphosphorylated IncV is translocated across the inclusion membrane by the T3SS. 

Upon insertion into the inclusion membrane and exposure to the cytosol (Figure 4.22, 

Step 1), IncV recruits the host kinase CK2 through a C-terminal domain containing three 

serine residues (S345, S346 and S350) that are part of CK2 recognition sites (Figure 4.22, 

Step 2). As a consequence, IncV becomes hyper-phosphorylated, including 

phosphorylation of T265 of the non- canonical FFAT and serine tracts directly upstream of 

the FFAT motifs (Figure 4.22, Step 3). These phosphorylation events lead to IncV 

interaction with VAP, tether assembly, and ER-Inclusion MCS formation (Figure 4.22, 

Step 4). Our data are consistent with CK2 playing a central role in initiating IncV hyper-

phosphorylation (Figure 4.22, Step 2), however, additional kinases must contribute, 

especially for phosphorylation of the T265 (Figure 4.22, Step 3). Importantly, the post-

translocation phosphorylation of IncV ensures optimal VAP binding while preserving 

proper T3SS-mediated translocation of IncV to the inclusion membrane. Although this 

model was in part inferred from overexpression studies, it constitutes a framework to 

guide futures studies to further dissect the complex phosphorylation events leading to the 

assembly of the endogenous IncV-VAP tether. Below we discuss our results in the 

context of emerging regulatory mechanisms of cellular MCS assembly and highlight 

conserved and pathogen-specific mechanisms. 
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Figure 4.22 Model of assembly of the IncV-VAP tether at ER-Inclusion MCS. Step 1: After 

T3SS mediated translocation, unphosphorylated IncV (pink) is inserted into the inclusion 

membrane. Step 2: IncV recruits CK2 (purple) via 3 serine residues S345, S346 and S350 (blue) 

that are part of CK2 recognition motifs and located in a C-terminal domain of IncV. Step 3: IncV 

becomes hyperphosphorylated, including phosphorylation of the non-canonical FFAT on 

threonine residue T265 (orange) and the serine-rich tract (green) immediately upstream of FFAT 

core motifs (black). Additional kinases contribute to IncV phosphorylation. Step 4: IncV 

phosphorylation leads to full mimicry of FFAT motifs and binding to VAP (yellow) resulting in 

ER-Inclusion MCS formation. P: phosphorylated residues. ncFFAT: non-canonical FFAT. 

cFFAT: canonical FFAT. Light pink: inclusion membrane. Light yellow: ER membrane. Cartoon 

generated by Isabelle Derré. 
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IncV-dependent recruitment of CK2 to the inclusion 

Few kinases phosphorylating VAP-dependent tethers have been identified (225, 226) and 

how they associate with MCS to phosphorylate their target has not been explored. Here, 

we show that IncV recruits CK2 to ER-Inclusion MCS through interaction with its C-

terminal domain, a mandatory step for IncV hyper-phosphorylation. Three serine residues 

(S345, S346, and S350) that match the CK2 recognition motifs (S-x-x-D/E) located in a C-

terminal domain of IncV are essential for CK2 recruitment to the inclusion, and IncV 

phosphorylation. However, while CK2 was required for ER-Inclusion MCS formation 

during infection, and sufficient for IncV-VAP interaction in vitro, the introduction of 

phosphomimetic mutations at S345, S346, and S350 was not sufficient to promote the IncV-

VAP interaction in vitro. While it is possible that the phosphomimetic mutations failed to 

mimic phosphorylation, it is more likely that additional phosphorylation sites exist. 

Kinase-substrate recognition is a complex process that goes beyond the simple 

recognition of a consensus sequence and can involve docking sites away from the 

phosphorylation sites (227). The cytosolic domain of IncV contains a large number of 

additional potential CK2 recognition sites. Among those, two serine residues, S253 and 

S283, located in the serine tracts upstream of the non-canonical FFAT and the canonical 

FFAT respectively, are direct CK2 targets. Additionally, serine residues S257, S258, and 

S259 (serine tract upstream of the non-canonical FFAT), and S278, S281, S282, and S284 

(serine tract upstream of the canonical FFAT) can be phosphorylated upon priming the 

serine or tyrosine residue at the last position of the CK2 recognition motif (S/T-x-x-

D/E/pS/pY).  We therefore propose that alanine substitution of S345, S346, and S350 

eliminates an essential docking site for subsequent CK2-mediated phosphorylation of 
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distal residues in the cytosolic domain of IncV, including the serine tracts next to the 

FFAT motifs (see below). Further investigation of the IncV-dependent recruitment of 

CK2 to ER-Inclusion MCS could offer some insights into kinase targeting to cellular 

MCS. Moreover, since intracellular pathogens often mimic cellular processes, our study 

points to a role for CK2 as a regulator of cellular MCS. 

 

IncV non-canonical FFAT motif and the role of T265 

Phospho-null mutation of T265 was detrimental to the IncV-dependent recruitment of 

VAP to the inclusion. Conversely, phosphomimetic mutation of T265, in the context of an 

intact canonical-FFAT, resulted in efficient VAP association with the inclusion. These 

results are similar to those obtained with the phospho-FFAT motif containing proteins 

STARD3 and VPS13D (158, 228), and could therefore, suggest that , as previously 

proposed by Di Mattia et al., the non-canonical FFAT of IncV, via phosphorylation of 

T265,  is  acting as a phospho-FFAT to mediate direct IncV-VAP interaction. However, in 

the absence of phospho-proteomic data demonstrating phosphorylation of T265, and 

inconclusive and discrepant results discussed below, further investigation is required to 

validate that IncV non-canonical FFAT is a phospho-FFAT. First, in the context of a 

mutated canonical FFAT motif, phosphomimetic mutation of T265 was unable to confer 

the anticipated partial rescue of VAP recruitment to the inclusion. The T265D/P266A 

phosphomimetic mutation was based on STARD3, where the proline residue directly 

downstream of the threonine residue had to be mutated to an alanine to introduce 

flexibility in the amino acid chain and allow for the aspartic acid to act as a 

phosphomimetic (158). This approach was successful to rescue VAP binding to VAP 
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interacting proteins containing only a single phospho-FFAT motif, like STARD3 and 

VPS13D (158, 228), and to IncV containing an additional wild-type canonical FFAT, but 

it may not be optimal for IncV in the context of a mutated canonical FFAT motif, perhaps 

because of the tertiary structure of the protein. Second, in the context of IncV, the 

VAPK50L mutation led to partially inconclusive results, which could be due to low 

residual binding of VAPK50L to IncV non-canonical FFAT motif and/or an overall 

reduced activity towards the canonical FFAT. Further characterization of the VAPK50L 

mutant, especially in the context of proteins containing both a phosho-FFAT and a 

canonical FFAT, could settle these possibilities. Third, in vitro, the phosphomimetic 

mutation of T265 was not sufficient to promote VAP binding, suggesting that 

phosphorylation of T265 is not required in this setting. This conclusion is in line with the 

fact that, in vitro, CK2 phosphorylated IncV interacts with VAP, despite the fact that T265 

is not a CK2 target and is therefore presumably not phosphorylated in this particular 

experiment. Collectively these results suggest that in vitro CK2 phosphorylation of IncV 

may result in suboptimal binding to VAP, which could be further increased during 

infection by phosphorylation of T265. It is also possible that the dynamics of IncV-VAP 

interaction are different in vitro, compared to infection conditions, and that 

phosphorylation of T265 is not needed in this context. Alternatively, it is possible that 

phosphorylation of T265 is necessary in vivo for something other than VAP binding, such 

as the recruitment or activation of CK2, a step that may be bypassed in vitro given the 

high amount of CK2. Similarly, the positive in vitro interaction between IncVS/D and 

VAP, in the absence of T265 phosphorylation, could indicate either suboptimal in vitro 

binding that could be strengthened in vivo by phosphorylation of T265, or a function 
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independent of VAP binding and leading to phosphorylation of the serine tracts. The 

latter would be consistent with the partial bypass of the need for CK2 for VAP 

association with the inclusion upon phosphomimetic mutation of T265. This result also 

suggests that phosphorylation of T265 is dependent on, and temporally downstream of, 

CK2 binding to S345, S346 and S350 in the C-terminal of IncV, potentially by allowing the 

recruitment of the yet to be identified kinase responsible for phosphorylating T265. 

The presence of a phospho-FFAT in IncV would add to the growing list of 

proteins that interact with VAP via a phospho-FFAT. These include STARD3 at ER-

endosome contacts, the potassium channel Kv.2 at ER-PM contacts in neurons, Miga at 

ERMCS, and VPS13D at ER-mitochondria MCS (158, 225, 228, 229). Moreover, a 

putative phospho-FFAT in the norovirus protein NS2 is essential for interaction with 

VAP and viral replication (215), indicating that this mechanism of interaction with VAP 

might also be conserved amongst pathogens. 

In the context of the STARD3-dependent formation of ER-endosome contacts, the 

presence of a single phospho-FFAT is proposed to act as a molecular switch to regulate 

contact formation (158). In the case of proteins that contain a combination of a canonical 

FFAT and a phospho-FFAT, such as PTPIP51, an ER-mitochondria contact protein  

(152), and potentially IncV, it is unclear how a most likely constitutive canonical FFAT 

and a regulated FFAT motif cooperate, if one is dominant over the other, and how 

advantageous such a combination is with respect with MCS regulation. In the case of 

IncV, one could speculate that the canonical FFAT motif allows for a baseline level of 

VAP recruitment to the inclusion and MCS formation while a phospho-FFAT could 

increase VAP recruitment beyond this baseline.  
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The IncV-VAP interaction is mediated by phosphorylatable serine tracts 

In eukaryotic FFAT motifs, a number of negative charges upstream of the FFAT motif is 

proposed to facilitate the initial interaction with the MSP domain of VAP (212). This 

negatively-charged surface is conferred by acidic residues, but phosphorylated residues 

have been implicated in a few instances. The phosphorylation, by an unknown kinase, of 

a single serine residue six amino acids upstream of the CERT FFAT motif (S315) 

enhances the CERT-VAP interaction (230). Similarly, the phosphorylation of three serine 

residues directly upstream of the FFAT-like motif of ACBD5 promotes VAP binding and 

peroxisome-ER contacts formation (226). We note that two of these serine residues (S259 

and S261) are putative CK2 targets, so it would be interesting to determine if CK2 also 

plays a role in assembly of the ACBD5-VAP tether. Another example are six serine 

residues, spread over 21 residues upstream of the core FFAT motif of Miga, shown to 

facilitate the Miga-VAP interaction (225). At least two kinases CKI and CaMKII, were 

required for Miga phosphorylation; however, other kinases are likely involved (225). In 

the case of IncV, the mimicry of an acidic track via phosphorylatable residues seems to 

be brought to the extreme, since the eight to ten amino acid stretch directly preceding 

each FFAT motif include 80 to 87% of serine residues, the remaining residues being 

acidic. Except for OSBP2/ORP4, which contains 6 acidic residues (including a 

phosphorylatable threonine), most acidic tracts contain few acidic residues directly 

upstream of the core of the FFAT motif (231). IncV is the first example of a FFAT motif-

containing protein that displays serine tracts in place of acidic tracts. If built into the 

available FFAT motif identification algorithms, this feature could potentially reveal 

additional cellular VAP interacting proteins (158, 211).  
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Phospho-regulation and pathogenesis 

During co-evolution with the mammalian host, obligate intracellular bacteria such as 

Chlamydia have evolved to take advantage of and manipulate cellular machinery. One 

mechanism is via molecular mimicry, in which the pathogen mimics features that are 

uniquely present in host proteins (232). In the case of IncV and acidic tracks in FFAT 

motifs, however, one could wonder why evolution would converge toward a mechanism 

relying on phosphorylation by host cell kinases, as opposed to simply selecting for 

genetically encoded acidic residues. In the case of Chlamydia Inc proteins, it is possible 

that tracks of aspartic acid or glutamic acid residues would create an excess of negative 

charges that may interfere with Type III secretion. In support of this notion, we found 

that Chlamydia IncV is no longer properly translocated to the inclusion membrane when 

the serine tracts are mutated to aspartic acid residues, and instead remains trapped within 

the bacteria. Our results support the notion that the recruitment of CK2 to the inclusion 

supports the assembly of the IncV-VAP tether. In addition, we cannot exclude the 

possibility that the recruitment of a phosphatase to ER-Inclusion MCS may contribute to 

the disassembly of IncV-VAP tethers, as shown for the calcineurin-dependent 

disassembly of Kv.2-VAP ER-PM contacts in neurons (233). A combination of host cell 

kinases and phosphatases could thus regulate the dynamics of ER-Inclusion contact sites 

during the Chlamydia developmental cycle. 
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Materials and Methods. 

Ethics statement. 

All genetic manipulations and containment work were approved by the UVA Biosafety 

Committee and are in compliance with the section III-D-1-a of the National Institutes of 

Health guidelines for research involving recombinant DNA molecules. 

Cell lines and bacterial strains. 

HeLa cells (ATCC CCL-2) and HEK293 cells (ATCC CRL-1573) were maintained in 

DMEM high glucose (Gibco) containing 10% heat-inactivated fetal bovine serum 

(Gibco) at 37˚C and 5% CO2. Chlamydia trachomatis Lymphogranuloma venereum, type 

II (ATCC L2/434/Bu VR-902B) was propagated in HeLa cells as previously described 

(181). The incV::bla mutant strain of C. trachomatis (also known as CT005::bla) was 

obtained from Ted Hackstadt (NIH, Rocky Mountain Laboratories) (99). All cell lines 

and Chlamydia strains are routinely tested for mycoplasma contamination. 

Plasmid construction. 

Inserts were generated by PCR using the primers (IDT) listed in Table 4.1, and the 

Herculase DNA polymerase (Stratagene). The inserts were cloned as described below 

using restriction enzymes (NEB) and T4 DNA ligase (NEB).  

Vectors for expression in mammalian cells. 

The IncV-3xFLAG construct cloned in the pCMV-IE-N2-3xFLAG vector was previously 

described (68). The YFP-CK2α and YFP-CK2β plasmids were kind gifts from Claude 

Cochet and Odile Filhol-Cochet (Institut Albert Bonniot Departement Reponse et Dy-

namique Cellulaires) and were previously characterized (234). The pCFP-VAP and 

pYFP-VAP plasmids were constructed by cloning the VAPA open reading frame (ORF) 
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into pCMV-N1-CFP and pCMV-N1-YFP, respectively, using AgeI and HindIII 

restriction sites. The pYFP-VAPK50L plasmid was constructed by cloning the VAPA ORF 

encoding the K50L mutation (generated my overlapping PCR), into pCMV-N1-YFP 

using AgeI and HindIII restriction sites. 

Vectors for expression in E. coli. 

The GST-VAPMSP plasmid was previously described (68). MBP-VAPMSP was constructed 

by cloning the MSP domain of VAPA using NotI and BamHI into pMAL. The GST-

IncV167-363 fusion constructs WT, S3D, S/D or T265D/P266A were generated by cloning 

a DNA fragment encoding amino acids 167-363 of IncV with the indicated mutations 

into the BamHI and XhoI restriction sites of pGEX-KG. 

Vectors for expression in C. trachomatis. 

All the constructs to express the various IncV-3xFLAG constructs (1-356, 1-341, S3A, 

T265A, T265A/Y287A, T265D/P266A, T265D/P266A/Y287A, T265D/P266A/S3A, 

S/A, and S/D) from the aTc inducible promoter were generated by overlapping PCR and 

cloned into KpnI and NotI of the p2TK2Spec-SW2 mCh(Gro) vector (182). The Tet-

IncVFL, Tet-IncVF263A/Y287A, and Tet-IncVY287A constructs were previously described (68). 

C. trachomatis transformation and incV::bla complementation. 

Wild type C. trachomatis or an incV mutant (incV::bla) were transformed using our 

previously described calcium-based Chlamydia transformation procedure (182).  

DNA transfection. 

Cells were transfected with mammalian construct DNA according to manufacturer 

instructions with X-tremeGENE 9 DNA Transfection Reagent (Roche). 
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SDS-PAGE. 

Cells were either directly lysed in 2x Laemmli buffer with 10mM DTT or IncV was 

purified as described in the immunoprecipitation and protein purification sections then 

suspended in a final concentration of 1x Laemmli buffer with 10mM DTT. Protein 

samples were separated using SDS-PAGE. 

Immunoblotting. 

After SDS/PAGE, proteins were transferred onto nitrocellulose membranes (GE 

Healthsciences). Prior to blocking, membranes were stained with Ponceau S in 5% acetic 

acid and washed in dH2O. Membranes were incubated for 1 hour with shaking at room 

temperature in blocking buffer (5% skim milk in 1x PBS with 0.05% Tween). 

Membranes were then incubated with primary and secondary (HRP-conjugated) 

antibodies diluted in blocking buffer overnight at 4˚C and 1 hour at room temperature, 

respectively, with shaking. ECL Standard western blotting detection reagents 

(Amersham) were used to detect HRP-conjugated secondary antibodies on a BioRad 

ChemiDoc imaging system. CK2β was detected using secondary antibodies conjugated to 

Alexa Fluor 800 on Li-Cor Odyssey imaging system. 

Antibodies. 

The following antibodies were used for immunofluorescence microscopy (IF) and 

immunoblotting (WB): mouse monoclonal anti-FLAG [1:1,000 (IF); 1:10,000 (WB); 

Sigma], rabbit polyclonal anti-CK2β [1:200 (IF); 1:1,000 (WB); Bethyl Antibodies]; 

rabbit polyclonal anti-thiophosphate ester antibody [1:2000 (WB); Abcam], rabbit 

polyclonal anti-MBP [1:10,000 (WB); NEB], rabbit polyclonal anti-GAPDH [1:10,000 

(WB); ], rabbit polyclonal anti-mCherry [1:2,000 (WB); BioVision], rabbit polyclonal 
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anti-actin [1:10,000 (WB); Sigma], HRP-conjugated goat anti-rabbit IgG [1:10,000 

(WB); Jackson], HRP-conjugated goat anti-mouse IgG [1:10,000 (WB); Jackson], Alexa 

Fluor 514-, 800-, or Pacific Blue-conjugated goat anti-mouse IgG [1:500 (IF); 1:10,000 

(WB); Molecular Probes]. 

Immunoprecipitation of IncV-3xFLAG from HEK293 cells infected with C. 

trachomatis. 

800,000 HEK293 cells were seeded into one well of a six-well plate (Falcon) and 

infected the following day with C. trachomatis at a multiplicity of infection (MOI) of 5. 

8h pi, media containing 2ng/mL anhydrotetracycline (aTc) was added to the infected cells 

for 16 hours. 24 hours pi, culture media was removed from the cells and 500μL of lysis 

buffer (20 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, protease 

inhibitor mixture EDTA-free (Roche)) was added per well. Cells were lysed for 20 

minutes at 4˚C with rotation. Lysates were centrifuged at 16,000xg for 10 minutes at 4˚C 

to pellet nuclei and unlysed cells. Cleared lysates were incubated with 10μL of anti-

FLAG M2 affinity beads (Sigma) for 2 hours at 4˚C with rotation. The beads were 

washed with lysis buffer three times. Proteins were eluted with 50μL of 100μg/mL 

3xFLAG peptide (Sigma) in 1x Tris-buffered saline. For cells transfected with pCMV-IE-

N2-IncV-3xFLAG, cells were not infected, and the remainder of the protocol remained 

the same starting with removal of media and lysing. 

Phosphatase assay. 

Immunoprecipitation was performed as described above with the following changes: The 

beads were washed with 1x Tris-buffered saline (TBS) three times and proteins were 

eluted with 55μL of 100μg/mL 3xFLAG peptide (Sigma) in 1x TBS. 20μL of eluate was 
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combined with 2.5μL of 10mM MnCl2, 2.5μL  of 10x PMP buffer (NEB), and 400 units 

of lambda (λ) phosphatase (NEB) for 24 hours at 4˚C. The assay was halted by adding 

5μL of 6x Laemmli buffer with 10mM DTT. Samples were boiled and 10μL of sample 

was then used in SDS-PAGE. 

DNA transfections and infections for microscopy. 

HeLa cells were seeded onto glass coverslips and transfected with YFP-CK2 (α or β), 

CFP-VAP, YFP-VAP or YFP-VAPK50L the following day. 24 hours post-transfection, 

cells were infected with the indicated strain of C. trachomatis at a MOI of 1. 20 hours pi, 

media containing 20ng/mL aTc (final concentration) was added for 4 hours to induce 

expression of IncV-3xFLAG.  

Immunofluorescence and confocal microscopy. 

HeLa cells seeded on glass coverslips and infected with C. trachomatis were fixed 24 

hours pi with 4% paraformaldehyde in 1x PBS for 20 minutes at room temperature then 

washed with 1x PBS three times. The coverslips were sequentially incubated with 

primary and secondary antibodies in 0.1% Triton X-100 in 1x PBS for 1 hour at room 

temperature. For coverslips stained with anti-CK2β, antibodies were diluted in 0.5% 

Triton X-100 and 5% BSA in 1x PBS. Coverslips were washed with 1x PBS three times 

then mounted with glycerol containing DABCO and Tris pH 8.0. Confocal images were 

obtained using an Andor iXon ULTRA 888BV EMCCD camera and a Yokogawa CSU-

W1 Confocal Scanner Unit attached to a Leica DMi8 microscope. 1 μm thick Z slices 

covering the entirety of the cell were captured. Image analysis was performed using the 

Imaris software. All the micrographs within a given figure panels are at the same scale. 
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Quantification of YFP-CK2β, CFP-VAP, and YFP-VAP inclusion association. 

Quantification was performed using the Imaris imaging software. A step-by-step 

illustration of the quantification method is presented in Figure 4.6. Quantification of the 

IncV-3xFLAG associated with the inclusion was performed to ensure there was no defect 

in inclusion localization (Figure 4.6A). The sum of the voxels corresponding to the IncV-

3xFLAG signal above the threshold set by the signal within the cytosol was calculated for 

IncV-3xFLAG and mCherry. Objects were edited such that IncV-3xFLAG colocalizing 

with the mCherry bacteria was removed. The IncV-3xFLAG volume was normalized to 

its corresponding inclusion volume to determine the inclusion association of IncV in 

arbitrary units [au]. The association of a given marker was then determined as follow 

(Figure 4.6B, YFP-VAP is shown as an example). Within the three-dimensional (3D) 

object generated from the raw signal of IncV-3xFLAG at the inclusion membrane, the 

mean intensity of the marker of interest was calculated and normalized to the mean 

intensity of the marker of interest within the cytosol surrounding the inclusion (average 

of 10 small 3D spheres) to determine the inclusion association of the marker of interest in 

arbitrary units [au]. A similar approach was used in Figure 4.8E, except that the mean 

intensity of CFP-VAP was determined within 3D objects generated from the raw signal 

of the YFP-CK2 at the inclusion and normalized to the CFP-VAP mean intensity in the 

cytosol.  

Each experiment was performed in triplicate with at least 20-30 inclusions 

analyzed per condition per replicate. Unless specified, data from 3 independent replicates 

are combined into a single graph. Each point on the graph represents a single inclusion 
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with the average value and SEM shown. Student’s t-tests or one-way ANOVA with 

multiple comparisons were performed. 

Protein purification. 

Expression of GST, GST-VAPMSP, GST-IncV167-363, GST-IncV167-363 S/D or MBP-

VAPMSP was induced for two hours by the addition of isopropyl-β-ᴅ-

thiogalactopyranoside (0.1mM, final concentration) to a 10 mL culture of E. coli BL21-

DE3 at OD 0.8. Bacterial pellets were stored at -80˚C. Frozen pellets were thawed and 

resuspended in 800μL sonication buffer (20 mM Tris pH 7.5, 300 mM NaCl, 2 mM 

EDTA, 1 mM MgCl2, 1% Triton X-100, 1mM DTT, 1mM PMSF). The samples were 

sonicated using five 5-second pulses at 40% power then centrifuged at 13,000xg for 10 

minutes at 4˚C. 40μL of glutathione Sepharose beads (GE) for GST-tagged constructs 

and 40μL of Amylose resin for MBP-tagged constructs were washed three times with 

sonication buffer then added to the cleared lysate and incubated for 2 hours at 4˚C with 

rotation. The beads were washed three times in TBS. 

In vitro kinase assay. 

Protein bound glutathione Sepharose beads were resuspended in 1x NEBuffer™ for 

Protein Kinases supplemented with 1mM ATPγS and 10 units of CK2 (NEB) and 

incubated at 30˚C for 45 minutes. P-Nitrobenzyl mesylate (PNBM) was added to the 

kinase reaction at a final concentration of 2.4mM for 2 hours at room temperature in the 

dark. The PNBM alkylation reaction was quenched by adding an equal volume of 2x 

Laemmli buffer. Proteins were separated using SDS-PAGE on a 12% acrylamide gel then 

transferred to a nitrocellulose membrane. The membrane was stained with Ponceau S in 

5% acetic acid to detect total protein then washed in dH2O. The membrane was then 
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probed with anti-thiophosphate ester antibodies to detect phosphorylated proteins which 

were detected with HRP-conjugated secondary antibodies.  

In vitro binding assay. 

First, GST, GST-IncV167-363, GST-IncV167-363 S/D, and MBP-VAPMSP were purified as 

described in protein purification. MBP-VAPMSP was eluted from amylose resin using 

100μL 1x TBS supplemented with 10mM maltose monohydrate. GST, GST-IncV167-363, 

or GST-IncV167-363 S/D attached to glutathione beads were washed three times in 

sonication buffer. 500μL of sonication buffer containing 1.25μg MBP-VAPMSP was 

added to each tube with GST beads and binding was allowed to occur overnight at 4˚C 

with rotation. Following overnight binding, beads were washed three times in 1x TBS. 

After the final wash, all liquid was removed from the beads which were then suspended 

in 20μL 2x Laemmli buffer. The entire sample was separated by SDS-PAGE, proteins 

transferred to a nitrocellulose membrane which was stained with Ponceau S to detect the 

GST construct then probed with anti-MBP to detect MBP-VAPMSP. 

In vitro binding assay with IncV dephosphorylation. 

First, the phosphatase assay was performed with the following changes: 1,000,000 

HEK293 cells stably transfected with pCMV-IE-N2-IncV-3xFLAG were seeded per 6 

well. 6 wells were lysed in 500μL lysis buffer each and lysates from two wells were 

combined. 10μL of anti-FLAG beads were added per 1000μL cleared lysate for 2 hours at 

4˚C with rotation. All beads were combined after the first wash, and proteins were eluted 

in 150μL elution buffer (130μL eluate collected).  

Next, GST and GST-VAPMSP were purified as described in protein purification. Per 

phosphatase assay tube: 1.5μg of GST or GST-VAPMSP attached to beads (determined 
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empirically by comparison of Coomassie stained gel to BSA standard curve) were 

suspended in 500μL lysis buffer then added to tubes containing the IncV-3xFLAG-

containing eluate (+/- phosphatase treatment). Binding was allowed to occur overnight at 

4˚C with rotation. 

To confirm that IncV dephosphorylation was successful, a set of control tubes were 

incubated with beads alone (no GST construct) in lysis buffer to mimic experimental 

conditions. 

24 hours after binding, beads were washed three times in 1x TBS. After the final wash, 

all liquid was removed from the beads which were then suspended in 20μL 2x Laemmli 

buffer. The entire sample was separated by SDS-PAGE, proteins transferred to a 

nitrocellulose membrane which was stained with Ponceau S to detect the GST construct 

then probed with anti-FLAG to detect IncV-3xFLAG. 

In vitro binding assay with CK2 phosphorylation of IncV. 

First, GST, GST-IncV167-363, and MBP-VAPMSP were purified as described in protein 

purification. MBP-VAPMSP was eluted from amylose resin using 100μL 1x TBS 

supplemented with 10mM maltose monohydrate. 1.5μg of GST or GST-IncV167-363 

attached to glutathione beads (determined empirically by comparison of Coomassie 

stained gel to BSA standard curve) or beads alone were suspended in 1x NEBuffer™ for 

Protein Kinases with 200μM ATP (Thermo) and 100 units of CK2 (NEB) at 30˚C for 45 

minutes. Beads were washed three times in sonication buffer. 1.25μg MBP-VAPMSP 

suspended in 500μL sonication buffer was added to each tube with beads and binding 

was allowed to occur overnight at 4˚C with rotation. 24 hours after binding, beads were 

washed three times in 1x TBS. After the final wash, all liquid was removed from the 
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beads which were then suspended in 20μL 2x Laemmli buffer. The entire sample was 

separated by SDS-PAGE, proteins transferred to a nitrocellulose membrane which was 

stained with Ponceau S to detect the GST construct then probed with anti-MBP to detect 

MBP-VAPMSP. 

GST-Pull down immunoblot quantification. 

Immunoblots and Ponceau S staining were quantified using the ImageJ software (NIH). 

The immunoblot band intensity was normalized to the Ponceau S band intensity and the 

fold change determined relative to wild type or untreated conditions.  

CK2 depletion using siRNA. 

CK2 was depleted from cells using a pool of four siRNA duplexes or each duplex 

individually that was transfected with Dhamafect 1 transfection reagents. On day 0, one 

volume of 200nM siRNA in siRNA buffer was incubated with one volume of 5μL/mL of 

Dharmafect 1 transfection reagent in DMEM high glucose in a well for 20 minutes at 

room temperature. Two volumes of DMEM High Glucose supplemented with 20% FBS 

and 200,000 HeLa cells per mL were added to the well. Cells were incubated at 37˚C 

with 5% CO2 for three days. The total volume for one 96 well was 120μL. The CSNK2B 

target sequence for each individual siRNA duplex was: A, 

CAACCAGAGUGACCUGAUU; B, GACAAGCUCUAGACAUGAU; C, 

CAGCCGAGAUGCUUUAUGG; D, GCUCUACGGUUUCAAGAUC. The efficacy of 

the knock down was quantified using the ImageJ software (NIH). The CK2 band intensity 

was normalized to the GAPDH band intensity and the knock down efficacy was 

determined relative to the mock condition.  
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CK2 inhibition using CX-4945 or GO289. 

CK2 was inactivated using the CK2-specific inhibitor CX-4945 (0308, Advanced 

Chemblocks) or GO289 (17586, AOBIOUS), as described in the result sections.  

Electron microscopy. 

HeLa cells were infected with a strain of C. trachomatis expressing IncVWT or IncVS3A-

3xFLAG under the control of the aTc inducible promoter. Twenty hours pi cells were 

incubated in the presence of 20 ng/mL of aTc. Twenty-four hours pi, the samples were 

fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 60 min at RT. After 

fixation, cells were scraped off and pelleted, as described previously (235). Ultrathin 

sections of infected cells were stained with osmium tetraoxide before examination with 

Hitachi 7600 EM under 80 kV equipped with a dual AMT CCD camera system. 

Quantitative measurement of length for the inclusion membrane and host ER elements 

attached to this membrane was performed using ImageJ on 24 representative electron 

micrographs at low magnification to ensure the entire inclusion fit into the field of view. 
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Summary of Major Findings 

My thesis work has shown that multiple host glycolytic enzymes localize to the C. 

trachomatis inclusion membrane (Figure 3.2). This host enzyme localization increases 

throughout development and corresponds to a decrease in bacterial glycolytic enzyme 

expression (Figure 3.5A and Figure 3.11), indicating that there is potential interplay 

between host and bacterial glycolytic metabolism throughout C. trachomatis 

development. We also showed that depletion of the host glycolytic enzyme Aldolase A 

resulted in a significant decrease in C. trachomatis inclusion size and infectious progeny 

production, indicating the importance of host glycolysis for C. trachomatis intracellular 

development. 

 Additionally, my thesis work has shown that the IncV-VAP tethering complex, 

and thus the formation of ER-inclusion MCS, is regulated through multiple host kinase-

mediated phosphorylation events. We have specifically demonstrated a role for the host 

kinase CK2 in regulating the IncV-VAP tethering complex during infection (Figure 4.4). 

Moreover, we have shown that phosphorylation of the serine-rich tracts directly upstream 

of the two IncV core FFAT motifs allows for proper IncV translocation and plays a role 

in facilitating the IncV-VAP interaction (Figure 4.19E). Not only does this work 

implicate CK2 as a potential regulator of other cellular MCS, but could also allow for the 

identification of additional FFAT motif containing proteins if displaying a serine tract in 

place of an acidic tract is incorporated into current FFAT motif identification algorithms. 

Below, I discuss future directions and implications of my thesis work as well as the 

overall significance of my findings.  
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Identification of additional ER-Inclusion MCS components 

A preliminary APEX proximity labeling screen to identify additional factors at ER-

inclusion MCS identified six host glycolytic enzymes as being present at the inclusion 

membrane and we have since experimentally validated and characterized the localization 

of three of these host enzymes to the inclusion membrane (236). However, we observed 

that the host glycolytic enzymes appeared evenly distributed over the inclusion 

membrane, rather than in distinct patches as observed for other host factors present at 

ER-Inclusion MCS (Figure 3.2). Thus, our screen is likely not specific to ER-Inclusion 

MCS, but rather the inclusion membrane in general and needs to be optimized to 

specifically identify factors at these contact sites.  

  

Optimization of proximity labeling to increase ER-inclusion MCS specificity 

The specificity of our screen could be improved by fusing the proximity labeling enzyme 

to a bacterial protein present at ER-inclusion MCS, rather than a host protein that 

localizes to additional locations throughout the host cell. We have attempted to fuse both 

the BioID and APEX proximity labeling enzymes to IncV, a known bacterial component 

of ER-inclusion MCS, however the fusion proteins were defective in their catalytic 

activity or expression, respectively (Figure 2.2 and Figure 2.3). Since the APEX2 

proximity labeling enzyme has been successfully fused to other Inc proteins (173-175), it 

is likely that the conformation of IncV is not amenable for use in proximity labeling. In 

future studies, the BioID or APEX2 enzymes could be fused to the other bacterial protein 

that is a known components of ER-inclusion MCS, IncD.  
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Advances in proximity labeling techniques have led to the generation of Split-

BioID and Split-APEX2. In these techniques the BioID or APEX enzyme are divided into 

N- and C-terminal fragments that can then reform a functional enzyme upon being in 

close proximity (162). Future work could utilize one of these split construct systems 

where one half of the enzyme is attached to a bacterial Inc protein and the other half of 

the enzyme is attached to a known host interacting partner at ER-inclusion MCS. Use of 

the split construct system would reduce the non-specific background of our screen 

because the proximity labeling enzymes should only be functional upon reconstitution at 

ER-inclusion MCS. Additionally, because only a portion of the proximity labeling 

enzyme is being fused to the Inc protein, this may improve the ability of the fusion 

protein to be expressed by Chlamydia and remain functional. 

 

An alternative approach to proximity labeling 

As an alternative approach to proximity labeling, Spatially Targeted Optical Micro 

Proteomics (STOMP) could be used to identify additional effectors at ER-inclusion MCS 

(237). In STOMP, regions of interest are labeled for identification by immuno-

florescence microscopy and the images are then used to generate “MAP” files of the 

region of interest. The “MAP” files can then be used to guide two-photon laser driven 

cross-linking of a photoreactive affinity tag at the region of interest. Affinity purification 

and mass spectrometry can then be utilized to isolate and identify proteins within the 

region of interest (237). Recently, an automated STOMP technique (autoSTOMP) has 

been developed that 1) coordinates the image capture and cross-linking functions and 2) 

utilizes a commercially available biotin-benzophenone photo-cross-linker to make the 
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STOMP protocol more accessible and user friendly (238). While the spatial resolution of 

STOMP (~ 0.6-1μm) is not as high as proximity labeling techniques such as BioID and 

APEX (~10nm), it is beneficial in that it does not require genetic manipulation to express 

a fusion protein that must then be accurately targeted to a specific region of interest. In 

order to identify components at ER-inclusion MCS, STOMP could be performed on cells 

infected with an IncV overexpressing strain of C. trachomatis. As with proximity 

labeling approaches, recruitment of candidate host factors to ER-inclusion MCS would 

need to be validated and assessed for co-localization with known ER-inclusion MCS. 

STOMP could also aid in determining the mechanism of host glycolytic enzyme 

localization to the inclusion by comparing proteins identified by STOMP at the 60% 

inclusions that exhibit glycolytic enzyme localization versus the 40% of inclusions that 

do not (Figure 3.2 C). Proteins enriched at inclusions exhibiting glycolytic enzyme 

localization could then be overexpressed or disrupted, and the effects on host glycolytic 

localization to the inclusion assessed by confocal microscopy.  

 

Analyses to identify potential candidate effectors  

Even with increasing the specificity of the proximity labeling screen or utilizing STOMP, 

non-specific background is likely to still be an issue, thus the analysis of the identified 

proteins will also need to be optimized. The Significance Analysis of INTeractome 

(SAINT) software package takes quantitative proteomics data and generates confidence 

scores for putative interactions, which aids in removing non-specific interactions in an 

un-biased manner (239). Similar proximity labeling studies have utilized SAINT in order 

to assign significance to the identified proteins, and this same analysis could be applied to 
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proteins identified in our screen (174). Additionally, we could directly compare the 

results of our screen against proteins identified in similar proximity labeling screens. 

Identifying proteins that were also found in similar proximity labeling screens would 

increase our confidence in the candidate proteins being present at the inclusion 

membrane. However, as these previous proximity labeling screens have sought to label 

the inclusion membrane in general, this comparison would not necessarily aid in the 

specific identification of ER-inclusion MCS components. If we were able identify 

proteins that were common to all of the screens, but specifically enriched in our screen, 

this could indicate ER-inclusion MCS specificity. However, as highlighted by Olson et 

al., differences in experimental procedure and data analysis methods between these 

studies can make direct comparison difficult (240).  

 

Prioritizing potential candidate effectors 

Proximity labeling screens can often result in the identification of hundreds to thousands 

of potential candidate proteins, therefore, prioritizing candidate proteins for further 

validation and characterization is an important consideration. Based on our finding that 

host glycolytic enzymes localize to the inclusion membrane, it would be interesting to see 

if host glycolytic enzymes continue to be identified in the screen, and would provide 

insight on whether the host glycolytic enzymes localize to ER-Inclusion MCS 

specifically or the inclusion membrane in general. Given that additional host kinases are 

likely involved in the phosphorylation of IncV, host kinases identified in the screen 

would also be of interest as potential additional kinases that phosphorylate IncV, 

especially those that were also previously predicted to interact with IncV in the Inc-
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Human interactome (198). In addition to kinases, I would be particularly interested in 

identifying phosphatases that could de-phosphorylate IncV and provide additional insight 

into the regulation of the IncV-VAP tethering interaction and ER-inclusion MCS 

formation and maintenance. Due their localization at the inclusion membrane and known 

ability to interaction with host cell molecules and organelles, any Chlamydia Inc proteins 

would also be of interest, not only as potential ER-inclusion MCS components, but also 

as potential bacterial factors facilitating the localization host glycolytic enzymes to the 

inclusion. Additionally, as several host factors known to function at a variety of cellular 

MCS have been identified as components of ER-inclusion MCS, any host cell factors that 

are known components of cellular membrane contact sites would also be of interest. 

Oxysterol binding protein (OSBP) and extended synaptotagmins (E-syts) proteins that 

serve as both tethers and lipid transfer proteins at ER-Golgi and ER-plasma membrane 

contact sites respectively, are representative of such host proteins (206). Future studies 

could utilize confocal microscopy to verify recruitment of the identified host and 

bacterial candidates to the inclusion membrane and co-localization with known ER-

inclusion MCS. To determine if the identified host or bacterial factors play a role in C. 

trachomatis intracellular development, inclusion size and infection progeny production 

could be measured following infection with C. trachomatis mutant strains or host gene 

silencing by siRNA duplexes. 

 

The role of host glycolytic enzyme inclusion localization 

We have shown that several host glycolytic enzymes are recruited to the inclusion 

membrane (Figure 3.2) and that at least one host glycolytic enzyme, Aldolase A, is 
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important for Chlamydia development (Figure 3.10). However, the specific role that these 

enzymes are playing at the inclusion membrane is not fully understood. 

 The presence of the host glycolytic enzymes at the inclusion could simply be 

generating a local pool of ATP that can then be used by the bacteria. Alternately, rather 

than direct ATP production, the host glycolytic enzymes could be generating glycolytic 

intermediates that can be utilized by the bacteria. For example, the glycolytic 

intermediate glucose-6-phoshate is known to be imported by the bacteria and is largely 

used for cell-wall biosynthesis (42). The glycolytic pathway also directly feeds into other 

metabolic pathways, such as the pentose phosphate pathway and the TCA cycle (Figure 

1.1). Thus, another possibility is that an increase in glycolysis at the inclusion membrane 

is leading to a local upregulation of the pentose phosphate pathway and/or TCA cycle to 

provide the bacteria with host nucleotides or TCA cycle intermediates respectively.  

 An important consideration regarding the role of the host glycolytic enzymes at 

the inclusion is how glycolytic intermediates or other host metabolites are entering the 

inclusion to be available for use by the bacteria. The permeability of the inclusion 

membrane is not well understood. Originally, the inclusion was shown to be impermeable 

to low-molecular weight compounds greater that 520 Da (201). However, additional 

studies have demonstrated that the inclusion membrane is permeable to ions, indicating 

that host metabolites such as glycolytic substrates, which are smaller than 520 Da, may 

be able to enter the inclusion (202). However, further experiments are required to validate 

that these metabolites can passively enter the inclusion. Validating that host metabolites 

can enter the inclusion would require florescent analogs that could distinguish the 

presence of glycolytic intermediates in the host cell cytosol versus the inclusion. It is also 
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possible that the localization of host glycolytic enzymes does not serve to generate 

metabolites that enter the inclusion, but rather to provide ATP for kinase phosphorylation 

or lipid/ion exchange reactions at the inclusion surface that mediate interaction with the 

host cell.  

 All of the aforementioned roles for localization of host glycolytic enzymes to the 

inclusion rely on the assumption that the enzymes are functional and participating 

actively in glycolysis. However, it is also possible, albeit less likely, that the inclusion is 

sequestering host glycolytic enzymes and/or reducing their activity. A recent study with 

Hepatitis B Virus (HBV) found that large viral surface antigens of HBV bind to host 

PKM2 and reduce its enzymatic activity, which shifts the host cell to aerobic glycolysis 

(241). A similar shift to aerobic glycolysis has been observed upon C. trachomatis 

infection (53), thus it is intriguing to think about the possibility that C. trachomatis is 

able to help shift the cell to aerobic glycolysis, in part by sequestering and reducing the 

activity of PKM2. If this were the case, treatment with activators of PKM2 (242) might 

be expected to negatively affect C. trachomatis growth and development. However, since 

only the pool of PKM2 localized to the inclusion would be affected, C. trachomatis may 

not be able to inhibit enough PKM2 to shift the cell to aerobic glycolysis.  

 Although we showed that depletion of host AldoA negatively affects C. 

trachomatis development (Figure 3.10), additional studies are needed to determine if 

depletion of PKM2, LDHA, or other host glycolytic enzymes have similar effects on C. 

trachomatis development. If siRNA knockdown of PKM2 or LDHA also resulted in 

decrease inclusion size or infectious progeny production, then that would indicate that 
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host glycolytic enzymes in general, not just Aldolase A specifically, play a role in C. 

trachomatis intracellular growth.  

 

The role of bacterial glycolytic enzymes in C. trachomatis development 

The C. trachomatis glycolytic enzymes were shown to be functional by heterologous 

expression in E. coli (45), however saturated EMS mutagenesis was able to generate a 

nonsense mutation in the enzyme responsible for shuttling glucose-6-phosphate into the 

glycolytic pathway, glucose-6-phosphate isomerase (pgi). This led to the hypothesis that 

the glycolytic pathway is expendable for C. trachomatis (46). It is possible, however, that 

the production of fructose-6-phosphate through the pentose phosphatase pathway could 

compensate for glucose-6-phosphate isomerase activity. Since saturated EMS 

mutagenesis did not generate nonsense mutations in any of the other C. trachomatis 

glycolytic enzymes (46), the glycolytic pathway may actually be essential for C. 

trachomatis development. To determine the essentiality and function of these glycolytic 

enzymes, future studies could attempt to generate bacterial glycolytic mutant strains of C. 

trachomatis. Based on our findings that bacterial glycolytic enzyme expression is 

downregulated throughout development (Figure 3.11), I hypothesize that the C. 

trachomatis glycolytic enzymes are only essential, or play a role, in early intracellular 

development.  The bacterial glycolytic enzymes could allow for the bacteria to begin the 

developmental cycle and synthesize/recruit factors necessary for host glycolytic enzyme 

localization to the inclusion, after which the bacterial glycolytic enzymes are no longer 

strictly necessary.  
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The ability to generate glycolytic mutant strains would indicate that the bacterial 

glycolytic enzymes are not essential. Inclusion size and infectious progeny assays could 

then be performed to determine if these glycolytic enzymes play a role in C. trachomatis 

intracellular growth and development.  

Given that we observed increased localization of host glycolytic enzymes to the 

inclusion over the course of infection and a corresponding decrease in bacterial glycolytic 

enzyme expression (Figure 3.5A and 3.11), I also hypothesize that host glycolytic 

enzymes are able to compensate, at least in part, for a lack of bacterial glycolysis. To 

begin to address this hypothesis, cells with or without siRNA knockdown of host 

glycolytic enzymes could be infected with bacterial glycolytic mutant strains of C. 

trachomatis and assayed for inclusion size and infectious progeny production. If the host 

glycolytic enzymes can compensate for decreased bacterial glycolysis, one would expect 

that knockdown of the host glycolytic enzymes would result in decreased inclusion size 

and/or bacterial progeny production for glycolytic mutant strains of C. trachomatis.    

 

Connecting ER-Inclusion MCS and host glycolytic enzyme inclusion localization 

The host glycolytic enzymes were identified in a preliminary proximity labeling screen to 

identify effectors at ER-inclusion MCS; however, the host glycolytic enzymes appeared 

evenly distributed over the inclusion membrane rather than in distinct patches as 

observed for other host factors present at ER-Inclusion MCS (Figure 3.2). Therefore, it is 

unclear whether the host glycolytic enzymes localize to the inclusion membrane in 

general or if they are playing a specific role at ER-inclusion MCS. Although the 

glycolytic enzyme localization at the inclusion is not patchy in appearance, this could be 
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due to overexpression of the glycolytic enzymes. To determine the inclusion localization 

of host glycolytic enzymes at endogenous levels, antibodies against the host glycolytic 

enzymes could be used to visualize endogenous recruitment by confocal microscopy. 

Preliminary studies with an antibody against Aldolase A were un-successful, thus 

additional optimization experiments and antibodies would be needed.  

 If localized to ER-inclusion MCS, it is possible that the glycolytic enzymes could 

be providing ATP for reactions happening at ER-inclusion MCS. Glycolytic enzymes 

have been shown to localize to membranes where ATP is being consumed rapidly, such 

as the membrane of human red blood cells (243). Reactions meditating host-inclusion 

interaction at ER-inclusion MCS could result in a local depletion of ATP and lead to an 

ER-inclusion MCS localization of the host glycolytic enzymes. 

Another possibility is that the glycolytic enzymes are forming multi-enzyme 

complexes that are playing a role in maintaining the ER and inclusion in close proximity. 

In fact, the formation of multi-glycolytic enzyme complexes has been shown to play a 

role in mitochondria-chloroplast interactions in Arabidopsis (244). This possibility could 

be supported by the fact that we observed the localization of multiple host glycolytic 

enzymes to the same inclusion (Figure 3.3). To explore a potential role for the host 

glycolytic enzyme complexes as tethers at ER-inclusion MCS, future studies could 

perform correlative fluorescence and electron microscopy (CFEM) and compare the 

amount of ER associated with the inclusion membrane for inclusions that exhibit host 

glycolytic enzyme recruitment versus those that do not. If the host glycolytic enzymes are 

contributing to ER-inclusion MCS formation and maintenance, then inclusions exhibiting 
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host glycolytic enzyme recruitment would be expected to have higher levels of ER 

association.  

 

Eukaryotic mimicry by intracellular pathogens 

Our work has identified several ways in which C. trachomatis may be mimicking 

eukaryotic motifs. Previous work from our lab identified two motifs in IncV that 

mimicked eukaryotic FFAT motif cores to facilitate interaction with VAP (68). Recently, 

a new class of FFAT motifs referred to as phospho-FFAT motifs, in which the acidic 

residue in position 4 is replaced by a phosphorylatable residue, have been described 

(158). My data now indicate that one of the IncV FFAT motifs could acts as a phospho-

FFAT motif, effectively mimicking eukaryotic phospho-FFAT containing proteins such 

as STARD3 (Figure 4.15). Moreover, C. trachomatis may also be mimicking the 

phosphorylation of residues within the FFAT motif acidic tract. We showed that 

phosphorylation of the IncV acidic tracts is key for the IncV-VAP interaction (Figure 

4.19B and C) and recent studies have shown that eukaryotic FFAT motif containing 

proteins also utilize phosphorylation of residues upstream of the FFAT motif core to 

facilitate interaction with VAP at cellular membrane contact sites (225, 226).  

Additionally, we identified CK2 as a host kinase responsible for phosphorylating 

IncV to mediate the IncV-VAP interaction and thus the formation of ER-inclusion MCS 

(Figure 4.4). CK2 also plays diverse roles for other intracellular pathogens. In fact, 

several viruses rely on CK2 phosphorylation for a variety of functions. The Vaccinia 

virus requires CK2 for both actin tail formation and cell-to-cell spread (245). For Human 

Cytomegalovirus, Bluetongue virus, and certain Human Papillomavirus subtypes, CK2 
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plays important roles in regulating viral replication (246-248). CK2 also plays a role in 

Hepatitis C virus (HCV) infection by phosphorylating the HCV NS2 protein and 

targeting it for proteasome degradation (249). In addition to these viral examples, 

phospho-regulation of the Listeria protein ActA by CK2 mimics the CK2-mediated 

affinity of the host WASP/WAVE family of proteins for the ARP2/3 complex (250-252). 

It is likely that C. trachomatis has co-opted the ability of CK2 to regulate protein 

interaction. 

 Our findings may provide insight into how other intracellular pathogens are 

displaying eukaryotic mimicry. The norovirus NS1/2 protein interacts with VAP through 

what would now be characterized as a putative phospho-FFAT motif (215). Interestingly, 

both the threonine residue in position 4 of the NS1/2 FFAT motif core and a serine reside 

in the upstream acidic tract are part of CK2 recognition motifs, indicating that these 

residues could be directly phosphorylated by CK2. It would be interesting to determine if, 

similarly to what we overserved with IncV, CK2 phosphorylates the NS1/2 protein in 

order to promote the NS1/2-VAP interaction. Since the NS1/2 FFAT motif was shown to 

be required for the NS1/2-VAP interaction and proper viral replication (215), this could 

suggest an important role for CK2 in the norovirus lifecycle. 

  

CK2 as a regulator of cellular MCS  

We have shown that phosphorylation of IncV by CK2 mediates the IncV-VAP interaction 

and tethering at ER-inclusion MCS. Since pathogens often co-opt cellular processes, the 

regulatory role of CK2 at ER-inclusion MCS could indicate that CK2 is a regulator at 

cellular MCS. Similar to what we observe with IncV, CK2 could phosphorylate serine or 
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threonine residues upstream of FFAT motifs in other FFAT motif containing proteins and 

facilitate binding to VAP family proteins and the formation of cellular MCS. 

 Additionally, CK2 has also been shown to have a putative HIKE domain which 

interacts with PH domain containing proteins (253) and this putative HIKE domain plays 

a role in the interaction of CK2 with CKIP-1 at the plasma membrane (254). As many 

cellular MCS include PH domain containing proteins, especially ER-MCS, it would be 

interesting to determine if CK2 associates with PH domain containing proteins at MCS. 

Our lab has shown that the Inc protein IncD interacts with CERT, a PH domain 

containing protein at ER-Inclusion MCS (74, 159). The interaction of CK2 with CERT 

could be tested using an IncD overexpressing strain of C. trachomatis to increase CERT 

recruitment to the inclusion and determine if CK2 is recruited to the inclusion in a CERT 

dependent manner. If CK2 is able to bind to CERT, it is also possible that CK2 

phosphorylates CERT. It has been previously shown that phosphorylation of CERT by 

other host kinases can alter its confirmation and lipid transfer activity (255), thus CK2 

could also potentially contribute to the phospho-regulation of CERT lipid transfer 

activity. Overall, the putative HIKE domain of CK2 could provide a mechanism by 

which CK2 is recruited to PH-domain containing proteins at cellular MCS and regulates 

the activity of the proteins via phosphorylation.  

 

Modulating interactions of the C. trachomatis inclusion with VAP-family proteins 

The large number of VAP interactors likely results in competition between FFAT-motif 

containing proteins for binding to VAP-family proteins. As an intracellular pathogen, C. 

trachomatis must ensure that it is able to effectively compete with other host FFAT-motif 
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containing proteins to bind VAP. The phosphorylation of residues upstream of the core 

FFAT motifs and the presence of multiple FFAT motifs in IncV may be mechanisms by 

which C. trachomatis modulates IncV-VAP binding and downstream ER-inclusion MCS 

formation and maintenance.   

 

Phosphorylation of residues upstream of FFAT motifs 

Previous studies have suggested that phosphorylation of residues within the acidic tracts 

of FFAT motifs can play a role in modulating VAP interactions (140, 225, 226). This is 

thought to happen through the negative charge of phosphate groups increasing affinity for 

the electropositive face of the VAP-MSP domain. We showed that phosphorylation of the 

serine tracts directly upstream of the IncV FFAT motifs are key for the IncV-VAP 

interaction (Figure 4.19B and C). One could imagine that the number of phosphorylated 

residues upstream of the FFAT motifs could modulate the strength of the IncV-VAP 

interaction, with an increase in phosphorylated residues resulting in an enhanced IncV-

VAP binding. The phosphorylation of multiple residues is supported by the large shift in 

molecular weight that we observed for IncV (Figure 4.1A). To determine if the number of 

phosphorylated serine tract residues plays a role in IncV-VAP interaction, IncV 

constructs with varying number of serine tract residues mutated to alanine could be 

purified from E. coli and assayed for VAP binding in vitro as described in Chapter 4. 

This hypothesis could be also be tested in the context of infection by infecting cells 

expressing YFP-VAP with C. trachomatis strains expressing the corresponding IncV 

mutants and assessing VAP recruitment to the inclusion. Our current data looked at the 

effects of mutating the entirety of the serine tracts upstream of the FFAT motifs, 
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however, it is possible that only a portion of the serine tract residues are being 

phosphorylated at any given time. In order to definitively determine the phosphorylation 

state of the serine tracts of IncV, phosphoproteomic techniques such as post-translational 

modification mass spectrometry would need to be optimized and performed on IncV 

purified from infected host cells.   

Although the residues upstream of the IncV FFAT motifs are almost all serine 

residues, it is important to note that each of the serine tracts have acidic residues (Figure 

5.1). It is not yet known the extent to which these acidic residues play a role in mediating 

the IncV-VAP interaction, however they may be playing a substantial role given that 

acidic tracts for several FFAT containing proteins contain similar numbers of acidic 

residues (Figure 5.1). In order to determine if these acidic residues play a role in the 

IncV-VAP interaction, future studies could make C. trachomatis strains expressing IncV 

with single and combination alanine mutations of these acidic residues and assess VAP 

recruitment via confocal microscopy.  Transmission electron microscopy could then be 

used to assess the role of these acidic residues in ER-inclusion MCS formation.  

 

Interaction with multiple VAP-family proteins 

IncV possesses two FFAT motifs, a canonical FFAT motif and a non-canonical FFAT 

motif that may be acting as a phospho-FFAT motif (Figure 5.1). Similarly, the 

mitochondrial membrane protein PTPIP51 also possess two FFAT motifs, one of which 

is likely a phospho-FFAT motif, and has been shown to interact with all known VAP and 

MOSPD proteins (152, 153). It is possible that the presence of multiple and/or varied 

FFAT motifs allows for interaction with multiple VAP family proteins. VAP family 
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proteins can form segregated protein complexes with VAPA, VAPB and MOSPD2 

interacting with one another and MOSPD1 and MOSPD3 interacting to form a separate 

complex (Neefjes and cabukusta, 2021). If the two FFAT motifs of IncV allow for 

interaction of IncV with multiple VAP family proteins, it could help to ensure that IncV 

forms multiple distinct interactions with the ER to facilitate ER-inclusion MCS 

formation.  

IncV has previously been shown to interact with both VAPA and VAPB (68), 

thus, it would be interesting to determine of IncV is also able to interact with MOSPD 

proteins to facilitate ER-inclusion MCS formation/maintenance. To determine if IncV 

interacts with MOSPD proteins, cells expressing florescent versions of the MOSPD 

proteins could be infected with an IncV overexpressing strain of C. trachomatis and the 

recruitment of MOSPD proteins to the inclusion assess by confocal microscopy. To 

determine if MOSPD proteins contribute to the formation and/or maintenance of ER-

inclusion MCS, transmission electron microscopy could be used to assess the amount of 

ER associated with the inclusion following siRNA knockdown of each of the MOSPD 

proteins. If MOSPD proteins are contributing to ER-inclusion MCS, one would expect 

that knockdown of the MOSPD proteins would result in decreased ER association with 

the inclusion.  
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Figure 5.1 Phosphorylatable serine residues upstream of the IncV FFAT motifs cores mimic 

acidic tracts upstream of eukaryotic FFAT motif cores. Alignment of several proteins with 

reported FFAT and/or Phospho-FFAT (P-FFAT) motifs including C. trachomatis IncV. The 

FFAT motif core is indicated with a grey box. Whether the motif is considered to be a FFAT or 

P-FFAT motif is indicated with an asterisk on the right. The essential position 2 of the core motif 

is indicated in blue. Acidic residues are indicated with red and phosphorylatable serine/threonine 

residues are indicated in orange.  
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Phosphorylation and the dynamic regulation of ER-inclusion MCS  

We have shown that phosphorylation of IncV is necessary to promote the IncV-VAP 

tethering interaction at ER-inclusion MCS (Figure 4.3). However, it is unclear whether 

phosphorylation of IncV simply strengthens FFAT motif interactions with VAP, or 

whether phosphorylation of IncV allows for dynamic regulation of ER-inclusion MCS 

formation and disassembly. It is possible that ER association with the inclusion is closely 

regulated to prevent excessive interaction with the ER and allow for the inclusion to 

interact with other host organelles throughout the developmental cycle. Another 

possibility is that a proportion of IncV is kept in an unphosphorylated state to enable 

interaction of IncV with other factors, this is supported by IncV having the largest 

number of predicted interacting proteins in an Inc-human interactome (198). To 

determine if ER-inclusion MCS formation is indeed being regulated by the 

phosphorylation of IncV, we must first fully understand how phosphorylation promotes 

the IncV-VAP interaction as well as any kinases and phosphatases involved in regulating 

the phosphorylation status of IncV.  

 

IncV conformational change upon phosphorylation by CK2 

Recruitment of CK2 to the inclusion by C-terminal serine residues of IncV was necessary 

for VAP recruitment to the inclusion, but phosphomimetic mutation of these serine 

residues alone was not sufficient to promote VAP binding in vitro (Figure 4.14). 

However, phosphomimetic mutation of the IncV serine tracts was sufficient to promote 

VAP binding in vitro (Figure 4.19D). Phosphorylation is known to play a role in altering 

protein conformation (256), thus one could imagine that the phosphorylation of the three 
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C-terminal serine residues by CK2 could alter the confirmation of IncV such that the 

FFAT motifs and the upstream serine tracts are now accessible and able to be 

phosphorylated by CK2 and other host kinases to facilitate the IncV-VAP interaction. 

This hypothesis is supported by the S3A mutant version of IncV, that is deficient in CK2 

recruitment (Figure 4.10B and C), appearing unphosphorylated (Figure 4.10F). However, 

it is important to note that mass spectrometry is still necessary to confirm to 

phosphorylation state of the IncV S3A mutant. To assess whether phosphorylation of the 

C-terminal serine residues by CK2 results in a conformational change of IncV, mass 

spectrometry data could be coupled with protein conformation analyses such as Nuclear 

magnetic resonance (NMR) spectroscopy. The development of solution and solid-state 

NMR techniques has improved the use of NMR for the structural determination of 

membrane proteins, however size limitations and sparse data accumulation pose technical 

challenges for this approach. Ideally, future studies would be able to perform X-ray 

crystallography to solve the structure of IncV bound to CK2. However, obtaining high 

resolution crystals of membrane proteins is notoriously difficult due to the need for large 

amounts of purified protein and difficulties in extracting transmembrane proteins from 

the membrane.  

 

Additional kinases phosphorylating IncV 

Although we have shown that the host kinase CK2 directly phosphorylates IncV (Figure 

4.1D), our data are consistent with additional host kinases being necessary to 1) 

phosphorylate the serine tracts upstream of the FFAT motifs, as prior priming by other 

kinase(s) would be necessary for CK2 phosphorylation of these regions, and 2) 
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phosphorylate T265 in the IncV non-canonical FFAT, as it is not part of a CK2 recognition 

motif. In addition to CK2, the Inc-human interactome predicted nine other kinases to 

interact with IncV (Casein Kinase Iα, Casein Kinase Iε, Phosphatidylinositol-5-Phosphate 

4-Kinase Type 2α, Phosphatidylinositol-5-Phosphate 4-Kinase Type 2β, 

Phosphatidylinositol-5-Phosphate 4-Kinase Type 2γ, Serine/threonine-protein kinase 

VRK2, Serine/threonine-protein kinase TAO2, Mitogen-activated protein kinase kinase 

kinase kinase 4, and Focal adhesion kinase 1) (198). These nine kinases would be 

excellent candidates to test for potential phosphorylation of IncV. Additionally, several 

host kinases that have been shown to phosphorylate and regulate interactions at cellular 

membrane contact sites would also be good candidates. These kinases include casein 

kinase I and Ca²+/calmodulin-dependent protein kinase II that phosphorylate Miga at ER-

mitochondria MCS, and Glycogen synthase kinase 3 beta that phosphorylates ACBD5 at 

ER-peroxisome MCS and PTPI51 at ER-mitochondria MCS (208, 226, 257). Lastly, 

several kinases have been previously shown to localize to the inclusion membrane, 

namely Active Src family kinases, Myosin light-chain kinase, and Protein Kinase C, and 

would also serve as potential candidates (70, 94, 258). Further analysis of IncV by the 

online program GPS (http://gps.biocuckoo.cn/) (259), indicates that Casein Kinase I, 

Serine/threonine-protein kinase VRK2, Ca²+/calmodulin-dependent protein kinase II, and 

Protein Kinase C and have potential phosphorylation sites in the IncV serine tracts, 

making these kinases of particular interest for future studies. 

To test the involvement of these kinases in phosphorylating IncV, cells expressing 

fluorescent versions of the kinases could be infected with an IncV overexpressing strain 

of C. trachomatis and use confocal microscopy to determine if overexpression of IncV 
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facilitates kinase recruitment to the inclusion. The recruitment of the kinases to the 

inclusion membrane upon IncV overexpression should also be validated by staining with 

endogenous antibodies for the kinases. In vitro kinase assays could then be used to assess 

the phosphorylation state of IncV following incubation with the identified kinases alone 

or in combination with CK2 to determine any cooperative effects of the kinases. To 

determine if these kinases contribute to the formation and/or maintenance of ER-

inclusion MCS, transmission electron microscopy could be used to assess the amount of 

ER associated with the inclusion following siRNA knockdown, chemical inhibition, or 

CRISPR/Cas knockout (if feasible) of each of the kinases.  

 

Phosphatases in the regulation of IncV phosphorylation 

In addition to kinases, host cell phosphatases could play a significant role in regulating 

ER-inclusion membrane contact site formation. It is possible that residues phosphorylated 

by CK2 and other host kinases to promote the IncV-VAP interaction are reciprocally de-

phosphorylated by host phosphatases to promote disassembly of the IncV-VAP tethering 

interaction. Phosphoprotein phosphatases (PPPs) are responsible for more than two thirds 

of the phosphatase activity in eukaryotic cells, making them interesting candidates (260). 

One of these PPPs, Protein phosphatase 4 (PP4) has recently been shown to recognize 

FxxP consensus binding motifs (261). Interestingly, the core of the IncV non-canonical 

FFAT motif contains an FxxP motif, thus it may be worth determining if PP4 plays a role 

in de-phosphorylating T265 in the non-canonical FFAT motif or upstream serine tract 

residues to regulate the IncV-VAP interaction and ER-inclusion MCS formation. 



 186 

To determine if PP4 binds to IncV, co-immunoprecipitation could be performed 

on samples purified from cells co-expressing a tagged version of the PP4 regulatory 

subunit PPP4R3 and either wildtype IncV or a mutant version of IncV with the FxxP 

motif mutated to AxxA. To further determine if PP4 regulates the phosphorylation status 

of IncV, wildtype and AxxA mutant versions of IncV could be analyzed by Phos-tag or 

regular SDS-PAGE to determine the effect of mutating the PP4 binding site on the shift 

in molecular weight of IncV. Quantitative mass spectrometry could also be used to 

identify phosphorylation sites in IncV that are increased when the PP4 binding site is 

mutated. Because an AxxA mutant of IncV will result in the mutation of the essential F 

residue in position two of the non-canonical FFAT motif, it will be difficult to determine 

if PP4 directly plays a role in the IncV-VAP interaction and ER-inclusion MCS 

formation. We could try to knockdown or overexpress PP4 and use immunofluorescence 

and transmission electron microscopy to determine effects on VAP recruitment to the 

inclusion and ER association with the inclusion respectively. However, both of these 

options could be difficult as knockdown of PP4 will likely result in negative effects on 

the host cell and proper overexpression of PP4 may require the overexpression of 

multiple PP4 subunits.  

Additionally, protein phosphatase 1 (PP1) and CK2 have been shown to target the 

same phosphosites to regulate the function of the DNA-binding protein Ikaros (262, 263). 

Moreover, PP1 and CK2 have also been implicated in regulating calmodulin 

phosphorylation at M-type potassium channels (264). Even though the C-terminus of 

IncV does not contain a typical PP1 binding motif (RVxF), due to the previous examples 

of reciprocal regulation by PP1 and CK2, it would be interesting to determine if PP1 
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plays a role in the phosphorylation state of IncV and corresponding ER-inclusion MCS 

formation. A role for PP1 in modulating the IncV-VAP interaction and ER-inclusion 

MCS could be determined similarly to what is described above for PP4, but would 

require the knowledge of where PP1 might bind to IncV.  

 

Regulation of Type III translocation  

While mutation of the IncV serine tracts to non-phosphorylatable alanine residues did not 

inhibit proper translocation of IncV (Figure 4.19B), mutation of the IncV serine tracts to 

phosphomimetic aspartic acid residues interfered with IncV translocation and the protein 

remain trapped within the bacteria (Figure 4.19E). However, the mechanism by which 

IncV translocation is being prevented is not yet understood. One hypothesis is that the 

aspartic acid residues are leading to an increase in negative charge that is blocking 

translocation through the T3SS machinery and IncV is becoming trapped in the T3SS. To 

test this hypothesis, cells infected with an IncV phosphomimetic serine tract mutant strain 

of C. trachomatis could be stained with antibodies against a bacterial effector expressed 

late in the developmental cycle following IncV induction. Confocal microscopy could 

then be used to determine if overexpression of this IncV mutant blocks the T3SS 

machinery and prevents the proper translocation/secretion of other bacterial effectors. 

Another hypothesis is that the aspartic acidic residues interfere with the proper 

folding/unfolding of IncV and that IncV is not able to be unfolded to be translocated 

through the T3SS machinery. To test this hypothesis, circular dichroism could be used to 

determine the protein folding state of this mutant version of IncV compared to WT. If 

phosphomimic mutation of the serine tracts is preventing IncV from being unfolded prior 
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to translocation, I would expect this mutant form of IncV to only be found in the folded 

conformation. Our data support the idea that C. trachomatis IncV has evolved to have a 

serine tract that can be phosphorylated by a host kinase to ensure proper translocation. It 

would be interesting to look at other C. trachomatis Inc proteins and effectors and 

determine if they also lack acidic residues or have regions highly enriched in 

phosphorylatable residues to determine if this is a mechanism commonly used by C. 

trachomatis or even other intracellular pathogens to ensure proper type III 

translocation/secretion.  

 

Therapeutic potential 

We showed that host glycolytic enzymes are recruited to the inclusion membrane and 

play a role in C. trachomatis development. Due to their importance to host cell 

metabolism and survival, the host glycolytic enzymes are not ideal therapeutic targets. 

However, the development of glycolytic enzyme inhibitors is a growing interest in the 

cancer biology field (265), due to the strong connection of increased glycolysis in cancer 

cells. It is possible that these glycolytic enzyme inhibitors could be used to treat 

Chlamydia infections. Additionally, as we gain a better understanding of the role that the 

bacterial glycolytic enzymes are playing in C. trachomatis development, the bacterial 

glycolytic enzymes may emerge as potential therapeutic targets. Further studies are 

needed to determine if the bacterial glycolytic enzymes can be effectively inhibited 

without also effecting the host glycolytic enzymes.  

  IncV has been shown to form a tethering interaction with ER resident protein 

VAP and promote the formation of ER-inclusion MCS (68). These ER-inclusion MCS 
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are proposed have a role in the non-vesicular trafficking of host lipids to the inclusion 

membrane, a process that is proposed to be essential for proper chlamydial growth, 

making IncV an interesting therapeutic target. However, an IncV mutant strain of C. 

trachomatis does not abolish ER-inclusion MCS formation (68). This is not unsurprising 

given the large amount of tether redundancy at membrane contact sites and the fact that 

another Inc protein, IncD, is also known to interact with VAP (via CERT) and could also 

help to facilitate membrane tethering in addition to its proposed functional role (159). 

Thus, IncV by itself may not be a good therapeutic target, but could be targeted in 

combination with other factors to fully disrupt ER-inclusion MCS formation. It would be 

particularly interesting to look at the effects of an IncV/IncD double mutant on ER-

inclusion MCS formation.  

 

Overall conclusions and significance 

Overall, my thesis work has identified mechanisms by which Chlamydia establishes and 

maintains an intracellular niche. I have shown that host glycolytic enzymes localize to the 

Chlamydia inclusion and play a role in intracellular replication and development. 

Additionally, my work has identified the host kinase CK2 as an important regulator of the 

IncV-VAP tethering interaction at ER-inclusion MCS. While much work remains to be 

done, my work provides insight into how C. trachomatis manipulates host cell 

metabolism and uncovers potential interplay between host and bacterial glycolysis. My 

work also provides several insights into the general biology of MCS, which are becoming 

increasingly recognized for their importance in cellular processes and disease (206). 

Identification of CK2 as a regulator at ER-inclusion MCS could provide a potential 
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mechanism of regulation at other MCS throughout the cell. In addition, my work also 

suggests that phosphorylatable residues can substitute for acidic tracts in FFAT motifs. If 

this was added to current FFAT motif identification algorithms, it could allow for the 

identification of previously unrecognized FFAT motif-containing proteins. Together with 

additional future research, my work could lead to the development of new therapeutics 

for treatment or prevention of Chlamydia infection.   
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Appendix 

 

Table 2.1 Primers used in Chapter 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Name Primer Sequence 

TetR STOP 5 Kpn GGTGGTACCTTAAGACCCACTTTCACATTTAAG 

0260BioID 5 GAAGAAACCCTCTCGTAAAAGCAGAGCCGCCATCAACAAGC 

0260BioID 3 GCTTGTTGATGGCGGCTCTGCTTTTACGAGAGGGTTTCTTC 

HADterm 5 CGATGTACCGGATTACGCATAGGGATGACATGTGATTCGCG 

HADterm 3 CGCGAATCACATGTCATCCCTATGCGTAATCCGGTACATCG 

IncDTerm 3 Not GCGGGCGGCCGCGTCTTAGGAGCTTTTTGCAATGC 

0260FAPEX2 5 GAAGAAACCCTCTCGTAAAGACTACAAGGATGACGACGATAAG 

0260FAPEX2 3 CTTATCGTCGTCATCCTTGTAGTCTTTACGAGAGGGTTTCTTC 

APEX2Dterm 5 GAGCGCCTGACCCTGGACTAAGGATGACATGTGATTCGCG 

APEX2Dterm 3 CGCGAATCACATGTCATCCTTAGTCCAGGGTCAGGCGCTC 

MycAPEX2 5 NheI 
GCTGCTAGCATGGAACAAAAACTCATCTCAGAAGAGGATCTCGGAA

AGTCTTACCCAACTGTG 

APEX2 3 XhoI CTCCTCGAGGTCCAGGGTCAGGCGCTCCAG 

CERT 5 KpnI GGTGGTACCATGTCGGATAATCAGAGCTGG 

CERTAPEX2 5 GCAGGAAAGCCTATTTTGTTCGACTACAAGGATGACGACG 

CERTAPEX2 3 CGTCGTCATCCTTGTAGTCGAACAAAATAGGCTTTCCTGC 

APEX2STOP 3 Not1 GCGGCGGCCGCTTAGTCCAGGGTCAGGCGCTCCAG 
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Table 3.1 Primers used in Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Name Primer Sequence 

AldoA Fwd BamHI GGAGGATCCATGCCCTACCAATATCCAGCACTG 

AldoA Rev XhoI CTCCTCGAGTTAATAGGCGTGGTTAGAGAC 

PKM2 Fwd BamHI GGAGGATCCATGTCGAAGCCCCATAGTGAAGC 

PKM2 Rev XhoI CTCCTCGAGTCACGGCACAGGAACAACACG 

LDHA Fwd EcoRI GAAGAATTCTATGGCAACTCTAAAGGATCAG 

LDHA Rev XhoI CTCCTCGAGTTAAAATTGCAGCTCCTTTTG 

HAAldoA 5 KpnI 
GGTGGTACCATGTACCCTTACGATGTACCGGATTACGCAATGCCCTA

CCAATATCC 

AldoA 3 NotI GCGGCGGCCGCTTAATAGGCGTGGTTAGAGACG 

R42A AldoA Fwd GAGCATTGCCAAGGCACTGCAGTCCATTGG 

R42A AldoA Rev CCAATGGACTGCAGTGCCTTGGCAATGCTC 

R148 AldoA Fwd CTTCGCCAAGTGGGCATGTGTGCTGAAG 

R148 AldoA Rev CTTCAGCACACATGCCCACTTGGCGAAG 

CTL0184 129 130 

IBS1/2 

AAAAAAGCTTATAATTATCCTTATCATGCATCGCAGTGCGCCCAGAT

AGGGTG 

CTL0184 129 130 

EBS1/delta 

CAGATTGTACAAATGTGGTGATAACAGATAAGTCATCGCAGGTAACT

TACCTTTCTTTGT 

CTL0184 129 130 

EBS2 

TGAACGCAAGTTTCTAATTTCGATTCATGATCGATAGAGGAAAGTGT

CT 

CTL0184 Up GCAGAAATAGGTCTGAGGCTG 

CTL0184 Dwn CAACGAATTAGACATTCGTC 
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Table 3.2 Primers and probes used for quantitative PCR analysis in Chapter 3 
 

Gene Probe Primer  Sequence 

16S rRNA #105 Ct 16s Fwd gccgctaataccgaatgtg 

  Ct 16s Rev aaggtcctaagatccccttcttt 

omcA #33 CTL0703 Fwd cggtggttgcaactcttgta 

  CTL0703 Rev tcagcatcttggtgcgtatc 

pgi #69 CTL0633 Fwd gctgctgcgatagcaagac 

  CTL0633 Rev atacagaaactctgcaagacgaag 

dhnA #24 CTL0467 Fwd ttcagtcaagttgaagatgccta 

  CTL0467 Rev agtaaatcgttgctccgacag 

pykF #159 CTL0586 Fwd gataggccctgcaacgaata 

  CTL0586 Rev cattcatccctgcatcgag 
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Table 4.1: Primers used in Chapter 4 
 

Primer Names: Primer Sequences: 

VAPAN1H3 AAGAAGCTTATGGCGTCCGCCTCAGGGGCCATGGCG 

VAPAN1Age ACCACCGGTGGCAAGATGAATTTCCCTAGAAAG 

VAPA K50L 3 GTAGTCTTCACTAGGAAACACAC 

VAPA K50L 5 GTGTGTTTCCTAGTGAAGACTAC 

VAPAATG Not 5 GCGGGCGGCCGCATGGCGTCCGCCTCAGGGGC 

VAPAMSP Bam 3 GGAGGATCCCTACATTTCAAATACGCATCTC 

0260ATG167 Bam 5 GGAGGATCCATGCAAGTTGAGTTAGCTGCCTG 

0260STOP Xho 3 CTCCTCGAGTTATTTACGAGAGGGTTTCTTCTTTTG 

IncV T265D P266A 3 CGGACAGTTCTTTATCGCTATTTGGTGCGTCGTGGAAGCTAGAAG 

IncV T265D P266A 5 CTTCTAGCTTCCACGACGCACCAAATAGCGATAAAGAACTGTCCG 

TetR STOP 5 Kpn GGTGGTACCTTAAGACCCACTTTCACATTTAAG 

0260 1-356 3 CATGGTCTTTGTAGTCcatTTGAGATGAATCGGAAGAGG 

0260 1-356 5 CCTCTTCCGATTCATCTCAAatgGACTACAAAGACCATG 

IncDTerm 3 Not GCGGGCGGCCGCgtcttaggagctttttgcaatgc 

0260 1-341 3 CATGGTCTTTGTAGTCcatGTCTTGTCTTTGCTCTTGGTC 

0260 1-341 5 GACCAAGAGCAAAGACAAGACatgGACTACAAAGACCATG 

IncVS345,346,350A 3 GAATCGGAAGATGCTTCCTCATCTGCTGCTTCGCTGCTGTC 

IncV S345,346,350A 5 GACAGCAGCGAAGCAGCAGATGAGGAAGCATCTTCCGATTC 

IncV T265A 3 CAGTTCTTTATCGCTATTTGGTGGTGCGTGGAAGCTAGAAG 

IncV T265A 5 CTTCTAGCTTCCACGCACCACCAAATAGCGATAAAGAACTG 

IncV T236A T239A 3 GCTCACTATCTGCAGAATGTGCGGTTGTAGAG 

IncV T236A T239A 5 CTCTACAACCGCACATTCTGCAGATAGTGAGC 

0260 ncAT-A 3 
GGTGGAGTGTGGAAGCTTGCTGCTGCTGCTGCTGCTGCTGCTGCTG

CTTGAGGACTGACAGAAGTTAG 

0260 ncAT-A 5 
CTAACTTCTGTCAGTCCTCAAGCAGCAGCAGCAGCAGCAGCAGCAG

CAGCAAGCTTCCACACTCCACC 

0260 cAT-A 3 
CAAGAGCATCCATATATTCTGCTGCTGCTGCTGCTGCTGCTGCATTC

GAGTCGGACAGTTC 

0260 cATA-A 5 
GAACTGTCCGACTCGAATGCAGCAGCAGCAGCAGCAGCAGCAGAA

TATATGGATGCTCTTG 

0260 ncAT-D 3 
GGTGGAGTGGGTAAGCTATCATCATCATCATCATCATCATCATCAT

CTTGAGGACTGACAGAAGTTAG 

0260 ncAT-D 5 
CTAACTTCTGTCAGTCCTCAAGATGATGATGATGATGATGATGATG

ATGATAGCTTACCCACTCCACC 

0260 cAT-D 3 
CAAGAGCATCCATATATTCATCATCATCATCATCATCATCATCATTC

GAGTCGGACAGTTC 

0260 cAT-D 5 
GAACTGTCCGACTCGAATGATGATGATGATGATGATGATGATGAAT

ATATGGATGCTCTTG 

 

 


